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Deficits in working memory (WM) functions represent one of the main causes of limited 

participation in daily life and impaired recovery after brain injury. Based on promising research in 

clinically healthy individuals, which suggest that repetitive training may improve WM performance 

and other related cognitive functions, this thesis aimed at exploring the potential and limits of WM 

training in clinical populations. Existing research on WM training and relevant neuropsychological 

outcomes were examined with a special focus on individuals with acquired brain injury by means of 

a meta-analysis (study I). The findings indicated relevant impact of WM training on both behavioral 

performance and disease-related symptom reduction. To determine the primary outcome variable 

for the evaluation studies, the Corsi Block-Tapping Task was reviewed (study II). Due to the lack of 

an appropriate theory-based intervention tailored for the needs of individuals with low WM 

capacity, the program 'WOME' was developed (study III). Three randomized, double-blind, 

placebo-controlled trials were carried out to evaluate the efficacy of the new intervention and to 

provide valuable recommendations for its application in clinical practice (study IV, V and VI). 

Significant improvements in the trained tasks, moderate to large transfer effects in overall WM 

performance, and related benefits in daily life were demonstrated. The effects were short-termed 

with very limited evidence supporting transfer to other cognitive functions. In accordance with the 

results of the meta-analysis (study I), the number of sessions was identified as an important 

modulator of efficacy by comparing different training intensities and training tasks. The specific 

content, in contrast, seemed to be less relevant. Mediation analyses revealed that inter-individual 

differences influence the successful application of the intervention, in particular initial WM capacity. 

Implications for clinical application and WM training research are discussed.  
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Development and evaluation 

of an adaptive working memory training intervention 

 

1. Introduction 

Imagine that you are reading an interesting article in the newspaper when suddenly a phone ring 

interrupts. Following a short conversation, you may begin to do other things. Later, you find the 

unfolded newspaper lying on the table and you realize that you completely forgot to finish reading. 

So, to accomplish your initial plan (read the complete article), a specific goal has to be kept 

temporarily in mind (return to the table) while handling interfering activities or preparing multiple 

steps for further action (have a conversation). This process is ascribed to the working memory 

(WM) system. One can imagine WM as the brain’s 'Post-it note' — we use it not only to remember 

important information, but also to work with it. In recent years, the desire to improve such an 

essential cognitive system emerged and gave rise to the idea of WM training. The current thesis 

aimed at contributing to better understand the mechanisms of WM training and to provide new 

insights regarding potential benefits in cognitive rehabilitation. The findings may also help to bridge 

the gap between science and clinical practice. 

In the following, chapter one will present the theoretical framework of the thesis. This 

includes sections on the psychological concept of WM, its functional relevance and current state of 

literature regarding WM training. The research questions are summarized and the rational for the 

experimental work is derived. Chapter two will present the experimental work. In study I and II, 

existing literature on WM training and relevant outcome measures was reanalyzed. On this basis, a 

new WM training was developed. The development process of the intervention WOME (WOrking 

Memory; RehaCom®) and first feasibility trials are presented in study III. Study IV, V and VI 

represent randomized controlled trials evaluating the effectiveness and modulators of the novel 
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WM training program. Chapter three will close with a general discussion of the findings including 

implications for clinical practice and the research community. 

 

1.1. Definition of the working memory system 

Although the essence of WM is easily comprehensible, it is difficult to agree on a consensus of its 

definition due to the conceptual overlap with long-term memory, attention and executive functions 

— “If you ask 100 cognitive psychologists what WM is, you will get 100 different answers” (Kimberg 

et al., 1997, p. 188). However, all theoretical models conform with the WM system consisting of a 

storage component, which maintains relevant information, and a manipulating component, which 

processes task-relevant content for various complex cognitions, e.g., making appropriate decisions 

(Miyake, 1999). While being separable from other cognitive systems, WM is neither unitary nor a 

closed system (Cowan, 2008; Engle et al., 1999). Its network spreads over wide areas of the brain 

and is engaged in continuous exchange with long-term memory: Information is retrieved to connect 

new content to personal experience and knowledge in order to make sense out of it; and 

meaningful information is integrated into long-term memory (Atkinson & Shiffrin, 1968). 

The most established theoretical model and clearest conceptualization of WM is the multi-

component model (Baddeley, 2000, 2003; Baddeley & Hitch, 1974). According to Baddeley’s 

model, the system splits into various components: i) the central executive which acts as 

supervisory system that sets goals, controls and regulates attentional resources, and coordinates 

manipulates information held in WM; ii) two supportive systems which allow temporal storage of 

modality-related information (phonological loop for verbal content and visuospatial sketch pad for 

visual content); and iii) the episodic buffer which integrates the information of all domains and links 

the components to perception, long-term memory and goal-directed behavior. Figure 1 shows an 

illustration of the multi-component model. Alternative models of WM emphasize the role of the 

attentional focus and the blurred boundary between WM and long-term memory (Cowan, 1995; 

Kane & Engle, 2002). These explain limits in WM performance not by storage capacity per se, but 
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rather by constraints in the size of the attentional focus (Cowan, 1995) and the ability to shield 

relevant information from distracting and interfering stimuli (Kane & Engle, 2002). A detailed 

overview of WM models is given by Miyake (1999). 

 

Figure 1 

The Multi-Component Model of the WM System 

Note. Components of the WM system proposed by Baddeley (2000, 2003). Figure reprinted from 

Current Biology, 20 (4), Baddeley, A., Working memory, R136-R140, Copyright (2010), with 

permission from Elsevier. 

 

 

For the following research questions, the theoretical framework was based primarily on the 

multi-component model because it enables to break down the complex WM system into distinct 

and comprehensible components, which can be examined, implemented, and evaluated. Individual 

differences, however, have been primarily explained by the ability to ignore distracting content and 

to quickly shift the attention back to relevant information (Adam et al., 2015; Fukuda & Vogel, 

2011). That is why selective attention and inhibition processes, both included in the central 
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executive of Baddeley’s model, were highlighted in the development process of the intervention. 

The proposed model has been used in many studies in cognitive and clinical psychology and 

represents a solid basis for further research (Gruszka & Orzechowski, 2016). 

 

1.2. Functional neuroanatomy of working memory 

Although the components of the multi-component model are not thought to correlate with specific 

brain areas (Baddeley, 1986), neuroimaging techniques (e.g., functional magnetic resonance 

imaging, fMRI) identified several key regions underlying the WM system: 

i) Central executive processes comprise complex attentional and cognitive control 

functions, which have been linked to neural activation of the dorsolateral prefrontal cortex, inferior 

frontal and parietal areas (Owen et al., 2005). However, the neuroanatomical organization of 

executive processes is still under debate. Evidence supports consistent activation of broad frontal 

and parietal regions with distinct activation patterns depending on content (verbal, visual, or 

visuospatial information) and sub function (maintenance or manipulation processes) of WM (Nee et 

al., 2013; Owen et al., 2005; Suchan, 2008; Vuontela & Carlson, 2011). Further, intensity of neural 

activity and hemispheric lateralization depend on various factors, e.g., task difficulty and temporal 

dynamics (Eriksson et al., 2015; Kim, 2019; Motes et al., 2011; Owen et al., 2005; Rottschy et al., 

2012). 

ii) The two supportive systems of WM for the temporal storage of information, i.e., the 

phonological loop and the visuospatial sketchpad, have been located in the respective sensory-

specific association areas for the verbal and the visuospatial modality, respectively (Mishkin & 

Appenzeller, 1987; Petrides, 1994). Maintenance of verbal information is linked to left hemispheric 

activation in Brodmann’s area 6, 40, and 44 (Awh et al., 1996; Baddeley, 2007; Smith et al., 1996). 

Maintenance of visuospatial information correlates with right hemispheric activation in Brodmann’s 

area 6, 7 and 47 (Baddeley, 2007; Hamilton & Martin, 2007; Henson, 2001; Smith et al., 1996). 

Accordingly, lesions of the lateral temporal lobe lead to deficits in verbal WM performance while 



INTRODUCTION 

 

13 

visuospatial WM remains unaffected (Bormann et al., 2015), whereas lesions of the parietal cortex 

result in the opposite pattern (Pisella et al., 2004). 

iii) The episodic buffer seems to be represented by bilateral activations in prefrontal and 

parietal areas (Gruber & Cramon, 2003; Prabhakaran et al., 2000; Zhang et al., 2004). The 

hippocampus, the key region of long-term memory storage (Cave & Squire, 1992), has been found 

to engage in WM processing as well (Berlingeri et al., 2008; Buckner et al., 2000; Davachi & 

Wagner, 2002; Mitchell et al., 2000; Petersson et al., 2006). It has been proposed that the left 

anterior hippocampus plays an important role during encoding of information (Rudner & Rönnberg, 

2008). 

Despite the functional attribution of distinctive components, the WM system is not located in 

independent single areas but it is rather a large interacting network. According to the concept of 

WM being not only a system for short-term storage and manipulation of information but also a 

system that enables goal-directed behavior in a specific context, a large number of brain regions 

and their dynamic interconnections have been identified (for a review, see Eriksson et al., 2015). 

Relevant regions comprise the prefrontal, parietal, temporal cortex as well as regions in the basal 

ganglia, thalamus and cerebellum (Macher et al., 2014; Nee et al., 2013; O'Reilly & Frank, 2006; 

Vuontela & Carlson, 2011; Wager & Smith, 2003). They overlap with the dorsal attention network, 

which is engaged during goal-directed attentional processing (Corbetta & Shulman, 2002); the 

salience network, which is involved in the detection and evaluation of stimuli (Seeley et al., 2007); 

the fronto-striatal circuits, which support cognitive control and reinforcement learning (Frank et al., 

2001); and the cerebro-cerebellar loop, which contributes to phonological rehearsal and 

maintenance (Chen & Desmond, 2005). The specific activation patterns differ depending on many 

variables, including the type of information to be remembered, the functional and temporal sub 

processes involved, the difficulty of the task and the specific goal which has to be achieved 

(Eriksson et al., 2015). See Figure 2 for an illustration of the neural WM network. 
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1.3. Functional relevance of working memory 

The capacity of the WM system is highly stable over time and appears to be a personality trait 

(Kane & Engle, 2002). It develops during childhood and adolescence, showing linear increase until 

the late teens, relative stability between 20 and 50 years, and continuous decline thereafter 

(Nyberg et al., 2014; Ullman et al., 2014). Due to the bottleneck for information processing, 

individual WM capacity determines many  'higher order' cognitive functions,  for example reasoning 

Figure 2 

The Neural WM Network  

Note. Schematic illustration of the location and interaction of the WM components proposed by 

Baddeley (2000, 2003) in the brain. The central executive controls and allocates attentional 

resources of the supportive systems of WM and the episodic buffer. ACC = Anterior cingulate 

cortex. Figure reprinted from Frontiers in Psychology, 9, Chai et al., Working Memory From the 

Psychological and Neurosciences Perspectives: A Review, 401, Copyright (2018), with permission 

from Frontiers Media SA. 
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and intelligence (Unsworth et al., 2015), problem solving (Miyake, 1999), communication 

(Daneman & Carpenter, 1980), and reading abilities (Daneman & Merikle, 1996). Moreover, WM 

performance predicts acquisition of new skills and overall academic success (Alloway & Alloway, 

2010; Pickering, 2006). Impairment of WM is not only observed during normal aging but in a range 

of neurological and psychiatric disorders, including attention deficit hyperactivity disorder 

(Martinussen et al., 2005), schizophrenia (Goldman-Rakic, 1994), dementia (Collette, 1999), and 

multiple sclerosis (Chiaravalloti & Deluca, 2008). Acquired brain injuries are caused by medical 

conditions after birth which lead to damage of the brain, i.e., stroke, traumatic brain injury, cerebral 

hemorrhage, meningitis and brain tumors (Sturm, 2009). Individuals may experience not only 

damage of sensory, physical or language functions but also serious cognitive impairments 

(Prigatano, 1999). Cognitive deficits represent a common problem in patients with an otherwise 

good neurological recovery, affecting quality of life, recovery from injury, and resumption of work 

(Baumann et al., 2014; Fried et al., 2016; Lundqvist et al., 2010; Robertson & Murre, 1999). 

Patients with WM deficits often report that they are forgetful and easily distracted, lose their 

concentration, have difficulties to understand complex written text passages, and struggle to switch 

between tasks or execute them simultaneously (Hinkeldey & Corrigan, 1990). Following acute 

treatment, multidisciplinary long-term care is required to rebuild the level of functioning and 

participation (Doering & Exner, 2011; Turner-Stokes et al., 2015). The objective of neurological 

rehabilitation is to help regain the patient’s autonomy, social integration and life satisfaction, which 

considerably depends on being able to return to work (Knecht et al., 2011). Cognitive resources 

are ranked among the top three factors indicating the patient’s subjective readiness for it (Vestling 

et al., 2003). Neuropsychological rehabilitation is the individual process that combines specific 

training to remediate cognitive functions as well as learning and adapting strategies to cope with 

the changed living conditions (Wilson, 2005). Due to the immensely adverse effects on the quality 

of life, functional improvement of WM processes appears to be highly relevant. 
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1.4. Training of working memory functions 

As already indicated, WM capacity is regarded as relatively constant and, for a long while, it was 

thought that it may not be enhanced or remediated after injury or disease (Oberauer et al., 2000). 

For this reason, the therapeutic approach was based on compensation, providing strategies on 

how to use intact functions efficiently and promote strengths to balance out weaknesses (Moore 

Sohlberg et al., 2000). Treatment included teaching techniques for enhanced encoding, 

maintenance and retrieval of information to enhance performance in specific tasks, e.g., rehearsal 

which is repeating content over and over again (Klingberg, 2010). Such trainings have been shown 

to improve specific abilities, e.g., memorization of names or phone numbers, and better subjective 

memory performance (Morrison & Chein, 2011). In addition to increased performance in the trained 

tasks, it is highly desirable that training leads to generalization, i.e., transfer effects on unpracticed 

tasks or even everyday life functioning. Otherwise, the learned strategies would be applicable only 

in very specific circumstances and may not help when the context differs from the training 

paradigm. 

At the beginning of the 21st century, cognitive neuroscience confirmed neural plasticity, i.e., 

the modifiability of brain structure and function according to internal and external demands, across 

the life span (Mora et al., 2007). As a consequence, researchers began to target the capacity and 

processing efficiency of the WM system by applying implicit or 'core' trainings (Cicerone, 2002; 

Klingberg et al., 2002; for reviews see Bastian & Oberauer, 2014; Morrison & Chein, 2011). 

Generally, they consist of demanding WM tasks that are presented repetitively to stimulate general 

mechanisms of WM processing. Following this rationale, numerous studies have applied such an 

implicit training approach without the supply of strategies to prevent task- or paradigm-specific 

improvements. Cognitive changes were investigated by comparing the performance in 

neuropsychological tests before and after training phase. Indeed, results suggested that WM 

capacity can be enhanced by certain interventions (for reviews, see Bastian & Oberauer, 2014; 

Klingberg, 2010; Morrison & Chein, 2011). Training-related changes were found in healthy 

individuals (children, younger, and older adults) and in individuals who suffer from low WM 
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capacity (e.g., children with attention deficit hyperactivity disorder, low birth weight or learning 

disabilities). 

Research suggests that WM training increases performance in various neuropsychological 

measures of WM, related cognitive functions, and in outcomes that indicate more successful 

coping with daily life (Bastian & Oberauer, 2014; Klingberg, 2010; Morrison & Chein, 2011). 

Studies yielded two types of transfer effects after WM training: 1) near transfer effects, describing 

improvements in tasks which are similar to the trained ones (e.g., WM tasks of another modality), 

and 2) far transfer effects, describing improvements in tasks of other cognitive domains (e.g., 

reasoning) (Morrison & Chein, 2011). Moreover, imaging studies uncovered neural correlates of 

WM training in multiple areas in the brain, showing changes in activation patterns, adaption of 

anatomical and functional connectivity, and improved efficiency of neurotransmitters (for a review, 

see Buschkuehl et al., 2012). Longitudinal studies investigating functional plasticity over time have 

proposed an inverted u-shape of neural activity when practicing a WM task repetitively, showing 

increase of activity within the first training sessions and decrease of activity in later stages of 

training (Hempel et al., 2004; Kühn et al., 2013). Increases in neural activity have been associated 

with the incorporation of new resources or the development of a new strategy while decreases in 

neural activity have been interpreted as more efficient processing of information within the WM 

network, e.g., due to a higher automaticity or a lower number of neurons involved while producing 

stable or even improved behavioral task performance (Buschkuehl et al., 2012; Hempel et al., 

2004). A meta-analysis revealed significant changes (primarily decreases) of functional activity 

after WM training in prefrontal regions, in the striatum and in the posterior parietal cortex (Salmi et 

al., 2018). Fueled by the idea that WM training may lead to substantial improvements in overall 

cognition, a true hype of brain training emerged (Makin, 2016). Appealed by both commercial and 

scientific interests, literature on WM training increased dramatically in the late 2000s. 

Despite the abundant research, yet little is known about clinical applications and potential 

benefit of WM training following impairment. While research suggests that recovery of damaged 

neural networks may be possible (Gauggel, 2003) and WM training in healthy individuals have 
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yielded promising findings (for a review, see Klingberg, 2010) only three randomized controlled 

trials have been carried out in patients with brain lesions when the current research project started 

(Lundqvist et al., 2010; Vogt et al., 2009; Westerberg et al., 2007). The first study that investigated 

WM training in a clinical population was published in 2007 (Westerberg et al., 2007). 18 subjects 

with stroke were randomized into two conditions: Nine subjects exercised WM training daily over a 

period of five weeks and nine subjects received pre-/post assessments only. Following WM 

training, significant improvements in untrained verbal and visual WM tasks as well as attentional 

functions were observed. In addition, subjective appraisal of symptoms in everyday cognitive 

functioning had decreased. No far transfer effects on executive functions, intelligence and 

declarative memory were found. Caveats about methodological issues notwithstanding, the results 

of the study provided initial evidence for clinically relevant effects of WM training. The findings were 

later replicated in a sample of 21 subjects, confirming improved WM performance and positive 

subjective evaluation of the treatment (Lundqvist et al., 2010). Another study with 45 patients that 

suffered from multiple sclerosis substantiated the effectiveness of WM training (Vogt et al., 2009). 

Following 12 hours of WM training, both highly intensive and distributed exercises led to improved 

performances in WM, mental speed and decreased symptoms of fatigue in comparison to a 

passive control group. Taken together, 'core' training of the WM system seems to be a promising 

intervention to improve WM performance as well as related cognitive functions, and that it could 

have an impact on health and wellbeing. 

Interestingly, no appropriate WM tasks have been developed specifically for individuals with 

brain lesions. Studies have either used simplified versions of the n-back task (Cicerone, 2002; 

Serino et al., 2007) or software packages that comprised diverse WM tasks (e.g., Vallat et al., 

2005; Vogt et al., 2009; Westerberg et al., 2007). It is still under debate whether n-back tasks, 

which demand the continuous updating of information, represent an adequate assessment of WM 

capacity (Jarrold & Towse, 2006), however, researchers agree that a high number of n is required 

(Braver et al., 1997). Due to the impairment of WM functions, this is not achievable in clinical 

populations. On the other hand, the application of multiple WM tasks leads to difficulties because 
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the training mechanisms are not well understood. They do not enable to target specific 

components of the WM system or to regulate task difficulty appropriately. Another critical aspect 

regarding the application of standard WM training in clinical populations is that most programs 

adapt difficulty by increasing or decreasing the number of items. However, patients may need a 

much more fine-tuned adjustment: Clinical experience shows that memorizing four items may be 

non-challenging, whereas five items may overstrain the individuals. So, other paradigms and 

further task characteristics needed to be identified to provide an appropriate treatment for clinical 

populations. 

 

1.5. Objectives of the current thesis 

The potential to enhance WM as well as related cognitive functions in individuals with acquired 

brain lesions to achieve functionally relevant improvements in everyday life calls for the 

implementation of WM training in neurocognitive rehabilitation. Based on the current state of the 

literature as summarized above, it is evident that (i) there is a lack of theory-based WM training 

programs and no intervention available that is specifically tailored to the patients’ needs, and (ii) 

existing WM trainings have not been evaluated sufficiently to determine their effectiveness in 

patients and to provide recommendations for clinical application. Therefore, the aim of this thesis 

was to develop a theoretically based intervention for individuals with low WM capacity, focusing on 

patients with acquired brain lesions, and to evaluate it considering its justifiability in clinical 

treatment. Hereby, the thesis contributes significantly to translational science, i.e., to help bridge 

the gap between research and clinical practice. 
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The research questions to be addressed and the derived experimental work may be summarized 

as follows: 

(1) Is training WM functions beneficial from a clinical point of view? More precisely, does WM 

training lead to functionally relevant improvements for patients with acquired brain lesions? 

Study I examines the literature systematically by means of a meta-analysis, 

addressing transfer effects of WM training on WM functions and related cognitive functions 

with regard to short-term and long-term effects. Due to controversial findings in individual 

trials, the study aimed to gather a better understanding on the potential and limits of WM 

training. A moderator analysis was performed to examine potential influencing factors of 

training efficacy, i.e., training duration. By this means, it was determined under which 

conditions the application of WM training may be justifiable in clinical populations. 

Hypotheses: Based on previous reviews, it was hypothesized that patients with 

acquired brain lesions practicing 'core' WM training tasks a) would score significantly higher 

(i.e., accuracy, total score) in tests of WM performance at post-test after training than patients 

who receive alternative cognitive or physical interventions, and b) would show significantly 

lower scores in questionnaires and structured clinical observations measuring disorder 

symptoms in daily life (e.g., forgetfulness) after WM training compared to before. Further, the 

following moderating variables of the efficacy of WM training were investigated exploratively: 

training-related characteristics (i.e., training duration, type of intervention, improvement in the 

trained task, adaptivity of individual performance and task difficulty), subject group (i.e., age 

and cognitive abilities), and study design (i.e., type of control group). 

 

(2) According to the previous meta-analysis (study I), one of the outcomes frequently used to 

assess WM functions is the Corsi Block-Tapping Task (Corsi, 1972). To determine whether the 

test represents a valid outcome measure for the following evaluation studies, it was analyzed in 

detail. 
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Study II investigates the gold standard of neuropsychological assessment for short-

term and WM performance with respect to its underlying cognitive processes. The review 

aimed to elucidate the complexity of demands involved in the task in order to explain its role as 

an indicator of WM training success.  

Explorative hypothesis: The Corsi Block-Tapping Task provides task characteristics 

that contribute to sensitivity of training-related changes in performance after 'core' WM 

training. Thus, it is a valid outcome test of WM training interventions. 

 

(3) Based on the insights of study I and II, how should WM training tasks be designed and 

evaluated in patients with acquired brain injuries? 

Study III presents the development process of the WM training intervention WOME 

(WOrking MEmory). Starting with the rational and framework conditions, the composition of the 

program and the applied tasks are described. Two pilot studies explored the feasibility of 

WOME WM training in N = 7 healthy adults and in N = 6 individuals with acquired brain lesions 

by examining the subject’s rating of the enjoyment of the training tasks, by analyzing the 

performances in the trained tasks, and by investigating the applicability of the outcome 

parameters (i.e., understanding of the instructions, time and effort to execute the tasks, 

changes in performance from pretest to post-test). One main goal of the pilot studies was to 

apply training parameters such that a smooth, but increasing level of difficulty could be 

achieved. Based on the analyses of the performances in the trained tasks, revisions of the 

software and changes in the outcome assessment were enabled. 

Explorative hypothesis: The new intervention is feasible in individuals with low WM 

capacity, i.e., healthy older adults and patients with acquired brain lesions, and they comply 

with the planned study design. Feasibility is indicated by compliance of the subjects (i.e., 

positive feedback regarding the training tasks, no drop out subjects during the exercise 

training period) and first indicators of effectivity (i.e., significant increases in the achieved level 
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in the trained tasks, higher total scores in untrained WM tests after the intervention compared 

to before). 

 

(4) The newly developed WM training intervention is first evaluated in individuals with healthy brain 

networks, but gradually low WM capacity due to normal aging, to determine its effectiveness by 

the means of a randomized controlled trial. The specific research questions were the following: 

Does WOME induce reliable and stable transfer effects on overall WM functioning? Is it 

possible to identify specific WM components which are affected by the intervention? Are 

potential increases in WM performance accompanied by changes in other cognitive functions, 

which partially rely on the WM system, and do individuals experience related improvements in 

their daily life? Is there an indication that behavioral changes are accompanied by changes in 

neural brain networks? 

Study IV evaluates the efficacy of WOME WM training in a randomized, double-blind, 

and placebo-controlled trial in a sample of N = 60 clinically healthy older adults. The WOME 

intervention was compared to a non-adaptive control version and to a passive control group. 

Training took place over four weeks, resulting in 12 sessions overall. Transfer effects targeting 

WM as well as related cognitive functions and impact on everyday life were assessed both 

pre-/post-training and at three months follow-up. Analyses were carried out for subjects’ raw 

scores considering individual neuropsychological tests and comprehensive cognitive functions, 

i.e., composite scores of multiple tests. Of particular interest was whether the theory-based 

program represents an appropriate, specific, and efficient intervention for training the WM 

system. To get a comprehensive picture of the impact of WOME WM training, an investigation 

of changes in neural brain networks following training was carried out in N = 58 individuals. 

These data were analyzed by Hudl (2019). As data acquisition was part of this study, the 

findings will be briefly presented. 
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Hypotheses: The theoretical framework of the program predicted a) significantly 

increased performance in the trained WM tasks (i.e., the achieved level) and b) transfer effects 

on untrained WM functions (i.e., significantly larger total scores in the post-test compared to 

the pretest) in individuals who receive the WOME intervention but not in individuals who 

receive a non-adaptive control version or no intervention. Potential benefits following the 

WOME intervention were expected c) to be sustained over three months, and therefore, 

performance in WM tasks should be significantly better at a follow-up test compared to 

baseline. Because of limited far transfer effects observed in the meta-analysis for elderly 

populations (study I), d) substantial improvements in other cognitive functions (i.e., executive 

functioning, logical reasoning, long-term memory, and attention) and generalization to 

everyday life requirements (i.e., subjective memory questionnaires) were not expected; but the 

conditions were investigated regarding the respective variables to determine whether 

differential treatment effects would be observed. 

 

(5) Is WOME WM training feasible and effective concerning the primary target group? Precisely, 

are the near transfer effects on untrained WM tasks, which were found in the healthy sample of 

study IV, replicable in patients with brain lesions? Is there an indication of symptom reduction 

or other functional relevance in everyday life? 

Study V investigates the efficacy of WOME WM training in a sample of N = 39 patients 

with brain lesions (n = 28 stroke and n = 11 traumatic brain injury). To determine its 

applicability, the design was similar to study IV (applying only the active but not the passive 

control group), featuring a randomized, double-blind controlled trial, and an extensive 

neuropsychological assessment before treatment, after treatment, and at three months follow-

up. A special focus was on the impact of WM training on everyday life functioning. Training 

related factors as well as injury related variables are discussed. 



INTRODUCTION 

 

24 

Hypotheses: Based on the results of study I and study IV, we predicted substantial 

improvements in WM related outcome measures after four weeks of WOME WM training 

compared to a non-adaptive control version when applied in individuals with brain lesions. 

Significant improvements (i.e., higher achieved level, accuracy, or total score) should be 

observed in a) trained and untrained WM tasks, as well as b) facilitated handling of daily life 

demands (i.e., lower scores in WM related questionnaires, higher percentage of positive self-

reports after WM training). The benefits following the WM training intervention were expected 

c) to be robust and long-lasting, meaning they are still present at a follow-up test after three 

months (i.e., significantly better performance in WM tasks and questionnaires at follow-up 

compared to baseline assessment). According to the results of study IV, d) far transfer on 

other cognitive functions than WM (i.e., executive functioning, logical reasoning, long-term 

memory, and attention) was not expected; nevertheless, these cognitive variables were 

examined to identify potential differences between the training conditions. 

 

(6) Given that in clinical practice functional training is often only one aspect of rehabilitation, it was 

examined to what extent cognitive training in addition to the extensive standard care is effective 

in neurorehabilitation. Further, we investigated the influence of two relevant factors for the 

success of WM training, namely the impact of task specificity and training intensity. 

Study VI focuses on the modulators of WM training efficacy examining a sample of N = 

20 patients with heterogeneous brain lesions. To identify the dose-response relationship, 

neuropsychological assessments of WM and related cognitive functions took place before 

training, after 10 training sessions, and after 20 training sessions. To evaluate specificity, 

WOME WM training was compared to an unspecific training intervention of attentional 

functions. Treatment was carried out in addition to standard therapy in an interdisciplinary day-

clinic to value the clinical relevance of complementary cognitive training in neurorehabilitation. 
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Hypotheses: Computer-based cognitive training applied in addition to the standard 

rehabilitation a) leads to near transfer effects, i.e., significant improvements (i.e., higher 

achieved level, accuracy, or total score) in untrained WM tests. Because of the modulating 

effect of training duration identified in study I and because of the brittle evidence of WM 

efficacy after 12 training sessions observed in study V, intensity was considered as an 

essential predictor of WM training efficacy. That is why we hypothesized that b) 20 sessions of 

WOME WM training when compared to 10 sessions would lead to larger effects in trained and 

untrained WM tasks (i.e., higher level achieved in the intervention, significant increases in 

accuracy and total scores in WM tests). The theoretical basis of the WM training program was 

expected to yield specific effects on the WM system, thus it was predicted that the intervention 

would c) significantly improve performance on untrained WM tests but not on attention tests, 

and d) produce superior transfer effects than a training program of attentional functions. 

Further, the experiment should replicate the findings of study I and V and show that e) WM 

training leads to relevant improvements in daily life as indicated by self-reports of the patients. 
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2. Experimental work 

The present thesis is based on the experimental work presented in the following studies. They are 

referred to by roman numerals. Four papers have been published in international peer-reviewed 

journals (study I, II, IV and VI). The publications are: 

 

 

Study I  Weicker, J., Villringer, A., & Thöne-Otto, A. (2016). Can impaired working memory 
functioning be improved by training? A meta-analysis with a special focus on brain 
injured patients. Neuropsychology, 30(2), 190-212. https://doi.org/10.1037/ 
neu0000227 

 

Study II Weicker, J., Hudl, N., & Thöne-Otto, A. (2017). „Was misst eigentlich die 
Blockspanne?“ - Der Gold-Standard im Fokus. Zeitschrift für Neuropsychologie, 
28(1), 45-54. https://doi.org/10.1024/1016-264X/a000194 

 

Study III Weicker, J., Hudl, N., & Thöne-Otto, A. (2017). WOME working memory training — 
A new intervention for individuals with low WM capacity. Unpublished manuscript. 

 

Study IV Weicker, J., Hudl, N., Frisch, S., Lepsien, J., Mueller, K., Villringer, A., & Thöne-
Otto, A. (2018). WOME: Theory-Based Working Memory Training A Placebo-
Controlled, Double-Blind Evaluation in Older Adults. Frontiers of Aging 
Neuroscience, 10, 247. https://doi.org/10.3389/fnagi.2018.00247 

 

Study V  Weicker, J., Hudl, N., Frisch, S., Obrig, H., Villringer, A., & Thöne-Otto, A. (2019). 
Effects of working memory training in patients with acquired brain injury: a double-
blind randomized controlled trial. Unpublished manuscript. 

 

Study VI  Weicker, J., Hudl, N.; Hildebrandt, H.; Obrig, H.; Schwarzer, M.; Villringer, A.; & 
Thöne-Otto, A. (2020). The effect of high vs. low intensity neuropsychological 
treatment on working memory in patients with acquired brain injury. Brain Injury, 
34(8), 1051-1060. https://doi.org/10.1080/02699052.2020.1773536 

 

 

Information about the authors’ individual contributions is provided at the beginning of each 

subsection. All studies are reprinted with the permission of the copyright holders. 
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2.1. Study I: Can impaired working memory functioning be improved by training? A meta-
analysis with a special focus on brain injured patients. 

 

Nachweis über Anteile der Co-Autoren, Juliane Weicker 
Development and evaluation of an adaptive working memory training intervention 

 

Nachweis über Anteile der Co-Autoren: 

Titel:   Can impaired working memory functioning be improved by training?  
A meta-analysis with a special focus on brain injured patients. 

Journal:  Neuropsychology, 30(2), 190-212. 

Autoren:  Juliane Weicker, Arno Villringer, Angelika Thöne-Otto 

 
 

Anteil Juliane Weicker (Erstautorin): 

 Konzeption und detaillierte Gestaltung der Datenanalyse 
 Literaturrecherche, Methodenauswahl und ggf. Datenanforderung 
 Erfassung und Synthese der Daten mittels RevMan Software 
 Analyse und Interpretation der Daten 
 Schreiben des ersten Entwurfs des Manuskripts 
 Schreiben und Einreichen der Publikation 

 
 
Anteil Arno Villringer (Autor 2): 

 Diskussion und Interpretation der Ergebnisse 
 Schreiben der Publikation 

 
 
Anteil Angelika Thöne-Otto (Senior-Autorin): 

 Projektidee und Konzeption der Metaanalyse 
 Diskussion und Interpretation der Ergebnisse 
 Schreiben der Publikation 
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     Juliane Weicker         Angelika Thöne-Otto 
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2.2. Study II: „Was misst eigentlich die Blockspanne?“ — Der Gold-Standard im Fokus. 

 
Nachweis über Anteile der Co-Autoren, Juliane Weicker 
Development and evaluation of an adaptive working memory training intervention 

 

Nachweis über Anteile der Co-Autoren: 

Titel:   „Was misst eigentlich die Blockspanne?“ — Der Gold-Standard im Fokus. 

Journal:  Zeitschrift für Neuropsychologie, 28(1), 45-54. 

Autoren:  Juliane Weicker, Nicole Hudl, Angelika Thöne-Otto 

 
 

Anteil Juliane Weicker (Erstautorin): 

 Konzeption und detaillierte Gestaltung des Reviews 
 Literaturrecherche 
 Interpretation der Befunde 
 Schreiben des ersten Entwurfs des Manuskripts 
 Schreiben und Einreichen der Publikation 

 
 
Anteil Nicole Hudl (Autor 2): 

 Diskussion und Interpretation der Befunde 
 Schreiben der Publikation 

 
 
Anteil Angelika Thöne-Otto (Senior-Autorin): 

 Projektidee 
 Diskussion und Interpretation der Befunde 
 Schreiben der Publikation 
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     Juliane Weicker         Angelika Thöne-Otto 

 



EXPERIMENTAL WORK – STUDY II 

 

54   



EXPERIMENTAL WORK – STUDY II 

 

55   



EXPERIMENTAL WORK – STUDY II 

 

56   



EXPERIMENTAL WORK – STUDY II 

 

57   



EXPERIMENTAL WORK – STUDY II 

 

58   



EXPERIMENTAL WORK – STUDY II 

 

59   



EXPERIMENTAL WORK – STUDY II 

 

60   



EXPERIMENTAL WORK – STUDY II 

 

61   



EXPERIMENTAL WORK – STUDY II 

 

62   



EXPERIMENTAL WORK – STUDY II 

 

63 



 

 

64 

 



EXPERIMENTAL WORK – STUDY III 

 

65 

 
2.3. Study III: WOME working memory training — A new intervention for individuals with low 
WM capacity. 

 
Nachweis über Anteile der Co-Autoren, Juliane Weicker 
Development and evaluation of an adaptive working memory training intervention 

 

Nachweis über Anteile der Co-Autoren: 

Titel:   WOME working memory training — A new intervention for individuals with 
low WM capacity. 

Journal:  unpublished manuscript 

Autoren:  Juliane Weicker, Nicole Hudl, Angelika Thöne-Otto 

 
 

Anteil Juliane Weicker (Erstautorin): 

 detaillierte Konzeption, Datenerhebung, Auswertung und Interpretation der Pilotstudien 
 Überarbeitung und Weiterentwicklung der detaillierten Programmstruktur bzw. der konkreten 

Trainingsaufgaben 
 Unterstützung bei der Programmierung der Operation Span Task 
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Messungen 

 Diskussion und Interpretation der MRT-Befunde 
 Schreiben des Manuskripts 

 
 
Anteil Nicole Hudl (Autor 2): 
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Abstract 

Abundant studies have been published that showed promising results of working memory (WM) 

training in healthy individuals. Individuals with low WM capacity may benefit even more from an 

intervention. Since existing programs are not suitable for the application in patients, e.g., with 

acquired brain injury, a new WM training program was developed. In this manuscript, we present 

the rational and framework of the intervention along with a description of the composition of the 

program and the corresponding training tasks. Two pilot studies were carried out to evaluate the 

feasibility of the intervention in N = 7 healthy older adults and N = 6 individuals with brain lesions, 

respectively. The training phase consisted of daily sessions over three weeks, each lasting 45 min, 

resulting in 15 sessions overall. Before and after the training phase, neuropsychological tests 

targeting WM and related cognitive functions were carried out. Additionally, the subjects were 

questioned regarding strategies used during training and the subjective evaluation of the training 

effects in daily life. Feasibility was confirmed in both subject groups. Moreover, the analyses 

showed first trends of effectiveness in measures of WM and executive functions. Based on the 

results, the composition of the program and the specific implementation of the training tasks were 

improved.  

 

Keywords:  

Cognitive intervention, acquired brain injury, working memory training, WOME, neuropsychology 
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Rational and framework of the development 

To date, no appropriate interventions are available for training WM functions in patients with 

acquired brain lesions. Existing programs lack (i) a theoretical foundation allowing targeting 

specific components of the WM system, (ii) a level structure which adapts difficulty in very fine-

tuned steps, and (iii) contents of tasks that are tailored to adults with low WM capacity. The new 

WM training program was developed in consideration of the framework conditions proposed by 

Perrig et al. (2009), which comprise 

1) the presentation of throughout demanding and effortful WM tasks, which minimize the 

generation of task-specific strategies to promote task-general mechanisms; 

2) a paradigm that exercises various components of WM, including not only storage but also 

executive control processes; 

3) adaptive regulation of the level of difficulty (i.e., continuous adjustment of task demands to the 

individual performance level), ideally implemented using a computer-based format to support 

motivation and to even out inter-individual differences in WM capacity; 

4) the supply of sufficient stimuli material for high training intensity. 

In addition, the issues of impairments following brain injuries require specific 

considerations. Comorbid deficits, e.g., in basic attentional functions or language skills, may limit 

the ability to understand and comply with the tasks. Consequently, instructions and exercises 

should be designed as simple and familiar as possible. The level of difficulty must not be too 

demanding to ensure compliance, so adaptivity has to be very fine-tuned to balance demands and 

abilities. Sufficient motivation is essential, especially since WM tasks are very demanding and they 

have to be exercised for many training sessions repetitively. Generally, functional training in 

patients represents a carefully guided progress with a lot of positive feedback and reinforcement. 

The new WM training program was developed considering the presented criteria. The 

paradigm incorporated the following principles: (i) a theoretical foundation on the multi-component 

model of Baddeley (2003) emphasizing executive control processes, (ii) a clear structure that 
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enables training specific WM components, (iii) a fine-tuned composition with many modifiable 

parameters, and (iv) stimuli material with reference to everyday life that is enjoyable for adults. A 

computer based format was chosen to secure continuous and automated adaptivity based on 

performance accuracy. Stimuli were common playing cards, optionally French or German card 

sheets, as well as colors only (this version was developed for individuals with few experience with 

card games or difficulties in the verbalization of the values, e.g., people with aphasic disorders). In 

principal, cards are presented by a virtual dealer. They have to be remembered, sorted in the right 

order, or chosen according to specific criteria depending on the respective training module (for an 

illustration, see Figure 3). Instructions are given via multiple modalities, i.e., they are read out and 

presented on the screen. The intervention was implemented in cooperation with the Hasomed 

GmbH, one of the leading companies for rehabilitation software in Germany. The novel WM 

training program WOME (WOrking MEmory) has been integrated in the internationally available 

cognitive enhancement software RehaCom®. 

 

Description of the training program 

The composition of the training program was derived from the multi-component model, yielding 

three hierarchically ordered modules that specifically exercise different components of WM: (1) 

storage systems (maintenance of information), (2) selective attention (focusing on some 

information while inhibiting others), and (3) central executive processes (active manipulation of the 

information kept in WM). Each module is represented by a different type of task: remembering all 

the cards presented (1), remembering only certain cards and ignore others depending on the suit 

announced previous to each task (2), sorting the cards in the same or reversed order (3). Cards 

are presented one by one and they are turned around after a brief period of time. Relevant cards 

have to be chosen from a set on the player’s side and put on the middle of the gaming table. 

Following each reaction, the individuals receive detailed feedback on their performance. Errors are 

pointed out and the possibility to correct the response is given. The level of difficulty achieved and 

the progress within a level is visible to the participant. 
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Figure 3 

Training Modules and Tasks of WOME  

Note. The graphic presents the three training modules and their respective task instructions. Here, 

the cards to be remembered on the dealer’s side are shown overtly for the purpose of the 

explanation. Figure adapted from Frontiers in Aging Neuroscience, 10, Weicker et al., WOME: 

Theory-based working memory training — A placebo-controlled, double-blind evaluation in older 

adults, 247, Copyright (2018), with permission from Frontiers Media SA. 

 

Overall, there are 62 levels of difficulty. Subjects begin with a brief introduction of the task. 

Next, they exercise the storage component of WM. After reaching the highest level of difficulty, 

they continue to train the module of both, selective attention and central executive processes 

successively in each session. Within a module, difficulty is increased slowly by enhancing the 

number of distracting stimuli, i.e., irrelevant cards in the set on the player’s side. Once all levels are 

accomplished, the intervention starts over but this time with distractors displayed on the card’s 

surface to promote interference effects (e.g., diamonds on a hearts suit). Figure 4 presents the 

composition and procedure of the WOME intervention in detail. 

In addition to the fine-tuned level structure provided by the composition of the program, 

difficulty can be varied by a wide range of parameters that can be switched on or off individually. 

By this means, specific components of WM, visual or auditory modality, and interference processes 

may be emphasized. A screenshot of the parameter menu is provided in Figure 5. 
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Figure 4  

Composition and Procedure of the WOME Intervention  

Note. The flowchart shows the hierarchical order of the WM components trained in the WOME 

intervention. The specific instructions of the presented modules are the following: to remember all 

the cards presented by the dealer (storage matching); to remember the cards presented by the 

dealer and select the ones that were not shown before (storage non-matching); to remember a 

specific suit announced before the presentation of the stimuli (selective attention matching); to 

select cards of a specific suit named after the presentation of the stimuli (selective attention ex-

post); to remember the cards presented by the dealer and select cards of a specific suit, which 

were not shown before (selective attention non-matching); to sort the cards in the same order they 

were presented before (central same order), to sort the cards in the reversed order they were 

presented before (central executive reversed order), to sort the cards in the same/reversed order 

while distractors are presented between encoding and response (animated animals that 'walk' over 

the gaming table; central executive same/reversed order with distractors). On the right, an example 

of distractors displayed on the card’s surface is shown. 
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Figure 5  

Parameter Menu of WOME  

Note. A wide range of parameters may be defined individually. Here, the default settings are 

displayed in German. In the upper area, basic settings are available (training duration, number of 

tasks per level, number of repetitions in case of errors, presentation time of the stimuli). In the left 

area, moderators of difficulty and elements promoting motivation are presented (here, written 

instructions and the presence of wild cards and a bonus game are activated). In the upper right 

section, training specific WM components (storage systems, selective attention, and central 

executive processes) can be selected and deselected. The card sheet (French, German, or colors 

only) can be selected in the bottom right. For a detailed description of all the parameters, see the 

manual of WOME in the supplemental material in the appendix. 
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Control intervention 

With respect to the planned evaluation studies, a comparable control intervention to WOME was 

designed. It was implemented as a low-level WM training, i.e., the framing conditions and stimuli 

were identical to WOME, but the level of difficulty was fixed and did not adapt to the subjects’ 

performance. The level structure was rebuilt to minimize the involvement of the WM system. 

Specifically, the modules were simplified (e.g., no backward orders) and required remembering at 

most three cards. A wide range of levels was obtained by introducing distracting cards on the 

player’s side. Additionally, the number of correct responses, which was needed to achieve the next 

level, was increased. Participants were motivated by instructing them to react as fast and correct 

as possible and by giving feedback on their performance and the level achieved. 

 

Feasibility studies 

Feasibility of WOME WM training was assessed in two pilot studies focusing on individuals with 

low WM capacity (i.e., healthy older adults and individuals with acquired brain injury). Aims of the 

studies were to validate the composition of the tasks and the level structure, to evaluate 

acceptance of the stimuli, to investigate compliance with the planned training schedule, to examine 

the applicability of the outcome parameters, and to explore the potential effectivity of the 

intervention. 

Procedure. The first pilot study was carried out in N = 7 healthy older adults (3 male, 4 

female) with a mean age of 64.43 years (SD = 4.32, range 60-72 years). They were recruited via 

the subject database of the Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, 

Germany. Inclusion criteria were age between 60 and 80 years, fluent German Language, and 

written informed consent. Exclusion criteria were history of neurological disease, psychiatric 

disorders, and severe cognitive deficits. Presence of acute depression was screened with the 

Becks Depression Inventory (Hautzinger et al., 1995) during initial contact.  
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All subjects were randomized to the WOME WM training condition (n = 5) or the low-level 

WM training condition (n = 2). Both groups practiced their respective training daily Mondays to 

Fridays 45 min each session over three weeks, resulting in 15 sessions overall. Before and after 

the intervention, a test battery of neuropsychological tests and a questionnaire targeting strategies 

used and subjective appraisal of the training effects in daily life was completed. Table 1 presents 

the cognitive functions and the respective outcome measures assessed: WM functions, attention, 

executive functions, and long-term memory. The pre-/post assessments and the training sessions 

were carried out in separate quiet rooms in the Max Planck Institute. 

The second pilot study was carried out in N = 6 individuals (1 male, 5 female) with brain 

lesions with a mean age of 43.17 years (SD = 10.36, range 32-61 years). The mean time since 

brain injury was 14 month (SD = 10.46, range 5-33 months). Neurological etiologies were 

heterogeneous (n = 2 with hypoxia, n = 1 with stroke, traumatic brain injury, cerebral hemorrhage, 

and frontotemporal lobar degeneration, respectively). The patients were recruited by personal 

contact in the Clinic for Cognitive Neurology, University Hospital of Leipzig, Germany. Inclusion 

criteria were age between 18 and 80 years, history of acquired brain lesion with a time since injury 

not less than three months, fluent German Language, and written informed consent. Exclusion 

criteria were severe acute psychiatric disease and insufficient cognitive abilities to complete the 

training tasks. Procedure and outcome assessment were similar to pilot study one, except that all 

subjects underwent WOME WM training. The patients participated in addition to their standard 

therapy in a multidisciplinary rehabilitation setting. Depending on their individual time schedule, 

they carried out up to 15 training sessions (mean = 10.5, SD = 3.30, range = 5-15 sessions). The 

design of the feasibility studies is depicted in Figure 6. 
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Figure 6  

Design of the Feasibility Studies of WOME  

Note. The graph illustrates the design of the feasibility studies featuring two subject groups: healthy 

older adults (upper section) and individuals with acquired brain injuries (lower section). All subjects 

underwent neuropsychological assessments before and after the intervention. Training took place 

over three weeks Mondays to Fridays, 45 min per session, accumulating in 15 sessions at maxi-

mum (patients were allowed to conduct fewer sessions). While all patients underwent WOME WM 

training, healthy older adults were randomized to receive either WOME WM training or low-level 

WM training, which is similar to WOME but with a fixed level of difficulty. 
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Table 1  

Neuropsychological Outcomes of the Feasibility Studies  

 

Note. Digit span and Span board task forwards/backwards (Härting et al., 2004), PASAT = Paced 

Auditory Serial Addition Test (Gronwall, 1977), TAP = Test of Attentional Performance 

(Zimmermann & Fimm, 2007), Reading span task (Daneman & Carpenter, 1980), Operation span 

task (Turner & Engle, 1989; Unsworth et al., 2005), LPS-3 = Subtest 3 of the German intelligence 

battery 'Leistungsprüfsystem' (Horn, 1983), Stroop task (Stroop, 1935), 6 elements task (B. A. 

Wilson et al., 1996), TMT A/B = Trail Making Test A and B (Reitan, 1958), VLMT = German version 

of the Auditory Verbal Learning Test (Helmstaedter et al., 2001). 

 

 

Results. Feasibility of WOME WM training and the low-level WM training condition were 

confirmed in both pilot studies. All subjects completed the planned schedules, reported high 

commitment and gave positive feedback regarding the training tasks of both conditions. On a 5pt 

Likert scale (ranging from 1 = 'not at all' to 5 = 'very much'), training was rated as enjoyable (mean 

(SD) of pilot study one and two is 4.22 (0.66) and 4.44 (0.49), respectively) and subjects reported 

high motivation (mean (SD) of pilot study one and two is 4.18 (0.32) and 4.60 (0.55), respectively). 

WOME WM training was perceived as demanding but not overwhelming (mean (SD) of pilot study 

WM functions executive functions attention long-term memory 

Digit span (forwards) LPS-3 TMT A/B VLMT 

Digit span (backwards) Stroop task   

Span board (forwards) 6 elements task   

Span board (backwards) TAP task switching   

PASAT    

TAP n-back    

Reading span task    

Operation span task    
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one and two is 3.01 (1.0) and 3.80 (0.40), respectively), indicating successful adaptivity of the level 

of difficulty. The performances in the trained task are shown in Figure 7.  

Following WOME WM training, a positive effect on daily life performance was reported by 

the subjects (e.g., „keep several steps of a recipe in mind when cooking“, „better concentration in 

discussions“, „improved memory for digits and numbers“, and „higher self-confidence in my own 

abilities“). However, a nonparametric analysis of medians and distributions of the performances in 

the outcome measures did not yield significant differences between baseline and post-test. 

Descriptive pre-post comparisons indicated improved performances in two tests of WM (PASAT, 

Operation span task) and two tests of executive functions, which require cognitive control (Stroop 

task, TAP task switching). No changes were observed in other outcome measures.  

Despite continuous improvements in the trained tasks, an in-depth analysis of the 

performances showed weaknesses of the composition of the intervention. First, overall difficulty 

was too easy because many subjects reached the highest level of difficulty within ten training 

sessions. Second, in contrast to the expected linear increase of difficulty, data showed wild 

fluctuations of the error rate between modules and levels (see Figure 8). In addition, some 

modules appeared to be less challenging than expected by theory (e.g., the module of selective 

attention showed higher accuracy rates than the storage module) and modifying parameters failed 

to produce interference (e.g., visual distractions on the cards’ surface). Third, the questionnaire, 

which investigated the subject’s strategies during in the training tasks, revealed smart strategies to 

avoid cognitive effort (e.g., in the central executive module, which requires to sort cards in the 

reversed order, they inserted the cards from right to left without mental manipulation of the stimuli). 
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Figure 7  

Performance in the Trained Tasks  

 

 

 

 

 

Note. The progress of the individual performances in the trained tasks of N = 5 healthy elderly 

adults is presented. The intervention consisted of 62 levels without distractors and 62 levels with 

distractors which add up to a total of 124 levels available. All subjects showed continuous 

improvement without indication of a ceiling effect. 

Figure 8  

Analysis of the Level Structure  
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Note. The graph shows the sum of errors in N = 5 healthy elderly adults in the trained WM task 

from level 1 to 62 as an indicator of difficulty. Below the x-axis, the training modules, which 

correspond to a specific level, are displayed. Abbreviations: central executive processes with same 

order (>), central executive processes with reversed order (<), distractors (distr.). 

 

 

Table 2  

Changes of Neuropsychological Outcomes following the Feasibility Studies  

 

Note. TAP = Test of Attentional Performance (Zimmermann & Fimm, 2007), Symbol Span and 

Spatial Addition are WM tests of the Wechsler Memory Scale IV (Petermann & Lepach, 2012), 

CFQ = Canadian Failure Questionnaire (Broadbent et al., 1982), FEAG = Inventory of Memory 

Experiences (Herrmann & Neisser, 1978). 

 

Implications. Based on the findings and cost-benefit ratio of the applied outcome measures, 

the neuropsychological test battery was adapted for the following evaluation studies. Table 2 

defines the specific changes and their rationales. The analysis of the performance of the trained 

tasks and the subject’s statements in the questionnaires led to a structural revision of the software. 

Overall difficulty was increased by raising the number of stimuli and distractors displayed. At the 

same time, the lower levels were maintained so that the intervention would be applicable in both, 

low- and high performing individuals. Additionally, revisions in usability secured that the subjects 

Feasibility studies Evaluation studies Rationale for the changes 

Reading span task Symbol Span replaced due to low cost-benefit ratio 

 Spatial Addition added to examine spatial WM performance 

6 elements task  removed due to low cost-benefit ratio 

 TAP Go-NoGo added to examine inhibition processes 

 TAP Alertness added to include a non-target outcome 

 CFQ/FEAG added to examine everyday life performance 
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performed the tasks without cheating. Most importantly, the whole composition of the intervention 

was adapted. The objective was to generate a fine-tuned, linear increase of difficulty by 

rearranging modules, levels and parameters. Instead of exercising only one component of WM and 

add other WM processes only when all tasks of a specific type are accomplished, multiple stages 

have to be passed determined by the number of items to-be-remembered. Figure 9 illustrates the 

procedure that is the following: Individuals begin with exercising to maintain a certain amount of 

information (e.g., three playing cards; storage systems module). Next, the same amount of 

information has to be focused selectively and shielded from further irrelevant information (selective 

attention module). Subsequently, it needs to be actively manipulated, i.e., reproduced in the same 

or reversed order (central executive module). Not until the participant is able to accomplish all 

degrees of difficulty, the number of items is increased and the procedure restarts with the storage 

systems module (e.g., now with four playing cards). Overall, there are 69 levels of difficulty with a 

maximum of eight cards to-be-remembered. The final structure of WOME is presented in Table 3. 

 

Figure 9  

Revised Procedure of the WOME Intervention  

Note. The flowchart depicts the hierarchical structure of the trained WM components. After 

successful completion of all modules, the sequence restarts with an increased degree of difficulty. 
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Table 3  

Composition of the WOME Intervention Note. The tabl e presents the final str ucture of the WOM E i nter vention.  The easy versi on of the sel ecti ve attention modul e consists of  memorizing one specific suit  ins tead of two. The i tem number i n the manipul ation for wards  condition is  al ways presented with n+1 because this task produced the l owes t error rate of all  submodules . 

level module/WM component number of cards        
to be remembered 

number of cards            
presented by the dealer 

number of            
distracting cards 

1 introduction                             
(overt presentation of cards) 

2 2 2 

2 3 3 2 

3 

storage systems 

2 2 2 

4 2 2 3 

5 3 3 2 

6 3 3 3 

7 

selective attention (easy) 

3 5 3 

8 3 5 4 

9 3 6 4 

10 

selective attention 

3 5 2 

11 3 5 3 

12 3 6 3 

13 3 6 4 

14 3 6 5 

15 central executive processes 
(manipulation forwards) 

3 0 0 

16 4 0 0 

17 
central executive processes 
(manipulation backwards) 

3 0 0 

18 

storage systems 

4 4 1 

19 4 4 2 

20 4 4 3 

21 4 4 4 

22 4 4 5 

23 

selective attention 

4 7 3 

24 4 7 4 

25 4 7 5 

26 
central executive processes 
(manipulation forwards) 

5 0 0 

27 
central executive processes 
(manipulation backwards) 

4 0 0 

28 

storage systems 

5 5 1 

29 5 5 2 

30 5 5 3 

31 5 5 4 

32 5 5 5 

33 5 5 6 

34 

selective attention 

5 8 3 

35 5 8 4 

36 5 8 5 

37 5 8 6 

38 
central executive processes 
(manipulation forwards) 

6 0 0 

39 
central executive processes 
(manipulation backwards) 

5 0 0 
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Note. The table presents the final structure of the WOME intervention. The easy version of the 

selective attention module consists of memorizing one specific suit instead of two. The item 

number in the manipulation forwards condition is always presented with n + 1 because this task 

produced the lowest error rate of all submodules. 

Table 3 (continued) 

 

   

    

level module/WM component number of cards        
to be remembered 

number of cards            
presented by the dealer 

number of            
distracting cards 

40 

storage systems 

6 6 3 

41 6 6 4 

42 6 6 5 

43 6 6 6 

44 

selective attention 

6 9 3 

45 6 9 4 

46 6 9 5 

47 6 9 6 

48 
central executive processes 
(manipulation forwards) 

7 0 0 

49 
central executive processes 
(manipulation backwards) 

6 0 0 

50 

storage systems 

7 7 3 

51 7 7 4 

52 7 7 5 

53 7 7 6 

54 

selective attention 

7 9 3 

55 7 9 4 

56 7 9 5 

57 7 9 6 

58 
central executive processes 
(manipulation forwards) 

8 0 0 

59 
central executive processes 
(manipulation backwards) 

7 0 0 

60 

storage systems 

8 8 3 

61 8 8 4 

62 8 8 5 

63 8 8 6 

64 

selective attention 

8 9 3 

65 8 9 4 

66 8 9 5 

67 8 9 6 

68 
central executive processes 
(manipulation forwards) 

9 0 0 

69 
central executive processes 
(manipulation backwards) 

8 0 0 
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Further developments 

The intervention is constantly updated. The changes were implemented following the evaluation 

studies, based on the findings, subject’s reports and new insights from research. For example, the 

distractors presented between encoding and response (animals 'walking' over the gaming table) 

were changed to decision making tasks, which stress both verbal and executive aspects to 

promote interference effects (e.g., 'What can you buy from a butcher - meat or cheese?'). To 

promote compliance and motivation based on the self-determination theory (Ryan & Deci, 2000), 

several structural elements of gamification have been derived, i.e., the integration of game-design 

elements or mechanics (Deterding et al., 2011). They not only lead to variety in the tasks but 

promote larger autonomy, competence and relatedness of the individuals. For example, correctly in 

a row responded tasks result in wild cards, which may be used later as a joker. Additionally, a 

bonus game was implemented that enables to select cards and collect points in competition with 

the dealer. A league system was implemented, which correlates with the level structure. Good 

performances lead to win trophies and to advance in championships, and the gaming table 

becomes more neat (see Figure 10). 

 

Figure 10  

Structural Elements of Gamification Implemented in WOME  
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Note. The screenshots show the user interface of the same training module (storage systems) in 

different degrees of difficulty. On the left, level 5 is presented, which correlates to a game table 

available in the village league. On the right, level 43 and the world championships are illustrated. In 

addition to the noble appearance, trophies and wild cards are displayed. 

 

 

Conclusions 

Despite the potential of WM training observed in healthy and clinical populations, no appropriate 

intervention tailored to the needs of patients with acquired brain lesions has been available. 

Therefore, WOME WM training was developed, considering theory-based as well as patient-

specific requirements. Two pilot studies in individuals with low WM capacity confirmed the 

feasibility of the program and yielded first indications of efficacy. Based on performance analyses 

and interviews with the subjects substantial revisions were made for both, the software and the 

planned study design for the subsequent evaluation studies.  
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2.4. Study IV: WOME: Theory-based working memory training — A placebo-controlled, 
double-blind evaluation in older adults. 

 
Nachweis über Anteile der Co-Autoren, Juliane Weicker 
Development and evaluation of an adaptive working memory training intervention 
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Titel:   WOME: Theory-based working memory training — A placebo-controlled, 
double-blind evaluation in older adults. 
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Villringer, Angelika Thöne-Otto 
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Neural effects of WOME working memory training 

The neural changes following training with the WOME intervention are beyond the focus of this 

thesis. However, to present a comprehensive picture, the results of an analysis using fMRI, which 

was carried out in the context of study IV, will be briefly summarized. The aim of the investigation 

was to identify whether and how brain areas of the WM network may be affected by training. The 

author of this thesis was responsible for designing the experiment, the development and 

programming of the in-scanner task, and the supervision and execution of all time points of 

assessments. The preprocessing, statistical analyses and interpretation of the imaging data was 

done by Nicole Hudl (for details, see Hudl, 2019). 

N = 58 healthy older adults (aged 60 to 77 years, M = 67.78, SD = 4.3) were randomized to 

three conditions: WOME WM training, low-level WM training and no training. Training groups 

practiced the respective intervention over four weeks (12 sessions). Prior and after the intervention 

as well as three months follow-up, fMRI scans were carried out in addition to the 

neuropsychological assessments described in study IV. During scanning, a visuospatial WM task 

was presented, which required to remember a sequence of five items and to decide whether or not 

a probe stimulus matched the previous pattern. The in-scanner task was adapted from Brehmer et 

al. (2011). A detailed description is provided in Figure 11. 

 

Figure 11  

Visuospatial WM task Presented During fMRI Scanning  
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Note. One trial of the presented delayed matching to sample (dMTS) task during fMRI is shown. 

Subjects had to remember the location of five black boxes in a 4-by-4 grid, each presented for one 

second (encoding phase). Next, a fixation cross was shown for eight seconds (maintenance 

phase). After this delay, the subjects had to decide whether a probe stimulus did or did not match 

the location and sequence presented before (retrieval phase). In total, subjects completed 50 trials. 

 

Pre- to post-training analyses showed no significant interaction when the WOME WM 

training group was compared to the low-level WM training, neither regarding behavioral 

performance in the visuospatial WM task nor regarding neural activity. However, an indication for 

training efficacy was found when WOME WM training was compared to the passive control group, 

showing significant activation differences in the bilateral frontal lobe and the right middle frontal 

gyrus. Moreover, a positive correlation of the changes in behavioral performance and neural 

activation in the in-scanner task was detected. Specifically, performance gains following WOME 

WM training were accompanied by increases in neural activation in the left middle frontal gyrus and 

in the left precentral gyrus during the encoding phase of the visuospatial WM task. A more in depth 

analysis revealed that this brain-behavior-correlation was mediated by individual WM capacity, i.e., 

subjects with high WM performance at baseline measurement showed an increase in functional 

activity and performance gains in the in-scanner task while subjects with low initial WM 

performance did not demonstrate relevant changes. Figure 12 illustrates the neural effects of the 

WOME intervention. 

Together, the findings suggest that WOME WM training leads to changes in neural activity 

in fronto-parietal areas of the WM network, though the analyses only yielded significant differences 

between the intervention group and the passive control group. Activation patterns showed primarily 

increases of neural activity, which have been related to the redistribution of resources or the 

development of a new strategy (Hempel et al., 2004). As prolonged training phases amplify neural 

changes, it can be assumed that the effects observed after 12 sessions reflect only the beginning 

of neural reallocations, which might be more pronounced in the course of the intervention, if more 
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training sessions were applied. According to the brain-behavior-correlation detected, individuals 

with high initial WM capacity seem to benefit most from the intervention. 

Figure 12  

Neural Effects of WOME WM Training  

Note. The graph presents the results of a multiple regression analysis showing a positive brain-

behavior correlation of performance in an in-scanner delayed matching to sample (dMTS) task and 

brain activity in N = 58 healthy older adults. The lower section illustrates that activity increases in 

the left inferior frontal gyrus (IFG) correlate with performance gains from pre to post-training. The 

upper section shows further brain areas with positive brain-behavior correlations (all subjects in 

red, high performers of WOME in green), indicating that the high performing individuals promote 

the effects found. Figure adapted from Hudl, N., Neural correlates of working memory training — 

fMRI analyses in healthy older adults, Copyright (2019), with permission of the author. 
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2.5. Study V: Effects of working memory training in patients with acquired brain injury: a 
double-blind randomized controlled trial. 

 
Nachweis über Anteile der Co-Autoren, Juliane Weicker 
Development and evaluation of an adaptive working memory training intervention 

 

Nachweis über Anteile der Co-Autoren: 

Titel:   Effects of working memory training in patients with acquired brain injury: a 
double-blind randomized controlled trial. 

Journal:  unpublished manuscript 

Autoren:  Juliane Weicker, Nicole Hudl, Stefan Frisch, Hellmuth Obrig, Arno Villringer, 
Angelika Thöne-Otto 

 

Anteil Juliane Weicker (Erstautorin): 

 Konzeption und detaillierte Gestaltung des Experiments 
 Erhebung, Auswertung und Interpretation der Daten 
 Schreiben des Manuskripts 

 
Anteil Nicole Hudl (Autor 2): 

 Unterstützung bei Datenerhebung und Auswertung 
 Diskussion und Interpretation der Ergebnisse 
 Schreiben des Manuskripts 

 
Anteil Stefan Frisch (Autor 3): 

 Projektidee 
 Schreiben des Manuskripts 

 
Anteil Hellmuth Obrig & Arno Villringer (Autor 4&5): 

 Diskussion und Interpretation der Ergebnisse 
 Schreiben des Manuskripts 

 
Anteil Angelika Thöne-Otto (Senior-Autorin): 

 Projektidee 
 Konzeption des Experiments 
 Supervision der Patientenrekrutierung und Studiendurchführung 
 Diskussion und Interpretation der Ergebnisse 
 Schreiben des Manuskripts 

 
 
 
 

_____________________________  _____________________________ 
     Juliane Weicker         Angelika Thöne-Otto 

 



EXPERIMENTAL WORK – STUDY V 

 

104 

 

 

 

Effects of working memory training in patients with acquired brain injury:  

A double-blind randomized controlled trial 

 
Unpublished manuscript 

 
 

Juliane Weicker1,2, Nicole Hudl3, Stefan Frisch2, Hellmuth Obrig1,2, 
Arno Villringer1,2, & Angelika Thöne-Otto1 

 
 

1 Clinic of Cognitive Neurology, University of Leipzig, Leipzig, Germany 
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany 

3 Max Planck International Research Network on Aging, Rostock, Germany 
 

 

 

 

 

  



EXPERIMENTAL WORK – STUDY V 

 

105 

Abstract 

The novel computer-based working memory training 'WOME' is the first one that is specifically 

tailored to the needs of patients with acquired brain injury. In a double-blind randomized controlled 

trial, we evaluated its feasibility and effectiveness regarding working memory, related cognitive 

functions and its impact on daily life in a sample of 39 participants (n = 28 stroke, n = 11 TBI). They 

were randomized to a) the WOME intervention (n = 20) or b) a non-adaptive control version (n = 

19). Neuropsychological assessments were carried out at baseline, after four weeks of training, 

and three months follow-up. The intervention was well received and its validity was confirmed. 

After 12 training sessions of WOME, participants showed significantly enhanced performance in 

the trained tasks and improved self-reported coping with everyday life situations. Both treatments 

led to increased performance in multiple untrained WM tasks as well as long-term memory and 

logical reasoning, but evidence of specific effects of WOME were brittle. The observed changes 

post-treatment were not stable three months follow-up. Compared to a previous evaluation of the 

effectiveness of WOME in healthy subjects, the effects in patients were small. We discuss several 

factors including training duration and chronicity of the brain injury. 
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cognitive rehabilitation, brain injury, plasticity, working memory training, WOME, neuropsychology 
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Introduction 

'Brain training' is one of the most exciting scientific developments in the 21st century, appealing to 

both health industry and consumers. The major advance within the last 15 years was to target 

'core' functions, namely the capacity or processing efficiency of the working memory (WM) system 

(Bastian & Oberauer, 2014). It is the cognitive structure that holds information temporarily available 

for further goal directed behavior, which is the basis of many complex cognitive functions, such as 

problem solving and intelligence (Miyake, 1999). Studies in healthy individuals suggest that 

repetitive training increases WM performance not only in trained but untrained tasks, and show 

transfer effects in many cognitive functions relying on WM (e.g., executive functions and reasoning; 

Morrison & Chein, 2011). Such transfer may be supported by the partial cortical co-localisation of 

the respective neuronal networks in prefrontal and parietal cortices (Klingberg, 2010). Moreover, 

neuroimaging research suggests behavioral changes to correlate with altered brain activation, 

structural connectivity and neurotransmitter distribution (Buschkuehl et al., 2012). There is some 

evidence that improvements in WM performance may generalize and impact on the quality of life 

(Cantarella et al., 2017; Johansson & Tornmalm, 2012; Spencer-Smith & Klingberg, 2015).  

Despite the abundant literature on WM training effects in healthy subjects, little is known 

about the impact of residual cognitive abilities required for successful WM training. Especially after 

diffuse lesions (e.g., after traumatic brain injury, TBI), learning and transfer abilities may be 

expected to be lesser when compared to unaffected individuals due to reduced plasticity of the 

brain (Prigatano, 1999). In contrast, the findings of a meta-analysis on the effectiveness of WM 

training suggest that training-related benefits may be even greater in brain-lesioned when 

compared to healthy individuals (Weicker et al., 2016). But aside from studies examining children 

with low WM capacity, e.g., due to learning disability or attention-deficit disorder (Bergman Nutley 

& Söderqvist, 2017), research has widely neglected individuals who are in need of innovative 

approaches to enhance their impaired WM performance. To date, only ten randomized controlled 

trials targeted patients with acquired brain lesions (Akerlund et al., 2013; Björkdahl et al., 2013; 

Carretti et al., 2013; Johansson & Tornmalm, 2012; Lundqvist et al., 2010; Moore Sohlberg et al., 
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2000; Phillips et al., 2016; Richter et al., 2015; Vogt et al., 2009; Westerberg et al., 2007). Most of 

them used exercises from the software package Cogmed®, which comprises various visuospatial 

and verbal WM span tasks, applied 25 sessions within five weeks. The first published study 

focused on a small sample of stroke patients (Westerberg et al., 2007). Compared to a passive 

control group, training led to improved performance in untrained WM and attention tasks as well as 

reduced subjective memory complaints. The results were replicated in larger samples (Akerlund et 

al., 2013; Björkdahl et al., 2013; Lundqvist et al., 2010; Phillips et al., 2016). Overall, the findings 

suggest improvements in untrained WM tasks, which are rather similar to the training material, and 

no or only small transfer effects on other cognitive functions. The changes observed immediately 

after WM training were long-lasting, being stable three to six months follow-up. Most importantly, 

the patients reported an enhanced activity level, decreased fatigue, depression, and memory 

symptoms following the interventions. Qualitative analyses on the impact on daily life activities 

revealed three dimensions of change: (1) self-awareness, (i.e., better acknowledgement of own 

WM dysfunction and coping strategies), (2) meaningful improvements in everyday life (e.g., “Now I 

dare go for a walk, I think I can find my way back”), and (3) less specific effects including the 

motivation to meet people with similar problems and training related consequences ranging from 

“I’m less tired and more alert” to “I get very tired and I need to sleep the whole day after a training 

day” (Johansson & Tornmalm, 2012). Taken together, evidence calls for a broader and structured 

implementation of WM training in neurocognitive rehabilitation. 

The issue which tasks should be applied during WM training remains unsettled. Many WM 

training tasks established in healthy young adults are too challenging for patients with acquired 

brain lesions, e.g., the dual n-back paradigm, which demands remembering two independent 

sequences of visual and auditory information simultaneously while the stimuli are continuously 

updated (Jaeggi et al., 2008; Weicker et al., 2016). Because interventions tailored to clinical 

populations are missing, either simplified versions of established paradigms (Cicerone, 2002; 

Serino et al., 2007) or compilations of various WM tasks like Cogmed® have been applied (e.g., 

Vallat et al., 2005; Vogt et al., 2009; Westerberg et al., 2007). The first may not represent an 
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adequate measure of WM, for example due to the low number of 'n' in n-back tasks, which is 

required to stress WM function (Braver et al., 1997). The latter is questionable because the training 

content is neither derived from theoretical models nor can the mechanisms of training and transfer 

effects be investigated in detail. Without distinct modules or predefined task requirements, it is not 

possible to allow for training of particular WM components, which may be selectively impaired in 

individuals (Wilde et al., 2004). Additionally, existing programs typically provide short-term memory 

tasks without the involvement of more complex processes such as updating of information, task 

switching and inhibitory control (Bastian & Oberauer, 2014). Another issue is the necessity of 

adaptive training. Though it has been shown that healthy subjects benefit from unpredictable levels 

of difficulty and variations in demands (Bastian & Eschen, 2016), compliance is a key requirement 

in rehabilitation. WM tasks are cognitively effortful per se for individuals with WM deficits, so careful 

adjustment of performance accuracy and difficulty may be mandatory to grant success in clinical 

populations. Usually, adaptivity is implemented automatically in computer-based approaches by 

varying the number of items to be recalled. Clinical experience, however, shows that neurologic 

patients need a more very fine-tuned adjustment because WM capacity may be very limited (e.g., 

three items may be handled easily while four items lead to persistent failure). This aspect has been 

not addressed in previous approaches. 

 

The present study 

Existing evidence, as summarized above, calls for treatment protocols specifically tailored to the 

needs and capacities of patients with acquired brain lesion. Therefore, WOME (WOrking MEmory) 

was developed, which is a WM training program designed especially for this target group. It has 

been implemented in the rehabilitation software RehaCom®. The intervention offers a theoretically 

derived composition of tasks that are rooted in Baddeley’s multi-component model of WM 

(Baddeley, 2003). Various modules allow for targeted therapy of specific sub processes of the WM 

system. The computer based paradigm enables continuous and auto-adaptive adjustment of the 

level of difficulty. In addition to the number of items, various task features are modifiable to provide 
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challenging but not over demanding tasks according to the individual’s performance. Feasibility 

and efficacy of the intervention were investigated in a sample of healthy elderly adults previously 

(Weicker et al., 2018). Following 12 sessions of WM training, significant improvements in trained 

and untrained WM tasks were found. Moreover, the subjects reported relevant effects in their daily 

life, e.g., better memory for shopping lists and improved overall concentration. However, no 

transfer effects on other cognitive domains were observed and evidence for stability at three 

months follow-up was brittle. Taken together, the findings suggest that WOME is an efficient 

training program to temporarily enhance WM performance with a relevant impact on daily life in 

elderly populations. 

Here we evaluate the efficacy of WOME WM training in individuals with acquired brain 

lesions. The double-blind randomized controlled trial addresses (i) the validity and specificity of the 

WM training program in a clinical population, (ii) its applicability to enhance WM performance with 

respect to short-term and long-term benefits, (iii) the potential to improve cognitive functions that 

partially rely on WM capacity and may benefit from increased performance (e.g., executive control 

processes), and (iv) the functional relevance of transfer effects with respect to coping with daily life 

demands. Based on our previous results in healthy elderly adults, we predict high validity and 

specificity of the intervention regarding its suitability to target WM functions. Post-test 

performances of the WM training group are expected to show significant improvements in WM 

tests, which are accompanied by positive changes in daily life. Improvements are hypothesized to 

be long-lasting, and still present at follow-up assessment after three months. Transfer effects on 

other cognitive functions that may benefit from enhanced WM performance are not predicted 

because they were rarely observed in previous studies that investigated clinical populations. 
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Method 

Participants 

Thirty-nine patients with acquired brain lesions (24 male, 15 female) were collected from former 

outpatients of the Clinic of Cognitive Neurology, University of Leipzig, Germany, and of two other 

local cognitive rehabilitation centers. Inclusion criteria were a) stroke or TBI > three months post 

onset, b) deficits in WM function (defined by percentile value < 16 in at least one out of the 

following tests: Span Board task forwards/backwards or Digit Span task forwards/backwards 

(Härting et al., 2004), or clinically diagnosed by a qualified psychologist), c) sufficient cognitive 

abilities to attend the training and testing sessions, and d) aged between 16 and 69 years. 

Exclusion criteria were a) acute psychiatric diagnosis, b) alcohol and drug abuse, and c) 

participation in other cognitive training programs. The final sample consisted of 28 patients with 

stroke and 11 patients with TBI. Time post-onset was 39 month (SD = 61.7, range 3-300). Mean 

age was 50 years (SD = 12.7, range 21-69). Stroke- and TBI- patients did not differ in sex, 

education, time post-onset, depressive mood, and initial WM performance; but as expected by 

epidemiology the stroke group was older and received more medications than the TBI group (for 

more details please refer to Table 4). All patients gave written informed consent in accordance with 

the Declaration of Helsinki. They were financially rewarded for participation. Ethical approval for 

the trial was obtained from the ethics committee of the University of Leipzig, Germany. 
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Table 4  

Sample Characteristics  

 

Note. BDI = Beck’s Depression Inventory (Hautzinger et al., 1995), TBI = traumatic brain injury. 

Sample size is N = 34 for month since brain injury and N = 38 for subjective performance in 

everyday life due to missing data. 

  

 overall 
 
(N = 39) 

WOME WM 
training group 
(n = 20) 

active control 
training group 
(n = 19) 

difference 

etiology (stroke/TBI) 28/11 13/7 15/4 χ² = 0.94, p = 0.333 

gender (male/female) 24/15 13/7 11/8 χ² = 0.21, p = 0.648 

age M (SD) 50.2 (12.7) 52.6 (7.8) 47.7 (16.1) T = 0.84, p = 0.406 

education level (n)    χ² = 0.74, p = 0.693 

≤ 9 years 4 2 2  

10-12 years 25 13 12  

≥ 12 years 10 5 5  

premorbid intelligence     

LPS-3 (M, SD) 22.1 (5.8) 21.1 (5.6) 23.1 (5.9) T = 1.12, p = 0.272 

subjective everyday life 
functioning rated on a 3-
point Likert scale (n) 

   χ² = 0.15, p = 0.93 

no complaints 17 8 9  

complaints not impairing 
everyday life 

10 6 4  

impairments in everyday 
life 

11 5 6  

month since brain injury 
MD (SD, range) 

39 
(61.7, 3-300) 

44 
(68.3, 15-300) 

23 
(49.8, 3-144) 

U = 81.00,  
p = 0.033 

medication (yes/no) 31/8 14/6 17/2  χ² = 2.27, p = 0.132 

mood (BDI: M, SD) 9.6 (5.7) 10.7 (5.8) 8.5 (5.6) T = 1.16, p = 0.253 

WM performance (Span 
Board backward: M, SD) 

7.7 (1.9) 7.7 (2.0) 7.7 (1.9) T = 0.54, p = 0.957 

use of additional 
treatments (yes/no) 

17/22 10/10 7/12 χ² = 0.68, p = 0.408 



EXPERIMENTAL WORK – STUDY V 

 

112 

Procedure 

The design was similar to our previous study that investigated the effectiveness of WOME in 

healthy older adults (Weicker et al., 2018). A double-blind randomized controlled trial was 

performed with neuropsychological assessments at three time points: at baseline one week prior to 

the training phase, post-treatment, and at three month follow-up. Outcome measures comprised 

(1) tests of WM functions, (2) tests of other cognitive functions closely linked to the WM system, (3) 

questionnaires that target coping with daily life experiences, (4) questionnaires to provide insight in 

intervention-related behavior (e.g., strategies), and (5) questionnaires that control for unintended 

factors (such as depressive symptoms). Table 5 specifies the neuropsychological test battery 

applied. Following baseline assessment, participants were allocated to a) the WOME intervention 

(n = 20) or b) a non-adaptive control version of the intervention with very low WM demands (n = 

19). Randomization was realized with the online software Research Randomizer (Urbaniak & 

Plous, 2013), which accounted for equal probability of the number of subjects and their respective 

etiology (stroke or TBI). The final groups did not differ significantly regarding all sample 

characteristics except for months since injury (the WOME intervention group had longer intervals). 

Training sessions took place three times a week for four weeks, 45 min each, summing up to a 

total of 12 sessions. If appointments were missed the participants were allowed to extend the 

training phase up to one week. Additionally, all patients were free to complete up to a total of 15 

sessions.  

Of the 39 participants recruited at baseline, all completed the training phase successfully. 

One patient missed post-measurement due to illness, but returned for the follow-up assessment. 

Another patient missed follow-up testing due to time constraints. A flowchart of the study design 

and number of participants is provided in Figure 13. For a detailed explanation of the procedure, 

concerning a detailed description of the outcome measures, training sessions, the allocation and 

blinding procedure, please see our previous study (Weicker et al., 2018). 
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Table 5  

Neuropsychological Test Battery Applied  

 

Note: BDI = Beck Depression Inventory (Hautzinger et al., 1995), CFQ = Canadian Failure 

Questionnaire (Broadbent et al., 1982), FEAG = Inventory of Memory Experiences (Herrmann & 

Neisser, 1978), LPS-3 = Subtest 3 of the German intelligence battery 'Leistungsprüfsystem' (Horn, 

1983), PASAT = Paced Auditory Serial Addition Test (Gronwall, 1977), TAP = Test for Attentional 

Performance (Zimmermann & Fimm, 2007), TMT A/B = Trail Making Test A and B (Reitan, 1958), 

VLMT = German version of the Auditory Verbal Learning Test (Helmstaedter et al., 2001). 

 

 

WM functioning cognitive functions 
requiring WM 

questionnaires non-target 
outcome 

Digit Span (forwards) executive functioning daily life functions TAP Alertness 
(reaction time) 

Digit Span (backwards) Stroop CFQ 

Span Board (forwards) TAP Go-Nogo FEAG 

Span Board (backwards) TMT A/B own questionnaire 

Spatial Addition TAP Mental Flexibility  

Symbol Span logical reasoning strategies 

TAP n-back LPS-3 own questionnaire 

PASAT long-term memory unintended factors 

 VLMT BDI 
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Figure 13  

Flowchart of the Study Design  

Note. The graph shows the flow of participants from baseline to follow-up measurement. 

 

 

Intervention 

The intervention (WOME) is a computer-based WM training program developed specifically for 

patients with acquired brain lesions. It features (i) a theory-based modular structure that targets 

particular components of the WM system (storage systems, selective attention, and central 

executive processes), (ii) fine-tuned and automatic adjustment of the difficulty level, and (iii) 

motivating stimuli with reference to everyday life. In principle, a dealer presents playing cards on a 
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gambling table, which are turned around after a brief period of time. The specific instructions 

depend on the trained WM component: In the storage systems module, all the cards presented 

have to be remembered; in the selective attention module, only cards of certain suits have to be 

chosen; and in the central executive module, the cards have to be sorted either in the same or in 

the reverse order. Overall, WOME comprises 69 levels of difficulty. 

The non-adaptive control version of the intervention (CTRL) used the same stimuli and 

types of tasks, but difficulty was fixed at a very low level with minor demands on the WM system. 

The level structure was revised, so that the maximum number of cards to be remembered was 

three, and the modules were simplified (e.g., no backward manipulation). The final range of 59 

levels was obtained by adding distracting cards. Additionally, the number of responses was 

increased, so that more time was spent within the same difficulty level. Participants were motivated 

to work conscientiously by providing continuous feedback on speed and accuracy.  

 

Statistical analyses 

Intervention feedback and prior experiences were measured on 5 point Likert scales (ranging from 

1 = 'not at all' to 5 = 'very much'). Nominal data were analyzed with Fisher’s exact test, non-

parametric data with the Wilcoxon-Rank test for dependent variables and Mann-Whitney U-test for 

independent samples. Improvements in the trained tasks were investigated by comparing the 

maximally attained level from session to session within groups with dependent samples t tests and 

between groups with independent samples t tests. For this purpose, the level structure of the non-

adaptive control version was converted into the structure of the WOME intervention considering 

item length and number of distractors, which were limited per definition. To investigate the 

effectiveness of the treatment, the participant’s raw scores in neuropsychological tests and 

standardized questionnaires were analyzed. Baseline performance of the groups was inspected 

with independent samples t tests. Training-related changes were analyzed by analyses of 

variances (ANOVA) with the between-subjects factor intervention (WOME, CTRL) and the within-
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subjects factor time point of assessment (baseline, post-treatment, follow-up). To control for 

differences between conditions, the number of sessions and months elapsed since brain injury 

were included as covariates. Within-group changes from baseline to post-test were analyzed 

separately with dependent t tests for paired samples by considering a Bonferroni adjusted alpha 

level. The Statistical Package for Social Sciences SPSS, version 22 (IBM Corp., 2013) was used 

for all analyses. The significance level was set to α = 0.05 (two tailed). Effect size estimates are 

given by partial eta-squared (ηp²) for ANOVAs (small effect: ηp² ≥ 0.01, moderate effect: ηp² ≥ 0.06, 

and large effect: ηp² ≥ 0.14 a large effect) and by Cohens’s d for t test differences (small effect: d ≥ 

0.2, moderate effect: d ≥ 0.5, and large effect: d ≥ 0.8; Cohen, 1988). 

 

Results 

Feedback 

Both interventions were rated as enjoyable (WOME: M = 4.20, SD = 0.62, CTRL: M = 3.89, SD = 

0.74) and 38 out of the 39 participants described themselves as motivated (WOME: M = 4.20, SD 

= 0.41, CTRL: M = 4.16, SD = 0.50; differences between conditions n.s., p = 0.224 and p = 0.879, 

respectively). Confirming the design, the WOME intervention was perceived as more demanding 

than the non-adaptive control version (WOME: M = 3.75, SD = 0.64, CTRL: M = 2.74, SD = 1.05; p 

= 0.003). Prior experience with card games and computers was mostly given, but there were also 

patients who had no experience at all (computers WOME: M = 4.10, SD = 1.48, CTRL: M = 3.84, 

SD = 1.46; card games: WOME: M = 2.06, SD = 1.35, CTRL: M = 2.11, SD = 1.23; differences 

between conditions n.s., p = 0.647 and p = 0.815, respectively). 

Reported task strategies used in the WOME intervention were chunking (n = 18), 

remembering selective items only (n = 16), rehearsal (n = 14), and pure visual imprinting (n = 7). 

Rarely, other strategies were applied, such as associations or making use of fingers (n ≤ 2, 

respectively). 
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Improvement in the trained task 

All participants completed at least 12 training sessions. The mean number of sessions was 12.87 

(SD = 1.24) and corresponded to 9.18 hours (SD = 0.88). Note that participants were free to 

perform additional sessions, thus groups differed in the amount of training (sessions WOME: M = 

13.25, SD = 1.41; CTRL: M = 12.47, SD = 0.91; t(37) = 2.04, p = 0.049, d = 0.65). 

Figure 14 depicts the course of performance in the trained tasks. While the improvement of 

the maximally attained level was limited per definition in the non-adaptive control version, the 

WOME intervention showed continuous improvements from session to session with no indication 

of plateau-performance or ceiling effects (first vs. last session: t(19) = 13.21, p = 0.000, d = 1.57; 

11th vs. 12th session: t(19) = 4.16, p = 0.001, d = 0.07). On average, participants increased their 

ability to remember suits and values of playing cards from three to five items. 

The progression in the trained task was predictable by the participant’s performance in WM 

tests at baseline assessment (e.g., digit span backwards: β = 0.49, t(19) = 2.39, p = 0.028, spatial 

addition: β = 0.67, t(19) = 3.78, p = 0.001, symbol span: β = 0.52, t(19) = 2.59, p = 0.019) and at 

the initial training session (β = 0.86, t(19) = 7.09, p < 0.001). The correlations suggest that the 

WOME intervention targets similar WM processes to established outcome measures, which 

indicates high validity. 
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Figure 14  

Performance and Subjective Evaluation of the Intervention  

Note. The graph on the left displays the progress in the trained task for each of the 12 training 

sessions of the WOME intervention group (solid black line) and of the CTRL intervention group 

(dotted black line). The composition of the CTRL intervention was designed to be limited in 

progression. For the WOME intervention group, individual performances are shown (thin grey 

lines). The graph on the right illustrates the subjective evaluation of the effectiveness of the 

interventions. Reported changes in daily life are illustrated in bright grey, the lack of changes are 

illustrated in dark grey. 

 

 

Transfer effects 

At baseline assessment, no significant differences were observed between the intervention groups. 

Both groups achieved improvements in multiple untrained WM tasks after training (significant main 

effects of time: Span Board Task forwards F(1,30) = 4.89, p = 0.035, ηp² = 0.14; Span Board Task 

backwards F(1,30) = 7.62, p = 0.010, ηp² = 0.20; n-back task F(1,29) = 9.22, p = 0.005, ηp² = 0.24), 

but no significant interactions were found. Hence, both interventions yielded similar effects. 
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Separate group analyses of changes from baseline to post-treatment with a Bonferroni adjusted 

alpha level of 0.006 per test (0.05/9) indicated selective improvements only following the WOME 

intervention with small to moderate effect sizes (Paced Auditory Serial Addition Test: t(17) = -3.43, 

p = 0.003, d = 0.40, and Symbol Span: t(19) = -3.47, p = 0.003, d = 0.62). The observed 

improvements were partially stable three months follow-up (n-back task F(2,56) = 6.20, p = 0.004, 

ηp² = 0.18). No significant effects were found regarding other cognitive functions. 

The subjective evaluation of the double-blind treatment favored WM training: 75 % of the 

participants who underwent the WOME intervention reported improved coping with everyday life 

situations compared to only 47 % of the participants who received the non-adaptive control 

intervention (χ2 (1, N = 37) = 16.48, p < 0.001). In particular, they cited facilitated dealing with 

letters and numbers (e.g., telephone numbers, names, shopping lists) and an enhanced overall 

alertness. However, standardized questionnaires on cognitive performance in everyday life showed 

no significant changes. 

 

Discussion 

The novel WM training 'WOME' was developed to meet the special requirements for patients with 

acquired brain lesions. In a double-blind randomized controlled trial, we evaluated feasibility and 

effectiveness with respect to WM and related cognitive functions as well as its impact on daily life. 

Participants underwent either 12 sessions of WOME or of a non-adaptive control version with very 

low WM demands. 

The study confirmed the applicability of WOME in clinical populations. The intervention was 

well received, which was reflected in positive feedback ('enjoyable and motivating'), high 

commitment (no drop-outs during the training phase) and motivation (e.g., voluntary extra 

sessions). Participants improved their performance in the trained tasks continuously and no 

indication of plateau- or ceiling effects were observed. Significant correlations of baseline raw 

scores in WM measures and success in WOME suggest high validity of the intervention. Self-
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reports indicated functionally relevant improvements in everyday life. Participants declared 

facilitated dealing with WM demands (e.g., memorizing telephone numbers, names, shopping lists) 

and enhanced alertness. The double-blind study design allows for ascribing this impact on daily life 

to WOME. 

In contrast, standardized neuropsychological tests and questionnaires did not substantiate 

the findings. Both, the WOME intervention and the non-adaptive control version with very low WM 

demands led to transfer effects in various untrained WM tasks. No significant interactions between 

time point of assessment and treatment condition were found; hence, superior effects of WOME 

could not be shown. There were some selected improvements in favor of the WOME intervention 

when the pre to post-treatment changes were examined separately for each intervention group, but 

overall, evidence of specific effects were brittle. The observed changes were only partially stable 

three months follow-up. No transfer effects in other cognitive functions were observed. 

 

Limited transfer effects 

Compared to our previous trial (study IV), which investigated the effectiveness of WOME in healthy 

elderly adults using the same study design (Weicker et al., 2018), the effects of the current trial are 

small. While healthy subjects showed substantial benefits not only in the trained tasks and in self-

reports but also in standardized neuropsychological WM tests, similar effects were not detectable 

in patients. We identified the following factors as possible explanations for the low efficacy of the 

WOME intervention in the present study: 

1) Duration of the intervention may be critical since several studies suggest that clinical 

populations need more intensive training than their uncompromised peers (Hildebrandt et al., 2006; 

Weicker et al., 2016). Generally, training intensity has been shown to be one of the most important 

modulators of WM training efficacy (Thöne-Otto, 2017; Weicker et al., 2016). Of the existing 

studies in clinical populations, only one has applied less than 15 training sessions and was able to 
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discover transfer effects (Carretti et al., 2013). Hence, it is possible that the training duration was 

not sufficient in the current trial.  

2) Another issue refers to the chronicity of the acquired brain lesions and the patients’ 

potential to benefit from functional training. Due to randomization, the WOME intervention group 

had a significantly larger time since brain injury compared to the non-adaptive control training 

group — almost twice as much. The absence of reliable benefits could be explained by the 

different plasticity of the brain and the potential to adapt neuropsychological changes (Hu et al., 

2010). In addition to the group differences, the patient’s status in the current trial has to be 

classified as very chronic with a time since injury onset of approximately 3,3 years. An application 

of WOME in an earlier phase of rehabilitation would possibly yield larger effects (Hellgren et al., 

2015). 

3) The third possible reason for the small differences observed between the training 

conditions refers to choice of the control group. First, it is possible that active control groups, who 

engage in a similarly demanding task, bear the danger of underestimating the true effect (Bastian 

& Oberauer, 2014). Second, our purpose was to design the non-adaptive control intervention such 

that working memory processes were supposed to be reduced to a minimum. This intention may 

have been incomplete. Potentially, remembering three playing cards — affording six items to be 

held in WM, namely values and suits — is already a challenging task for individuals with WM 

deficits and therefore may have been a way of training. Furthermore, WM and attention are closely 

related concepts per se and by the means of the central executive component, the WM system can 

distribute attentional resources and guide the focus of attention (Baddeley, 2003). This 'controlled 

attention' shows the interconnection of WM, attention and executive functions (Cowan, 1999; 

Engle, 2002). Moreover, it has been proposed that altered WM performance may be actually based 

on higher attentional control (Greenwood & Parasuraman, 2016). In this vein, filter exercises, e.g., 

selective attention of relevant stimuli while inhibiting irrelevant information, have been shown to 

initiate changes in WM efficiency more than consolidation training (Schmicker et al., 2016; Shin et 

al., 2015). Such filter processes were explicitly required in the control treatment. Similar cognitive 
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processes promoted by both training programs, despite of different levels of difficulty, may have 

prevented to detect greater efficacy of WOME compared to the non-adaptive control intervention 

based on statistical analyses. 

 

Modularity in cognitive rehabilitation 

WOME was developed as a specific, theory-based WM training program with a modularized 

structure that allows targeting selectively impaired WM components in patients with brain injury. 

Despite the absence of specific effects in the current trial, the approach remains plausible and 

should be pursued in clinical rehabilitation research. Several case studies have demonstrated 

selective improvements in impaired sub processes of WM that were the focus of the treatment. For 

example, intensive verbal WM training was applied in a patient with isolated deficits in central 

executive component and phonological loop of the WM system after left hemisphere stroke (Vallat 

et al., 2005). The intervention led to enhanced verbal WM capacity and coping with related daily 

life demands and the individual was able to resume his work. Another study focused on two 

patients with severe traumatic brain injury, who suffered from isolated deficits in the central 

executive component of WM (Vallat-Azouvi et al., 2009). Specific cognitive training caused 

enhanced performance only in outcomes measures that targeted the central executive but not in 

other WM domains. Modularity in cognitive rehabilitation was demonstrated in a single case study 

in a patient with chronic stroke who experienced impairments in WM functions (Vallat-Azouvi et al., 

2014). After multiple baseline assessments, specific therapy targeted consecutively different sub 

processes of the WM system. Indeed, each training phase induced domain-specific gains (i.e., 

verbal aspects improved after training the phonological loop, visuo-spatial performance improved 

after training the visuo-spatial sketchpad, and executive control processes improved after training 

the central executive). Taken together, despite the low specificity found in the current trial, there is 

evidence that cognitive therapy should be tailored to the individual deficits. Due to its theory-based 

approach and the adjustment to the particular needs of patients with brain injuries, it is reasonable 

that the WOME intervention may represent a suitable device for the rehabilitation of WM deficits. 
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Limitations 

A major limitation of the current trial refers to the lack of a passive control group to account for test-

retest effects. To evaluate efficacy and specificity effects, we focused on the comparison of an 

intervention previously shown to be effective to control version. Active control groups have been 

recommended because only they can account for factors that may moderate performance such as 

motivation, expectancy, and social interaction (Oken et al., 2008). Due to absent interactions of 

treatment and time point of assessment, however, it remains open whether the non-adaptive 

version may have produced similar effects as the more demanding original intervention or whether 

the observed improvements are rather based on the repeated measurements. 

 

Conclusion 

The current trial confirmed validity and applicability of the computer-based WM training program 

WOME in patients with acquired brain injury. Findings suggest that impairments in WM can be 

ameliorated by repetitive training and that specific cognitive therapy improves coping with related 

daily life demands. To produce reliable benefits, however, 12 training sessions may not be 

sufficient and longer treatments are recommended. Future research must address the 

commonalities and differences between the healthy and the lesioned network with regard to 

plasticity. Moreover size and site of the lesion can be expected to play a crucial role. 
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2.6. Study VI: The effect of high vs. low intensity neuropsychological treatment on working 
memory in patients with acquired brain injury. 

 
Nachweis über Anteile der Co-Autoren, Juliane Weicker 
Development and evaluation of an adaptive working memory training intervention 
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3. General discussion 

This thesis aimed to bridge the gap between research and clinical practice with respect to 

neurocognitive rehabilitation of WM deficits. While literature on WM training studies in healthy 

populations is abundant and indicates beneficial effects in cognitive performance as well as in daily 

life, the empirical basis for clinical populations is rather limited. Given the importance of WM 

performance for many more complex cognitive functions and activities of daily life, it seemed 

imperative to explore the potential of WM training in people with low WM capacity. Therefore, 

existing training paradigms and evaluation studies were investigated with a special focus on 

patients with WM impairments (study I and II). Based on the insights of the meta-analysis and the 

literature review, the WM training program 'WOME' (WOrking MEmory) was developed, a theory-

based intervention tailored to the needs of clinical populations (study III). One objective of the 

thesis was the thoroughly evaluation of the new intervention with double-blind, placebo-controlled, 

and randomized controlled trials to determine its potential and its limits to provide valuable 

recommendations for the use in clinical practice (study IV, V and VI). The main findings of the 

experimental work are summarized in the following section. 

 

3.1. Summary of the empirical findings 

Based on a meta-analysis integrating 103 individual WM training studies of various subjects groups 

(healthy children, younger and older adults, and clinical populations), study I (Weicker et al., 2016) 

showed that existing training programs are able to produce long-lasting improvements in trained 

and untrained WM tasks. These changes were reflected in improved coping with everyday life 

demands and disease-related symptom reduction in clinical populations. Small but reliable far 

transfer effects on other cognitive functions were found regarding cognitive control and logical 

reasoning, in contrast, the performance of attentional and long-term memory functions was 

boosted for a short period. The number of training sessions was identified as a main moderator of 
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training efficacy, while the total amount of training hours, adaptivity of task difficulty and the applied 

training content seemed less relevant. Larger effect sizes in clinical populations indicated that 

patients who suffered from WM deficits may benefit to a greater extent than healthy subjects. 

Taken together, the results of the meta-analysis confirmed our hypotheses and supported the 

application of WM training in neurocognitive rehabilitation. 

A typical outcome used to measure performance changes in WM functions is the Corsi 

Block-Tapping Task (Corsi, 1972). By reviewing studies which investigated the characteristics of 

this task, study II (Weicker et al., 2017) revealed that it is the complexity of task demands — 

involving visuospatial, executive and verbal components — that explains its sensitivity to changes 

after WM training. Consequently, the Corsi Block-Tapping Task was chosen as the primary 

outcome variable for the following evaluation studies. 

Due to the lack of appropriate WM training interventions for patients with acquired brain 

lesions, study III comprised the development of the theory-based WM training WOME. Two pilot 

studies confirmed the feasibility of the program in individuals with low WM capacity. Moreover, pre-

post comparisons of WM performance indicated cognitive improvements after intensive training. 

Based on the findings, the structure and implementation of the training tasks were revised and 

some aspects of the study design, e.g., outcome measures, were adjusted for the evaluation 

studies. 

To determine the efficacy of the novel WM training program, study IV (Weicker et al., 2018) 

targeted 60 clinically healthy older adults — individuals having low WM capacity due to 

developmental changes but undamaged neural brain networks. After 12 sessions of WOME WM 

training, improved performance in the trained tasks and overall WM functioning were observed. 

Moreover, the subjects reported WM related improvements in their everyday life experiences (e.g., 

improved memorization of shopping lists, names, telephone numbers, and vocabularies in foreign 

language acquisition). However, the effects were short-term and diminished at follow-up after three 

month. No far transfer effects on other cognitive functions were found. The transfer effects found 

correspond to our hypotheses, but we expected long-term stability of the intervention effects. 
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Overall, the study demonstrated that WOME is an appropriate intervention for individuals with low 

WM capacity, which induces moderate to large transfer effects on WM functions and has an impact 

on everyday life. An fMRI analysis of the neural effects of WOME WM training indicated a 

redistribution of resources in fronto-parietal areas, which overlap with the WM network. Further, the 

findings suggested that training success may be mediated by inter-individual differences, i.e., initial 

WM capacity. We found confirmation of the so-called Matthew effect (MT 25:29 “whoever has will 

be given more” (Bakermans-Kranenburg et al., 2005; Rode et al., 2014)), describing that 

individuals with higher pre-training performance show larger improvements during and after 

training. 

Study V addressed the applicability of WOME in the primary target group — 39 patients 

with acquired brain lesions who suffered from impairments in WM functioning. The intervention was 

well received and validity of the treatment was high. Using the similar design as the previous trial, 

WM training led to significant improvements in the performance of the trained tasks and self-

reported cognitive changes in daily life. However, neuropsychological assessments failed to 

demonstrate reliable transfer effects on WM or other cognitive functions. Compared to the findings 

of study I and IV, the achieved effects were small. Our hypotheses were confirmed with respect to 

significant improvements in the trained tasks and facilitated handling of daily life demands reported 

in questionnaires. Further, as predicted no far transfer effects on other cognitive functions than WM 

were observed. In contrast, the hypotheses that significant changes would be observed in 

untrained WM tasks and that potential effects would be long-lasting over three months had to be 

rejected. 

Based on study I that identified the number of training sessions as a modulator of training 

efficacy and indications of study IV and V that clinical populations may need longer training periods 

to gain substantial benefits, study VI (Weicker et al., 2020) targeted the dose-response 

relationship of WM training. Additionally, the influence of specificity of the training content was 

examined by comparing WOME to unspecific attention training tasks. To implement realistic 

conditions of use, the trial took place in a day care rehabilitation setting in 20 patients with 
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heterogeneous brain lesions. While the specificity of training content seemed less important, the 

amount of training again represented an essential predictor of efficacy: No transfer effects were 

detectable after 10 sessions, but 20 sessions led to significant improvements in untrained WM 

tasks and verbal memory performance. Moreover, patients reported relevant impact in their daily 

life. Thus, the findings of study I and V were replicated and confirmed our hypothesis that 

subjective improvements would be observed in self-reports following WM training. Further, the 

results confirmed the predicted dose-response hypothesis and supported a certain specificity of the 

intervention (improved WM performance without influencing the attention system). In contrast, 

unexpected transfer effects were found on verbal memory and the WOME intervention did not lead 

to superior effects than a training program of attentional functions, so overall the hypothesis of the 

WOME intervention being specific for the WM system had to be rejected. Nevertheless, the 

findings support the effectiveness of WM training, even when applied in addition to highly intensive 

neurorehabilitation. 

Taken together, the experimental work demonstrated beneficial effects of WM training in 

general and the novel program WOME in particular, showing the potential to improve WM 

performance and to have a clinically relevant impact on individuals with low WM capacity. The 

intervention was well-received and commitment was high. The findings suggest rather short-term 

than long-term benefits and the specificity of the applied training content may play a negligible role. 

Far transfer on other cognitive functions was limited. In order to yield substantial benefits in clinical 

populations, it seems imperative to provide a minimum of 20 training sessions. 

 

3.2. Implications for clinical practice 

First and foremost, WM training is effective. WOME reliably improves WM performance, perceived 

cognitive abilities and disease-related symptoms. By this means, a relatively circumscribed 

computer-based intervention contributes to participation in personal and professional life. The 
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experimental work has shown that individuals of various age, education, etiologies, time passed 

since brain injury and rehabilitation settings may benefit from training. 

 

3.2.1. Benefits and limits of working memory training 

The observation of study I, IV, V and VI regarding moderate near transfer effects on tasks, which 

are more or less similar to those that are trained, is consistent with other meta-analyses targeting 

training of WM and executive functions (Au et al., 2015; Karbach & Verhaeghen, 2014; Melby-

Lervåg et al., 2016; Melby-Lervåg & Hulme, 2013; Soveri et al., 2017). Study I and VI indicated 

small but significant far transfer effects on related cognitive functions (cognitive control, logical 

reasoning, and verbal memory), in contrast, study IV and V did not. Though some individual 

studies (Carretti et al., 2013; Lundqvist et al., 2010; Westerberg et al., 2007) and meta-analyses 

(Au et al., 2015; Karbach & Verhaeghen, 2014; Spencer-Smith & Klingberg, 2015) demonstrated 

transfer effects that go beyond WM functions, recent analyses that account for methodological 

issues argue that they are either very small or nonexistent (Dougherty et al., 2016; Melby-Lervåg et 

al., 2016; Redick et al., 2015; Schwaighofer et al., 2015; Soveri et al., 2017). Study I, IV, V and VI 

suggest that the improvements in WM performance lead to better coping with everyday life 

situations and to a relevant reduction of disease-related symptoms. 

In agreement with the results, many authors claim that WM training may serve as an 

adjunctive therapy in clinical populations. Positive effects with significance in daily life have been 

reported in many other clinical populations, among them individuals with attention deficit 

hyperactivity disorder (for a meta-analysis, see Spencer-Smith & Klingberg, 2015), human 

immunodeficiency virus (Chang et al., 2017), substance abuse (Bickel et al., 2014; Houben et al., 

2011), and low birth weight (Grunewaldt et al., 2016; Løhaugen et al., 2011). A prospective study 

in patients with stroke and traumatic brain injury suggested that WM training induces a 

redistribution of brain activity patterns, substantiating plasticity of the brain (Yun et al., 2016). 

However, there are also studies that did not show clinically relevant effects and some authors 
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claim that the observed effect sizes are generally too small to be clinically relevant (Melby-Lervåg 

et al., 2016). Having said that, effect sizes of about 0.3 are similar to standard pharmacological or 

educational treatments and should be considered as useful (Spencer-Smith & Klingberg, 2015). 

From the perspective that 'real-world' effects may be small, it seems plausible that the cost-

benefit ratio of WM trainings keeps being questioned (e.g., Melby-Lervåg et al., 2016; Redick et al., 

2015). Indeed, most commercial programs are time-consuming and possibly cost a lot of money — 

which both may be spent otherwise by individuals affected by WM deficits, their carers, involved 

schools or other institutions. This is of special concern in the pedagogical and developmental 

context when WM training may be favored over specific education (e.g., arithmetical training), 

occupational therapy or pharmaceutical treatment (Redick et al., 2015; Rode et al., 2014). The 

findings of the experimental work substantiate the argumentation that the learning of a specific skill 

should be preferred over general cognitive (WM) training if the acquisition of a desired behavior is 

focused. Functional therapy is, however, an efficient tool if the main emphasis is on common WM 

deficits impairing participation in various personal or professional life situations. Taken together, 

training WM functions is not a panacea, but it represents a specific intervention that improves the 

performance of the WM system with a relevant impact on the daily life. 

 

3.2.2. The importance of training dose and its practical implementation 

The findings of the thesis show that it is imperative to provide sufficient training to achieve 

functionally relevant effects: 1) data of study I showed a positive dose-response relationship for the 

number of training sessions and the resulting effect sizes of the interventions, 2) the comparison of 

the findings from study IV and V suggests that individuals with WM impairments may need more 

intensive training than healthy subjects, and 3) study VI showed significant improvements after 20, 

but not after 10 sessions of training. The influence of training intensity has been observed in 

several studies comparing low and high dose training schemes directly (Alloway et al., 2013; 

Bergman-Nutley & Klingberg, 2014; Chooi & Thompson, 2012; Jaeggi et al., 2008; Stepankova et 
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al., 2014). In addition, it has been suggested that training success is not a threshold phenomenon; 

that is the more training, the better its effect (Jaeggi et al., 2008; Rogers et al., 2018). The majority 

of existing WM training studies in patients with brain injury have carried out interventions that 

comprised more than 20 sessions (M = 20.5, SD = 7.77 according to Online Resource 1 of study I). 

Only one study that targeted a clinical population has implemented a short-term intervention 

completed within one week and found some positive effects (Carretti et al., 2013). 

Recommendations for training time schedules with respect to an optimal cost-benefit ratio 

are still missing. Study I suggests that the total amount of time spent in training as well as the 

duration of an individual training session (e.g., if it lasts 30 minutes or 45 minutes) seems to be 

less relevant. This is in line with the findings of a meta-analysis of WM and executive functioning 

trainings that reported no correlation of training hours and effect sizes (Karbach & Verhaeghen, 

2014). Confirming the findings of study V and VI, numerous studies in patients with brain lesion 

have shown benefits after daily practice (Johansson & Tornmalm, 2012; Lundqvist et al., 2010; 

Westerberg et al., 2007). Research on learning and memory, however, suggest that time intervals 

are needed for consolidation, potentially explaining distributed sessions to be more effective 

(Goverover et al., 2009). Additionally, three or more training sessions per week might produce 

cognitive fatigue effects or decrease motivation (Lampit et al., 2014). Indeed, a meta-analysis of 

cognitive remediation after stroke observed higher effect sizes for treatments applied three times 

per week compared to treatments applied daily (Rogers et al., 2018). Penner and colleagues 

observed an advantage of a WM training program applied twice a week over eight weeks 

compared to the same intervention applied four times a week for four weeks in healthy adults 

(Penner et al., 2012). The effect was less pronounced when the same study design was conducted 

in patients with multiple sclerosis (Vogt et al., 2009). Taken together, there is not enough evidence 

to recommend a specific training time schedule yet, but current data justifies aiming at a minimum 

of 20 training sessions, applied three times per week. Though the findings of study I suggest that 

high training intensity promotes maintenance of achieved effects, there is no reliable data basis 

available for WOME because a follow-up assessment was not included in the design of study VI. 
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Hence, recurring training sessions as in physical exercise or learning processes in general are 

highly recommended to maximize long-term effects (Cepeda et al., 2008; Haskell et al., 2007). 

The demand for high training intensity claimed by the research community poses a 

particular challenge in the context of clinical rehabilitation. In an early phase of rehabilitation basic 

attentional functions will have to be trained rather than WM, which is more challenging. In addition, 

the schedule for computer-based cognitive interventions in the clinic depends on organizational 

rather than clinical matters. The realization of highly intensive WM training schedules may conflict 

with competing interests or overall period of rehabilitation. Therefore, the continuation of functional 

training after discharge from clinical setting in form of home-based tasks is of high relevance and 

should be pursued in health care systems. If implemented accurately, home-based WM training 

has high potential, which was shown in a sample of patients with multiple sclerosis (Pedullà et al., 

2016). That is why a new research project is currently implementing an online platform for both 

patients and therapists to provide cognitive rehabilitation suited for the individual’s needs at home 

(Weicker et al., in press). By this means, the continuation of training but also the realization of 

intermittent training sessions may be facilitated. 

 

3.2.3. The influence of inter-individual differences on training efficacy 

The experimental work of study I, V and VI has revealed that evidence for functionally relevant 

transfer effects is neither robust nor consistent in clinical populations. A possible explanation is that 

transfer may be affected by other confounding variables, which may conceal the true individual 

training outcome. Inter-individual differences represent a source of large variance compared to the 

relatively small effects obtained by cognitive training (Hertzog et al., 2008). Hence, from the clinical 

perspective, one of the most relevant questions is: Who will benefit from WM training — and who 

might not? If several factors predicted the likelihood of a positive outcome, the decision whether a 

specific patient should be included in WM training or receive an alternative treatment would be 

facilitated. The contribution of the experimental work to the following variables and their potential 



GENERAL DISCUSSION 

 

145 

impact are presented in this section: a) preserved cognitive resources, b) the slope of performance 

during training, c) age, and d) chronicity of an acquired brain lesion. 

 

a) Preserved cognitive resources 

Perhaps the most urging question is whether individuals with deficient cognitive abilities benefit 

most from WM training or whether it rather boosts the performance of individuals who are already 

high functional. The answer implies the justification of treatments with computer-based WM 

training, which may or may not be applied, during cognitive rehabilitation. Study I demonstrated 

higher effect sizes of patients with brain lesions compared to healthy subjects. The finding 

suggests that people with low WM performance — thus, those individuals who suffer from their 

WM deficits — experience large room for improvement and benefit the most of an intervention. 

This pattern has been observed in patients with acquired brain injury (e.g., Johansson & 

Tornmalm, 2012) and in healthy older adults (e.g., Zinke et al., 2012). A case report in individuals 

with Down syndrome revealed beneficial effects particularly in deficient cognitive domains (Costa 

et al., 2015). Of note, young subjects tend to perform close to ceiling in trained tasks and transfer 

measures, limiting performance increases and lowering the observed effect sizes (Price et al., 

2014; Schmicker et al., 2016; Soveri et al., 2017). Because of the reduction of deficits and 

performance differences following treatment, it is referred to as compensation account.  

In contrast, post-hoc analyses of the patient’s data in study V and VI revealed that higher 

performance in baseline measures of WM functions correlated with larger training gains. The 

results indicate that individuals with higher initial WM performance benefit more from treatment 

than individuals with lower initial WM performance. The brain-behavior-correlation reported in study 

IV substantiates the findings and suggests that this effect holds true for the reallocation of neural 

activity patterns as well. In agreement with the results of the thesis, research in healthy subjects 

indicated that individuals with higher initial cognitive abilities improved more in trained WM tasks 

(and partially in transfer measures) than individuals with lower initial cognitive abilities (Bürki et al., 
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2014; Guye et al., 2017; Lövdén et al., 2012; Rode et al., 2014). Similar observations were 

reported in children with WM deficits, who benefited more when they had better initial intellectual 

and arithmetic abilities (Holmes et al., 2015; Swanson et al., 2015). Further, near transfer effects 

have been shown to be moderated by age and crystallized intelligence (Hering et al., 2017). These 

findings suggest that it is not only initial WM capacity but global cognitive functioning per se that 

determines success of cognitive training. Due to the magnification of existing differences between 

individuals, this is called Matthew effect or scissor effect (Bakermans-Kranenburg et al., 2005; 

Rode et al., 2014). 

Studies IV, V and VI have confirmed that WM training is perceived as very demanding and 

tiring and requires a high level of sustained attention. Seeing that WM tasks stress more basic sub 

processes, it seems plausible that the application of WM training requires at least some preserved 

cognitive resources. To date it remains open whether there is (i) a minimum threshold for 

preserved cognitive functions, (ii) a linear relation between initial WM performance and training 

gains, or (iii) an optimal level of WM performance, enabling individuals to benefit most from 

training. It has been suggested that traditional therapeutic approaches like strategic training 

promote magnification effects, whereas process-based training like WM training support 

compensation effects (Lövdén et al., 2012; Titz & Karbach, 2014). Specific conditions under which 

the rate of learning may be influenced in low performers highlight the potential to reduce cognitive 

inequalities, e.g., by applying noninvasive brain stimulation (Katz et al., 2017; Looi et al., 2016). 

 

b) The slope of performance during training 

While the focus of interest has been on training efficacy rather than on progression during training, 

the experimental work in study I, IV, V and VI provided evidence that improvement during training 

does not correlate with transfer effects after training. It seems to be the continuous challenge of the 

training tasks rather than success within these tasks which influences effectiveness. No further 

data is available in clinical populations. In healthy subjects, a few mixed findings are reported with 
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no clear conclusion overall (Bürki et al., 2014; Jaeggi et al., 2011; Richmond et al., 2014; Rode et 

al., 2014; Wiemers et al., 2019). By addressing the learning rate across training sessions, a link 

between the slope of the training curve and transfer effects was discovered, suggesting larger 

transfer effects after steeper learning rates (Bürki et al., 2014). If this applies to clinical populations, 

it would provide another explanation of inconsistent transfer effects: individuals with low WM 

capacity usually show flat and asymptotic curve progressions. Note, however, that study V and VI 

provide evidence that even low performing individuals improved their performance in the trained 

tasks, even at the end of the training phases. 

 

c) Age 

While study IV, V and VI as well as other studies in clinical populations did not find a significant 

correlation of age and improvement in WM functions (e.g., Johansson & Tornmalm, 2012), in 

healthy subjects it has been shown repeatedly that younger adults tend to benefit more from WM 

training than older adults, regarding both improvements in trained tasks (Bürki et al., 2014; Heinzel 

et al., 2014) and transfer effects (Brehmer et al., 2012; Dahlin et al., 2008), as well as regarding 

neural plasticity and changes in brain activation patterns (Brehmer et al., 2011; Dahlin et al., 2008; 

Hudl, 2019). Recent studies suggest a very complex relationship of initial cognitive abilities, 

improvement in the trained tasks and age (Bürki et al., 2014; Rhodes & Katz, 2017; Zinke et al., 

2012). For example, these analyses revealed that age contributes less to training gains than initial 

WM performance. Age is of cause not independent of preserved cognitive functions as they decline 

with both, healthy aging and brain damage. Given a sufficient basic level of cognition, however, 

this might one reason why age is a negligible variable in clinical populations. 

 

d) Chronification of an acquired brain lesion 

In the post-acute phase after brain injury, the treatment of physical impairments and basic 

resilience as well as attentional functions receive priority (Bendz, 2000). Due to greater plasticity of 
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the brain and more positive prediction of functional outcomes in earlier stages of rehabilitation (Hu 

et al., 2010), cognitive training in general and WM training in specific may have higher potential 

when applied promptly (Rogers et al., 2018). Differences in effectiveness of WM training 

depending on time passed since injury have been confirmed previously: Patients that experienced 

brain injury within the last 18 months expressed 77 % of clinically relevant improvements in a WM 

index compared to 39 % of patients whose events occurred more than 18 months ago (Hellgren et 

al., 2015). Once in the chronic phase of disease, no relation between the months since injury and 

training efficacy emerged (Johansson & Tornmalm, 2012). In line with this finding, study V and VI, 

which investigated individuals with chronic impairments years after incidence, did not observe a 

correlation between the time post-injury and training gains. The fact that we found only small 

effects of training, as discussed above, may however be due to the fact that we mainly included 

patients in the very chronic state (i.e., on average 39 and 16 months after injury, respectively). This 

assumption is supported by larger effects of two studies, which used WOME WM training in 

combination with exercises in semantic structuring (Richter et al., 2015, 2018), in brain injured 

patients who were treated approximately one to two months after brain injury. Despite its potential, 

clinical experience shows that the application of complex training tasks (such as WM training) are 

judged as too difficult in early stages after brain injury. There is no evidence that the application of 

WM training or other complex cognitive functions would lead to null effects or harm cognitive 

recovery after stroke, yet it seems reasonable to supply basic attention training first, followed by 

more complex cognitive functions including WM (Sturm et al., 1997; van de Ven et al., 2016). 

Considering the potential of early treatment and the finding that higher abilities predict larger 

training outcomes, WM training may be applied independently of the time since brain injury if 

sufficient cognitive functions are preserved. 

 

3.3. Implications for working memory training research 

A challenging issue in WM training research is to better understand the mechanism of transfer 

effects. A model has been proposed, which provides two mechanisms to explain enhanced 
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performance in untrained WM tests after training: improved capacity and improved efficiency of the 

WM system (Bastian & Oberauer, 2014). Enhanced capacity emerges if there is a discrepancy of 

(environmental) demands and (individual) resources, that leads to an adaption of the system to 

fulfill the external requirements, e.g., more items that can be maintained in WM (Lövdén et al., 

2010). This plasticity of the cognitive system will only occur if the system is able to cope with the 

demands; if they are too high, individuals may avoid excessive demand and develop task-specific 

strategies. In the course of training, automation of processes used in the trained task may alter 

performance. In either case, performance may improve due to better efficiency of the WM system 

but capacity does not change. Therefore, transfer will only occur for those tasks, which allow the 

application of the new strategies established during training, while generalization and far transfer 

effects only occur if WM capacity is improved (Bastian & Oberauer, 2014). If training does not 

increase WM capacity but WM efficiency, this model provides a possible explanation of the diverse 

and inconsistent observations of transfer effects in the literature, especially with respect to far 

transfer effects (Melby-Lervåg et al., 2016). In general, far transfer effects have been viewed 

critically by the research community. Skepticism towards the improvement of other cognitive 

functions than WM is based on (i) possible overestimation of effects due to small sample bias, (ii) 

diminished effects if only treated control groups are being investigated, (iii) enhanced sub 

processes which are basically similar to the trained tasks, (iv) result patterns which are difficult to 

interpret (e.g., improvements in other cognitions without considerable changes in WM 

performance), and (v) the practical relevance of very small effect sizes (Melby-Lervåg et al., 2016; 

Minear et al., 2016; Soveri et al., 2017). 

The present experimental work of study IV, V and VI support the assumption that WM 

training promoted efficiency of the WM system rather than capacity. Although WOME did not 

convey strategies, the majority of subjects reported that they developed some kind of strategy 

during the course of the intervention. Some were rather general (e.g., rehearsal), others were 

specific coping behavior (e.g., calculating the sum of values from the playing cards). These 

strategies helped to accomplish the training tasks but may have prevented from larger transfer 
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effects on WM measures or generalization to other cognitive abilities. By demonstrating 

improvements not only in a single WM measure but in composite scores of multiple WM tests and 

latent variables (study IV), it can be assumed that WOME did induce domain-general effects in 

terms of a core training program (Ackerman et al., 2005; Morrison & Chein, 2011). Additionally, 

participants reported relevant impact on their everyday life independently of the training context 

(study IV, V and VI). However, with exception of a small transfer effect observed in verbal memory 

in study VI, the lack of far transfer effects to other cognitive functions argues in favor of enhanced 

efficiency following WM training. This argumentation is substantiated by the fMRI analysis reported 

in study IV, which found increases of activation in the WM network following training, which has 

been interpreted as the recruiting of new resources to improve information processing — e.g., by 

the means of a new strategy. 

Considering the question what aspect of the WM system is actually trained, literature 

suggests that similar underlying cognitive processes (e.g., updating) and shared neural networks 

allow transfer from training tasks to untrained transfer measures (Beatty et al., 2015; Buschkuehl et 

al., 2012; Dahlin et al., 2008; Harrison et al., 2013; Salminen et al., 2012; Waris et al., 2015). 

Hence, both training tasks and outcome measures should share at least some commonalities. In 

line with this assumption, study IV, V and VI provided significant correlations between the initial 

performance level in WOME and baseline measures of WM performance. Some researches go 

even further, proposing that WM training is nothing less than learning a new skill (Fellman et al., 

2020). The argumentation is based on comparisons of various training and test paradigms that 

suggest that all transfer effects may be based on some kind of similarity with respect to stimuli or 

information processing (Holmes et al., 2019; Lindeløv et al., 2016). To elaborate on this point, 

differences of healthy subjects and clinical populations to show reliable transfer effects may be 

explained by the lesser ability of patients to learn these new skills (Fellman et al., 2020; Lindeløv et 

al., 2016). However, several studies observed patterns of transfer that do not fit within the basic 

assumption of shared underlying processes. For example, far transfer effects were observed 

without related improvements in WM outcomes (e.g., Nouchi et al., 2012). 
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An alternative mechanisms proposed is that improvements in WM outcomes are not based 

on enhanced WM processes but on increased attentional control (Greenwood & Parasuraman, 

2016). Supporting this hypothesis, several studies have shown that training selective attention and 

distraction suppression resulted in improved WM performance (Schmicker et al., 2016; Shin et al., 

2015). Study VI supports the argumentation by observing that both WM training and training of 

attentional functions enhanced performance in untrained WM measures. In conclusion, the basis of 

transfer is not yet fully explained, but our studies contributed to enlighten the issue providing 

evidence for (i) underlying commonalities of trained tasks and transfer measures, (ii) improved 

efficiency of the WM system rather than greater capacity, and (iii) an indication that increased 

attentional control may play a role in improved WM performance as well. 

 

Another issue refers to the design of WM training studies. Study I showed that the majority of the 

published studies suffered from methodological limitations; among them the conceptual design of 

the control conditions. Most studies compared the intervention to a no-treatment control group. 

This is critical because they do not account for the impact of expectations, beliefs, social aspects, 

and motivation. Interestingly, a post-hoc comparison of trials that used active control groups and 

trials that used passive control groups revealed no significant differences in the effect sizes. This 

indicates that the choice of the control group is negligible from a statistical point of view — a 

common concern of researchers — but it is essential from a conceptual point of view to ensure 

methodological quality. Over the past few years awareness of this issue increased and leading 

researchers in the field of cognitive training even called journals to stop publishing studies with only 

no-treated control groups (Melby-Lervåg et al., 2016).  

The recommendation for an implementation of active control groups was followed during 

the conceptual design of the evaluation studies. So in study IV, both an active and a passive 

control group were investigated. While the active control group provided data that was plausible 

and clear to interpret, the passive control group showed an inconsistent and ambiguous behavior, 

which was difficult to understand (e.g., significant improvements in some outcome measures with 
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no comparable pattern in the other conditions so that test-retest effects seemed unlikely). This 

observation substantiated the need for active control conditions. Hence, in study V and VI, which 

focused on patients with acquired brain injury — a limited subject group per definition — only 

active control groups were scheduled. In contrast to pharmacological studies, where a placebo 

condition is easy to apply, in neuropsychological training it is tricky to define an active treatment 

condition that does not include the critical variable (WM). The difficulty in interpreting the results of 

the active control condition were obvious in study VI, where the differences found between the 

treatment groups were negligible (i.e., disentangling the effect of 'mere' time and dose-response 

relationship). Due to the lack of a passive control group, conclusions had to be drawn with caution 

and they were left open to question.  

In conclusion, while active control groups are essential to promote the quality of cognitive 

training research, their implementation entail also confounding variables, which may be difficult to 

interpret. As a consequence, one may recommend a passive as well as an active control group, 

which however is difficult and time-consuming given that suitable patients are always difficult to 

recruit. Therefore, the researcher is tempted to accept the negative aspects of no-treated 

conditions; in addition, they make the organization of a trial easier, especially in clinical settings. 

Here, publishers are responsible to ensure methodological quality of the journal’s trials and that 

striving for it does not backfire on the author. 

 

3.4. Critical comments and directions for future research 

The presented studies face several methodological issues that may restrict the generalization of 

the findings. In study I, a meta-analysis of published WM training studies was conducted. 

Inspection of the literature revealed that WM research in general, and studies targeting clinical 

population in specific, lack adequate study designs. A common problem observed in translational 

research is that relatively small sample sizes are being investigated and passive control groups are 

used (Kühberger et al., 2014). This affects not only statistical power and validity of the 
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interpretations of the individual studies but also contribute to publication bias in meta-analyses and 

inflate effect sizes in the body of scientific results (Earp, 2018; Melby-Lervåg et al., 2016; Spencer-

Smith & Klingberg, 2015). Though it can be observed that during the last years, the quality of WM 

research has increased (e.g., higher prevalence of randomized controlled trials and implementation 

of active control groups), methodological issues continue to present important shortcomings in 

clinical studies (Rogers et al., 2018). 

For this reason, the evaluation of WOME was approached striving for high demands of 

methodological quality following the criteria postulated for valid and reliable evaluations of WM 

training interventions: double-blind study design with an active control condition and sufficient 

sample size, multiple objective outcome measures per cognitive function, rigorous investigation of 

transfer effects considering sensible patterns, and assessment of long-term maintenance (Redick 

et al., 2015). All evaluation studies featured randomized controlled trials with double-blind, active 

control groups and transfer effects were assessed comprehensively by multiple neuropsychological 

outcomes. Additionally, assessments three months follow-up were included in study IV and V to 

investigate the stability of training effects. Despite the rigorous designs or may be because of it, the 

studies lacked to fully comply with sufficient sample size. To investigate the probability to detect 

transfer effects despite the relatively small sample sizes, the achieved power was computed post 

hoc for the evaluation studies. Given an alpha value of 0.05 and an estimated effect size of g = 

0.60 according to study I, the achieved power for study IV was 0.74. The effect size of the WOME 

intervention yielded by study IV (d = 0.79) was then used to compute the achieved power for study 

V and VI, which was 0.78 and 0.52, respectively. Hence, the evaluation studies had a chance of 

about 50 to 80 % to identify transfer effects on WM functions. So, while the sample sizes of study 

IV and V may be considered as acceptable, study VI was clearly underpowered. One reason for 

the difficulty to recruit sufficient subjects was the decision to conduct the training sessions in a local 

setting to control for possible side effects (e.g., no distractions during the treatment, continuous 

and comparable feedback). Refraining from multi-center or home-based training entailed a huge 

organizational effort and access to a limited sample. Moreover, each training session was costly 
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and time-consuming for staff and subjects (e.g., the time to get to the institution, various staff to 

ensure the double-blind procedure). Whereas the data collection in study IV and V was extended 

up to one year, the data collection in study VI was limited to six months due to organizational 

reasons. Within these time constraints it was not possible to include more subjects that were 

eligible according to the inclusion criteria and both willing and able to cope with the tight schedule 

in addition to their usual treatment in the rehabilitation setting. 

Another limitation of the experimental work is that the long-term effect of the treatment with 

WOME remains unclear. Based on literature of cognitive remediation, it is reasonable to assume 

long-term benefits in patients with brain lesions (Rogers et al., 2018). Study I demonstrated that, in 

general, WM training programs yield benefits which may be maintained over several months. 

However, study IV and V did not observe significant transfer effects at 3-month follow-up 

assessments, most likely because of the insufficient number of training sessions (cf. study I; 

Karbach & Verhaeghen, 2014). Moderate effect sizes, though not significant, indicated at least 

some evidence of stability in elderly adults. Due to organizational reasons, a follow-up 

measurement was not included in study VI, hence, evidence could not be provided for long-lasting 

transfer effects in clinical populations. 

Although the experimental work confirmed WOME as a valid intervention targeting the WM 

system, study VI did also indicate that the specificity of the treatment may not be as high as 

expected. No superior efficacy was observed when it was compared to an unspecific training of 

attentional functions. In addition to the explanation that the lack of significant differences between 

the treatments is based on insufficient statistical power or the large overlap of standard therapy 

applied due to the rehabilitation setting, another possibility is that specific therapy actually may not 

be as important as assumed. Attention and WM may be such basic cognitive processes that highly 

specific interventions are either not required or both, training of WM and attention, are equally 

effective (cf. Schmicker et al., 2016; Shin et al., 2015). Alternatively, it has been argued that the 

importance of training specificity may increase during the course of an intervention, suggesting that 

first more general processes are promoted (e.g., information processing, selective attention) and 
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only later more specific processes (e.g., executive aspects of the WM system) are engaged 

(Jaeggi et al., 2011; Salmi et al., 2018). Furthermore, a recent meta-analysis of cognitive 

remediation following stroke (Rogers et al., 2018) found no difference in effectiveness of cognitive 

training (i.e., repetitive tasks to improve specific abilities) and cognitive rehabilitation (i.e., 

strategies and skills), suggesting that various approaches and types of interventions may lead to 

the same functional outcome. 

When the idea of process-based cognitive training was introduced, the major focus of WM 

training research was to determine its effectivity: Evaluation studies yielded significant gains in 

trained tasks, improvements similar but untrained WM tasks, transfer effects on other cognitive 

domains, exciting ones such as intelligence, and a relevant impact on everyday life (Jaeggi et al., 

2008; Klingberg et al., 2005; Westerberg et al., 2007). Following the initial euphoria, reviews and 

meta-analyses have been more skeptical, pointing out methodological and conceptual 

shortcomings (Melby-Lervåg et al., 2016; Melby-Lervåg & Hulme, 2013; Shipstead et al., 2012; 

Weicker et al., 2016). In recent years, the research focus shifted from exploring whether WM 

training works to investigate for whom and under what conditions it may be most effective (Meiran 

et al., 2019; Wiemers et al., 2019). Study I emphasized that WM training interventions were 

remarkably heterogeneous regarding the applied training tasks, participants, and outcome 

measures, an aspect that is certainly responsible for inconsistent findings and vague conclusions. 

Further, the meta-analysis showed that existing interventions for clinical populations mostly 

comprised a compilation of various exercises. Despite referred to as WM training, many programs 

actually consisted of short-term memory tasks and neglect central executive processes. These so-

called 'kitchen sink' programs do not yield information about components or task features that are 

critical for efficacy. They have proven to be effective, which is of cause the most important issue for 

the potential application in clinical practice. However, in order to understand what is trained due to 

which changes in underlying brain structures and networks, it is essential to develop training tasks 

that are theory-based and accordingly, guided by hypotheses. Only by naming a clear theoretical 

framework, aspects that are primarily accountable for transfer effects in clinical populations will be 
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identified. Hence, unspecific WM training interventions may be effective but they neither support 

the understanding of relevant characteristic nor lead to an efficient application.  

In this vein, this thesis contributed to the research community by providing a modularized 

training program that enables further inspection of relevant attributes. WOME offers a clearly 

organized structure that targets differential WM functions. Study IV already indicated that specific 

components are being influenced by training (i.e., on the one hand the theoretically motivated 

construct of span measures and on the other hand a data-driven cluster, which reflects most likely 

enhanced updating performance). By investigating the impact of single or combined components, 

future studies will identify which task features lead to which transfer effects and determine whether 

the efficiency of the applied training content may follow a particular timeline. Continued research 

on potential modulators of training efficacy including inter-individual variables, such as motivation 

(Au et al., 2015; Jaeggi et al., 2014) and individual beliefs (Alesi et al., 2015), is required along with 

cost-benefit analyses to optimize and individualize cognitive therapy following brain injury. 

 

3.5. Conclusion 

Impairment in WM performance affects quality of life and recovery following brain injury. The 

experimental work presented in this thesis substantiates and extends previous findings regarding 

the benefit of training WM functions from a clinical point of view. Specifically, a novel WM training 

was developed that is tailored to the particular needs of individuals with low WM capacity. Three 

consecutive randomized controlled trials highlighted that the new intervention WOME does not only 

improve the performance in the trained WM tasks, but it leads to improvement in overall WM 

functioning with moderate to large effect sizes. Moreover, participants reported functional benefits 

in their daily life. These were also present when the treatment was applied in addition to highly 

individualized therapy in a clinical rehabilitation setting. In contrast, only limited evidence was 

found for far transfer effects on other cognitive functions. Together, these findings support the 



GENERAL DISCUSSION 

 

157 

application of WM training in individuals with acquired brain injury as it represents an effective 

resource to reduce the impact of functional deficits in their daily life. 

The theory-based development of WOME and its modularized structure will enable future 

studies to further explore the underlying mechanisms of WM training and to determine relevant 

task features promoting transfer effects. For the application in clinical rehabilitation, however, 

targeting specific components seems less relevant than the combined effect of intervention tasks, 

inter-individual differences and external factors that 'makes WM training work'. Crucially, it was 

shown that training efficacy is strongly determined by training dose, i.e., the number of training 

sessions. To achieve functionally relevant effects, it is imperative to provide at least 20 training 

sessions applied about three times per week. Further, results suggest that the application of the 

intervention is not suitable for everyone. Patients with mild deficits seem to benefit more from WM 

training than patients with severe impairments in cognitive abilities. To translate the findings of this 

thesis into clinical practice, therapists should offer the intervention to individuals with low but 

sufficient WM capacity and strong motivation, independently of their age and time since injury. The 

presented work highlighted the potential and the limits of WM training, and by this means 

contributed to a deeper and more complete understanding of its use in neuropsychological 

rehabilitation. 
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Working memory (WM) is an essential component of cognitive processing, which determines many 

complex functions, for example, to communicate with each other, to make appropriate decisions, 

and to learn new skills (Alloway & Alloway, 2010; Miyake, 1999). The WM system consists of a 

storage component, which keeps relevant information in an active state, and a manipulating 

component, which processes and integrates information (Miyake, 1999; Baddeley, 2007). In doing 

so, WM acts as the brain’s 'Post-it note': it keeps a specific goal temporarily present while 

preparing multiple steps for further action. Impairments in WM are observed during normal aging 

and after damage of the brain, e.g., stroke or traumatic brain injury (Nyberg et al., 2014; Hinkeldey 

& Corrigan, 1990). Individuals with WM deficits may experience forgetfulness, distractibility, 

difficulty to understand complex written text passages and incapability to execute tasks 

simultaneously (Hinkeldey & Corrigan, 1990). Treatment of WM impairments after acquired brain 

injury plays an important role in recovery, resumption of work and participation in daily life 

(Baumann et al., 2014; Lundqvist et al., 2010). While research in healthy individuals indicated that 

WM performance may be improved by repetitive training (Bastian & Oberauer, 2014; Morrison & 

Chein, 2011), so far little was known about benefits in cognitive rehabilitation. First intervention 

studies in the late 2000s yielded promising findings, indicating a positive impact on cognition, 

health and wellbeing (Lundqvist et al., 2010; Vogt et al., 2009; Westerberg et al., 2007). However, 

evidence was limited and there was no appropriate intervention specifically tailored to the patients’ 

needs. The present thesis tackled these issues and explored the potential and limits of WM training 

in clinical populations. The aim of the experimental work was to develop a theoretically grounded 

intervention for individuals with low WM capacity, to determine its effectiveness in clinical 

treatment, and to identify modulators that may influence its efficacy. 
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Experimental Work 

Study I and II focused on the analyses of existing research on WM training and neuropsychological 

outcome measures by means of a meta-analysis and a literature review. On this basis, study III 

describes the development process of the novel intervention WOME (WOrking MEmory). Study IV, 

V and VI represent double-blind, placebo-controlled, and randomized trials to evaluate its efficacy 

and application in clinical practice. 

Study I (Weicker et al., 2016, publication 1) is a meta-analysis of N = 103 WM training trials 

with a pretest-posttest design, targeting various subject groups and focusing on patients with 

acquired brain injuries. The results suggested that repetitive training sessions lead to significant, 

long-lasting improvements in trained and untrained WM tasks with moderate to large effect sizes, 

and small transfer effects on other cognitive functions (i.e., cognitive control and logical reasoning). 

Increased WM performance correlated with disease-related symptom reduction and coping with 

daily life demands (e.g., self-reports of subjects regarding memory failures). By investigating 

variables, which may influence training efficacy, the number of sessions but not the amount of 

training hours was identified as a main moderator of the effect size. In contrast, adaptivity of the 

degree of difficulty or the specific training tasks had no significant effect on the outcome variables. 

A comparison of healthy subjects and clinical populations showed larger effect sizes in patients, 

arguing for the application of WM training in neurocognitive rehabilitation. 

Study II (Weicker et al., 2017, publication 2) took a closer look at the Corsi Block-Tapping 

Task (Corsi, 1972), one of the outcome measures most frequently used to assess performance 

changes in WM functions. The review summarizes the historical development of the test, describes 

its characteristics and modulators of difficulty, and presents studies that investigated the underlying 

cognitive processes of the task. The analysis revealed that the sensitivity to training-related 

changes derives from the complexity of task demands, which include visuo-spatial, verbal, and 

executive components of WM. Due to its indication of WM training success, this outcome was 

selected as primary outcome variable for the evaluation studies. 
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Study III comprises the development process of the new intervention WOME. Rooted in 

Baddeley’s multicomponent model of WM (Baddeley, 2003) and taking the framework conditions of 

WM trainings proposed by Perrig et al. (2009) into account, important task characteristics are 

presented that respond to the special needs of patients with WM deficits. Two consecutive pilot 

studies in N = 7 healthy adults (mean age = 64.4 years) and in N = 6 individuals with acquired 

brain injury (mean age = 43.2 years, heterogeneous etiologies) confirmed the feasibility of the 

program as well as compliance with the training schedule and the outcome measures. Based on 

analyses of performance in the trained tasks, the composition of the intervention was revised. 

Study IV (Weicker et al., 2018, publication 3) evaluated the efficacy of the novel 

intervention in healthy older adults. N = 60 individuals (mean age = 67.7 years) were randomized 

to a) the WOME intervention (n = 20), b) a non-adaptive control version of the intervention with 

very low WM demands (n = 20), or c) a passive control group (n = 20). An extensive battery of 

neuropsychological tests and questionnaires were assessed at three time points: at baseline 

before training, immediately after the training phase, and at a three months follow-up. Additionally, 

functional magnetic resonance imaging (fMRI) scans were carried out to examine the brain activity 

pattern changes following WM training. These data are reported elsewhere (Hudl, 2019). Twelve 

sessions of WM training led to significant improvements in the trained tasks and overall WM 

function with moderate to large effect sizes, which was shown by increased performances in an 

untrained WM task (Corsi Block-Tapping Task, the primary outcome variable) and in two different 

composite scores of WM tests. Additionally, the subjects reported WM related improvements in 

their everyday life, e.g., better memory for shopping lists and names. However, no transfer effects 

on other cognitive functions were observed. Evidence for the stability of the effects at three months 

follow-up was small. An analysis of inter-individual differences revealed that individuals with higher 

initial WM capacity showed larger improvements during and after training, confirming the so-called 

Matthew effect (MT 25:29 “whoever has will be given more” (Bakermans-Kranenburg et al., 2005; 

Rode et al., 2014)). Overall, the findings suggested that WOME is an efficient training program to 

enhance WM functions and to have a relevant impact on daily life. 
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Study V evaluated the efficacy of WOME in the primary target group. N = 39 patients with 

stroke or traumatic brain injury (mean age = 50.2 years) received either a) the WOME intervention 

(n = 20), or b) the non-adaptive control version of the intervention (n = 19) over four weeks. The 

neuropsychological assessments and the training phase were similar to the previous trial. Subjects 

who underwent WM training showed significant improvements in the trained tasks and experienced 

more changes in daily life compared to the control group. In contrast to study IV, no transfer effects 

on untrained WM tests were observed at post-test. Taken together, the study confirmed the validity 

of the intervention and produced first evidence of its efficacy in patients with acquired brain injury, 

but due to the absence of transfer effects, the proof of effectiveness was still pending for the 

primary target group. 

Study VI (Weicker et al., 2020, publication 4) targeted the dose-response relationship of 

WM training and the specificity of the training program, i.e., whether changes occur only in WM 

functions after WM training, and whether the effects differ from training attentional functions. N = 

20 patients with heterogeneous brain lesions (mean age = 48.6 years) were randomized to a) the 

WOME intervention (n = 11), or b) training of attentional functions (n = 9). To investigate the dose-

response effect, neuropsychological assessments took place prior to the training phase, after two 

weeks (10 sessions), and after four weeks (20 sessions). Indeed, the amount of training modulated 

efficacy: 20 sessions of training led to significant improvements in untrained WM tasks and in a 

related cognitive function (verbal memory), whereas no transfer effects were evident after 10 

training sessions. Similar to the previous trials, subjects stated that they experienced positive 

changes in their everyday life following training. No significant differences were found between the 

training conditions, hence, specific task characteristics during training seem less important. Of 

note, the trial was carried out in addition to highly intensive neurorehabilitation in a day care 

rehabilitation setting. Thus, the study demonstrated not only the effectiveness of WM training in 

patients with brain lesions; moreover, it supported the positive effect of additional WM training even 

in chronic stages after brain injury. 
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Conclusions 

This experimental work created a solid basis of a theoretically grounded and effective WM training 

program specifically tailored to the needs of individuals with low WM capacity. The evaluation 

studies confirmed beneficial effects on trained and untrained WM tasks with moderate effect sizes, 

demonstrating the potential to improve overall WM functions. The observed effects are consistent 

with recent meta-analyses targeting training of WM and executive functions in other populations 

(Karbach & Verhaeghen, 2014; Melby-Lervåg et al., 2016; Soveri et al., 2017). Reports of the 

subjects suggest that the WOME intervention may have a positive impact on daily life, facilitating to 

deal with WM demands (e.g., to remember names and faces). Efficacy was shown for individuals 

of various age, etiologies, and time periods since brain injury. Thus, a relatively circumscribed 

computer-based intervention like WOME may serve as adjuvant therapy for cognition and social as 

well as vocational participation.  

In agreement with our findings, positive effects of WM training on disease-related 

symptoms were observed in other clinical conditions as well, for example, in attention deficit 

hyperactivity disorder (Spencer-Smith & Klingberg, 2015) and substance abuse (Bickel et al., 2014; 

Houben et al., 2011). Benefits of WM training, however, are largely limited to WM functions. While 

study I and VI observed significant small transfer effects on related cognitive functions (cognitive 

control, logical reasoning, and verbal memory), study IV and V did not find changes that go beyond 

WM. These controversial findings are discussed in ongoing debates within the research 

community, because authors of some individual studies (Carretti et al., 2013; Lundqvist et al., 

2010; Westerberg et al., 2007) and meta-analyses (Au et al., 2015; Karbach & Verhaeghen, 2014; 

Spencer-Smith & Klingberg, 2015) argue in favor of „far“ transfer effects on related cognitive 

functions. In contrast, reanalyses that account for methodological issues ascertain that far transfer 

effects are negligible (Dougherty et al., 2016; Melby-Lervåg et al., 2016; Redick et al., 2015; 

Schwaighofer et al., 2015; Soveri et al., 2017).  

This experimental work contributes to the question which aspect of the WM system is 

actually trained by confirming that underlying commonalities of trained tasks and transfer measures 
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play an important role (Buschkuehl et al., 2012; Lindeløv et al., 2016) and that it may be efficiency 

of the WM system and not capacity that is improved by training (Bastian & Oberauer, 2014). Taken 

together, WM training is an efficient functional treatment of WM deficits, leading to improved coping 

with related issues in daily life situations. 

One of the main objectives of the thesis was to contribute significantly to translational 

science, that is, to bridge the gap between research and practical application. Study I, IV, V and VI 

indicated that the number of training sessions determine training efficacy. Further, the effects of 

WM training were found to be rather short-termed and demand intermittent training sessions to 

maintain the effects achieved. Both claims are a particular challenge for the practical application of 

WM training in the context of clinical rehabilitation. Due to the limited possibilities during an 

inpatient stay, depending on organizational rather than clinical matters, extended training time 

implies the continuation of functional training with home-based tasks. A first attempt to provide an 

online platform for both patients and therapists is currently under evaluation (Weicker, 2020). 

The findings of study I, IV, V and VI facilitate the decision whether a specific patient should 

receive WM training or an alternative treatment. Among the inter-individual variables which were 

analyzed, preserved cognitive resources have the strongest predictive value of training gains. That 

is, the higher the WM performance at baseline, the better the benefit from the intervention. Another 

variable of interest is the time passed since brain injury. Even if training seems to be more effective 

in earlier stages of rehabilitation (Hellgren et al., 2015), the trials confirmed a positive effect in the 

chronic phase of disease (i.e., after approximately 1.5 years). Moreover, once individuals reached 

a chronic state, no correlation between the months since injury and training efficacy was 

detectable. To summarize, WM training should be offered to patients with low but sufficient WM 

capacity, independently of their age, etiology and time since injury. While the modularized structure 

of the novel intervention WOME will enable future research to explore the underlying mechanisms 

of WM training, it is the combined effect of task characteristics, inter-individual differences and 

factors of the training scheme that 'makes WM training work' in clinical rehabilitation. 
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Das Arbeitsgedächtnis (AG) ist ein grundlegender Bestandteil der menschlichen 

Informationsverarbeitung und beteiligt an vielen 'höheren' kognitiven Funktionen, z.B. 

Kommunikation, Intelligenz und Lernen (Alloway & Alloway, 2010; Miyake, 1999). Es besteht aus 

einer Speicherkomponente, die relevante Informationen aufrechterhält, und einer 

Manipulationskomponente, die Inhalte verarbeitet und zueinander in Beziehung setzt (Miyake, 

1999; Baddeley, 2007). Das AG entspricht dem Schreiben eines Notizzettels: man hält ein Ziel und 

dafür relevante Informationen fest, während man sich um andere Dinge kümmert oder weitere 

Handlungsschritte vorbereiten kann. Einschränkungen in der AG-Leistung lassen sich einerseits 

bei normalen Alterungsprozessen beobachten, andererseits können diese auch nach 

Schädigungen des Gehirns, z.B. einem Schlaganfall, auftreten (Nyberg et al., 2014; Hinkeldey & 

Corrigan, 1990). Betroffene berichten von vermehrter Vergesslichkeit und Schwierigkeiten, 

mehrere Aufgaben gleichzeitig zu erledigen (Hinkeldey & Corrigan, 1990). Die Behandlung von 

AG-Defiziten spielt eine wichtige Rolle beim Erfolg von Therapien, beruflicher Reintegration und 

Teilhabe am alltäglichen Leben (Baumann et al., 2014; Lundqvist et al., 2010). Während Studien 

mit gesunden Erwachsenen darauf hinweisen, dass wiederholtes Training zu verbesserter AG-

Leistung führt (Bastian & Oberauer, 2014; Morrison & Chein, 2011), lagen am Beginn dieses 

Promotionsprojektes zum Einsatz in der klinischen Neurorehabilitation kaum Erkenntnisse vor. 

Erste Interventionsstudien fanden vielversprechende Effekte (Lundqvist et al., 2010; Vogt et al., 

2009; Westerberg et al., 2007), die Datengrundlage war jedoch gering und kein geeignetes 

Behandlungsprogramm verfügbar. Die vorliegende Dissertation diente daher der Erforschung des 

Potentials und der Grenzen von AG-Trainings bei Patienten mit erworbenen Hirnschädigungen. 
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Ziel war es, ein theoretisch fundiertes und speziell für Individuen mit geringer AG-Kapazität 

konzipiertes Programm zu entwickeln und dieses hinsichtlich seiner Wirksamkeit zu evaluieren. 

 

Experimentelle Arbeiten 

Studie I und II konzentrieren sich auf die Analyse bisheriger Forschungsarbeiten zu AG-Trainings 

und geeigneten neuropsychologischen Verfahren mittels einer Metaanalyse und eines Literatur-

Reviews. Auf dieser Grundlage wurde das neue AG-Training WOME (WOrking MEmory) 

konzipiert, dessen Entwicklungsprozess in Studie III beschrieben ist. Studie IV, V und VI stellen 

doppelblinde, placebo-kontrollierte und randomisierte Evaluationsstudien dar, die die Wirksamkeit 

und praktische Anwendung von WOME im klinischen Kontext untersuchten. 

Studie I (Weicker et al., 2016, Publikation 1) ist eine Metaanalyse von N = 103 AG-

Trainingsstudien mit einem Vorher-Nachher-Test Design bei verschiedenen Personengruppen mit 

Fokus auf Personen mit erworbenen Hirnschädigungen. Die Ergebnisse zeigen, dass wiederholtes 

Training zu signifikanten, langfristigen Verbesserungen in trainierten und nicht trainierten AG-

Aufgaben mit mittlerer bis großer Effektstärke führen. Darüber hinaus fanden sich kleine 

Transfereffekte auf weitere kognitive Funktionen (kognitive Kontrolle und logisches 

Schlussfolgern). Die Steigerung der AG-Leistungen führte bei Betroffenen zu einer Verringerung 

der wahrgenommenen Einschränkungen im Alltag. Als Variable, die einen entscheidenden Einfluss 

auf die Wirksamkeit von AG-Trainings hat, wurde die Anzahl der absolvierten Trainingseinheiten 

identifiziert. Keine Relevanz schienen dagegen die Gesamtzahl der Trainingsstunden und die 

konkreten Trainingsaufgaben zu haben. Ein Vergleich von Gesunden und Patienten zeigte höhere 

Effektstärken in klinischen Populationen, sodass der Einsatz von AG-Trainings in der klinischen 

Neurorehabilitation sinnvoll scheint. 

Studie II (Weicker et al., 2017, Publikation 2) untersuchte die Corsi-Blockspanne (Corsi, 

1972) als eines der am häufigsten verwendeten Verfahren, um Veränderungen in AG-Leistungen 

abzubilden. Das Literatur-Review stellt die historische Entwicklung des Tests dar, beschreibt seine 
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Eigenschaften und Moderatoren der Aufgabenschwierigkeit, und präsentiert Studien, die an der 

Aufgabe beteiligte kognitive Prozesse identifizierten. Die Analyse deckte auf, dass der Test eine 

Vielzahl komplexer Anforderungen stellt, darunter an visuell-räumliche, verbale und exekutive 

Aspekte. Aufgrund der hohen Sensitivität für trainingsinduzierte Veränderungen wurde das 

Verfahren als primäre Outcome-Variable für die Evaluationsstudien (Studie IV, V, VI) gewählt. 

Studie III beschreibt den Entwicklungsprozess der neuen Intervention WOME. Auf Basis 

von Baddeleys Multi-Komponentenmodell (Baddeley, 2003) und geltenden Empfehlungen zur 

Umsetzung von AG-Trainings (Perrig et al., 2009) wurden Aufgaben für die Bedürfnisse von 

Patienten mit AG-Defiziten konzipiert. Zwei Pilotstudien mit N = 7 älteren Erwachsenen (Mittelwert 

= 64.4 Jahre) und mit N = 6 Personen mit erworbenen Hirnschädigungen heterogener Ätiologien 

(Mittelwert = 43.2 Jahre) bestätigten Machbarkeit und Umsetzung von Trainingsprogramm, 

Zeitplan und neuropsychologischen Outcome-Maßen. Auf Basis der Leistungen und 

Beobachtungen  wurden die Struktur des Trainings und Aspekte des Studiendesigns überarbeitet. 

Studie IV (Weicker et al., 2018, Publikation 3) evaluierte die Wirksamkeit der neuen 

Intervention an gesunden, älteren Erwachsenen. N = 60 Probanden (Mittelwert = 67.7 Jahre) 

wurden randomisiert folgenden Bedingungen zugewiesen: a) dem neuen AG-Training (WOME; n = 

20), b) einer nicht-adaptiven Kontrollversion mit geringen Anforderungen an das AG (n = 20), oder 

c) einer passiven Kontrollgruppe (n = 20). Vor und nach der Trainingsphase, sowie nach einem 

Intervall von drei Monaten, wurden umfassende neuropsychologische Tests und Fragebogen 

erhoben. Darüber hinaus wurde die neuronale Plastizität nach dem Training mittels funktioneller 

Magnetresonanztomografie (fMRT) zu den drei Testzeitpunkten erhoben. Diese Ergebnisse 

werden an anderer Stelle berichtet (Hudl, 2019). Zwölf Trainingseinheiten mit WOME führten zu 

signifikanten, aber eher kurzfristigen Steigerungen in den trainierten Aufgaben und der generellen 

AG-Leistung mit moderaten bis großen Effektstärken. Dies konnte durch Leistungssteigerungen in 

untrainierten AG-Tests (Corsi Blockspanne, die primäre Outcome-Variable; verschiedene 

Composite Scores) gezeigt werden. Darüber hinaus berichtete die Interventionsgruppe von 

positiven Auswirkungen im Alltag, z.B. dem besseren Merken von Namen und Gesichtern. 
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Transfereffekte auf weitere kognitive Funktionen wurden nicht beobachtet. Eine Analyse der 

interindividuellen Unterschiede deckte auf, dass Personen mit höherer AG-Kapazität während und 

nach dem Training größere Leistungssteigerungen zeigten als Personen mit geringerer AG-

Kapazität. Insgesamt wiesen die Ergebnisse der Studie darauf hin, dass WOME ein wirksames 

Trainingsprogramm zur Verbesserung der AG-Funktionen ist und positive Auswirkungen auf den 

Alltag erzeugen kann. 

Studie V evaluierte die Wirksamkeit von WOME in der primären Zielgruppe. N = 39 

Patienten (Mittelwert = 50.2 Jahre) mit Schlaganfall oder Schädel-Hirn-Trauma erhielten über vier 

Wochen entweder a) das AG-Training (n = 20), oder b) die nicht-adaptive Kontrollversion (n = 19). 

Untersuchungszeitpunkte und Trainingsphase entsprachen der vorausgegangenen Studie. Das 

AG-Training führte zu signifikanten Leistungssteigerungen in den trainierten Aufgaben und die 

Teilnehmer von WOME berichteten von signifikant mehr positiven Veränderungen in ihrem Alltag 

im Vergleich zur Kontrollgruppe. Im Unterschied zu Studie IV wurden jedoch keine Transfereffekte 

auf nicht trainierte Tests beobachtet. Die Studie bestätigte die Validität der Intervention und 

erbrachte erste Hinweise zur Wirksamkeit in der klinischen Anwendung. Aufgrund der fehlenden 

Transfereffekte stand der Wirksamkeitsnachweis zu diesem Zeitpunkt für die primäre Zielgruppe 

jedoch noch aus. 

Studie VI (Weicker et al., 2020, Publikation 4) untersuchte den Einfluss von Trainingsdauer 

und Aufgabenspezifität, d.h. ob Veränderungen ausschließlich im AG auftreten und ob die Wirkung 

von der eines Aufmerksamkeitstrainings abgrenzbar ist. N = 20 Patienten mit heterogenen 

Hirnläsionen (Mittelwert = 48.6 Jahre), die sich in einer intensiven neurologischen Rehabilitation in 

einem tagesklinischen Setting befanden, wurden randomisiert zum zusätzlichen Training von a) 

AG (n = 11), oder b) Aufmerksamkeit (n = 9) zugewiesen. Um den Einfluss der Trainingsdauer zu 

untersuchen, wurde vor Trainingsbeginn, nach zwei Wochen und nach vier Wochen eine 

neuropsychologische Untersuchung durchgeführt. Die Trainingshäufigkeit war der entscheidende 

Faktor für die Wirksamkeit von WOME: 20 Trainingseinheiten führten zu signifikanten 

Transfereffekten, nachweisbar in nicht trainierten AG-Tests und im verbalen Gedächtnis, nach 10 
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Trainingseinheiten konnten jedoch noch keine Veränderungen festgestellt werden. Zwischen den 

Untersuchungsbedingungen konnten keine signifikanten Unterschiede entdeckt werden, die 

Überlegenheit von WOME im Vergleich zu einem Aufmerksamkeitstraining ist somit nicht belegt. 

Wie in den vorausgegangenen Evaluationsstudien IV und V gaben die Probanden an, positive 

Auswirkungen im Alltag zu spüren. Die Ergebnisse erbringen demnach den Wirksamkeitsnachweis 

von AG-Trainings für Personen mit erworbenen Hirnschädigungen. Zudem weisen die Daten 

darauf hin, dass eine zusätzliche Intervention sinnvoll ist, auch wenn Betroffene bereits andere 

kognitive Behandlungen erhalten und wenn sie im chronischen Stadium der Erkrankung sind. 

 

Schlussfolgerungen 

Die experimentellen Arbeiten bildeten eine solide Grundlage für ein theoretisch fundiertes und 

effektives AG-Training, das den Bedürfnissen von Personen mit AG-Defiziten gerecht wird. Die 

Evaluationsstudien wiesen positive Effekte auf trainierte und untrainierte AG-Aufgaben mit 

moderater bis großer Effektstärke nach und zeigten damit das Potential der Intervention, die 

generelle AG-Leistung zu steigern. Die beobachteten Effekte sind vergleichbar mit Metaanalysen 

zur Wirksamkeit des Trainings von AG und Exekutivfunktionen in anderen Personengruppen 

(Karbach & Verhaeghen, 2014; Melby-Lervåg et al., 2016; Soveri et al., 2017). Aussagen der 

Trainingsteilnehmer deuteten darauf hin, dass die Intervention den Umgang mit Situationen 

erleichtert, die im Alltag hohe Anforderungen an das AG stellen. Die Wirksamkeit des Trainings 

wurde für verschiedene Altersgruppen und Hirnschädigungen gezeigt, sodass WOME als 

Therapieoption zur Verbesserung von kognitiver Leistung und Teilhabe sinnvoll erscheint. 

Übereinstimmend mit unseren Befunden wurden auch in anderen klinischen Stichproben 

positive Effekte berichtet, z.B. bei Personen mit Aufmerksamkeitsdefizitsyndrom (Spencer-Smith & 

Klingberg, 2015) und Substanzmissbrauch (Bickel et al., 2014; Houben et al., 2011). Die Effekte 

von AG-Trainings sind dabei weitgehend auf die AG-Leistung beschränkt. Während Studie I und VI 

kleine Transfereffekte auf andere kognitive Funktionen fanden (kognitive Kontrolle, logisches 
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Denken und verbales Gedächtnis), konnten Studie IV und V keine Effekte über das AG-System 

hinaus nachweisen. Diese Befunde spiegeln den aktuell geführten wissenschaftlichen Diskurs 

wieder, in dem Autoren einiger Experimente (Carretti et al., 2013; Lundqvist et al., 2010; 

Westerberg et al., 2007) und Metaanalysen (Au et al., 2015; Karbach & Verhaeghen, 2014; 

Spencer-Smith & Klingberg, 2015) 'ferne' Transfereffekte finden und daher den Einsatz von AG-

Trainings auch für andere Bereiche befürworten, während kritische methodische Analysen 

nahelegen, dass solche Effekte kaum existieren (Dougherty et al., 2016; Melby-Lervåg et al., 2016; 

Redick et al., 2015; Schwaighofer et al., 2015; Soveri et al., 2017).  

Hinsichtlich der Frage, was genau im AG-System eigentlich trainiert wird, liefern die 

experimentellen Arbeiten Hinweise darauf, dass es zugrundeliegende strukturelle Ähnlichkeiten 

von trainierter Aufgabe und Transfermaßen geben muss (Buschkuehl et al., 2012; Lindeløv et al., 

2016). Dies spricht dafür, dass eher die Effizienz und nicht die Kapazität des Systems gesteigert 

wird (Bastian & Oberauer, 2014). Zusammenfassend bieten AG-Trainings eine effiziente, 

funktionelle Therapie von AG-Defiziten, die sich positiv auf den Alltag der Betroffenen auswirken. 

Ein Ziel dieser Dissertation war zur translationalen Forschung beizutragen und damit 

Erkenntnisse aus der Grundlagenforschung in die klinische Anwendung zu übertragen. Studie I, IV, 

V und VI zeigten, dass die Anzahl der Trainingseinheiten maßgeblich für die Wirksamkeit von AG-

Trainings ist. Die Effekte waren eher kurzfristiger Natur und erfordern somit 

Wiederholungssitzungen. Beides stellt Herausforderungen in der klinischen Praxis dar, da während 

eines stationären Aufenthaltes häufig auch organisatorische und monetäre Überlegungen die 

Anwendung von kognitiven Trainings bestimmen. Eine Möglichkeit, den Anforderungen an 

Häufigkeit und Kontinuität von AG-Trainings nachzukommen, bieten Online-Trainings im 

häuslichen Kontext, deren Anwendbarkeit aktuell erprobt wird (Weicker, 2020). Die Daten von 

Studie I, IV, V und VI tragen zu der Entscheidung bei, welcher Patient ein AG-Training und welcher 

eher eine alternative Behandlung erhalten sollte. Von den betrachteten Variablen stellte sich die 

kognitive Reservekapazität bzw. erhaltene Leistungsfähigkeit als stärkster Prädiktor für den 

Trainingserfolg heraus, d.h. je besser die Ausgangsleistung ist, desto mehr profitiert ein Patient. In 
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der frühen Phase der Rehabilitation scheinen Interventionen effizienter zu sein (Hellgren et al., 

2015), die vorliegenden Studien zeigten jedoch, dass auch in der chronischen Phase nach ca. 1,5 

Jahren positive Effekte zu erzielen sind. Zusammenfassend ist zu empfehlen, das neue AG-

Training WOME Patienten mit relativ gut erhaltener Kognition anzubieten, unabhängig von Alter, 

Ätiologie und Dauer seit der Hirnschädigung. Der modularisierte Aufbau des Programms wird 

zukünftigen Studien ermöglichen, zugrundeliegende Mechanismen von AG-Trainings zu 

untersuchen. Für die klinische Neurorehabilitation ist es hingegen weniger die spezifische Struktur 

der Intervention, sondern eine Kombination von geeigneten Aufgaben, interindividuellen 

Eigenschaften und einer ausreichenden Trainingsdauer, die eine erfolgreiche Anwendung von AG-

Trainings nach einer erworbenen Hirnschädigung vorhersagen. 
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Study I  Supplemental Materials 2 (Figures A-D) 

For: Weicker, J., Villringer, A., & Thöne-Otto, A. (2016). Can impaired working 

memory functioning be improved by training? A meta-analysis with a special focus 

on brain injured patients. Neuropsychology, 30(2), 190-212. https://doi.org/10.1037/ 

neu0000227 
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Figure A Funnel plot for the improvement in the trained WM intervention task. Funnel plots depict effect sizes 

against sample sizes. The circles represent single effect sizes and the dashed line displays the corresponding 

mean effect size. As funnel plots should be symmetrical in the absence of publication bias, here, an 

overestimation of the effect is indicated. 

 

 

 

Figure B Funnel plot for immediate near transfer effects on WM functions. Funnel plots depict effect sizes 

against sample sizes. The circles represent single effect sizes and the dashed line displays the corresponding 

mean effect size. Red circles depict outliers that were removed from the dataset when a second analysis was 

performed. As funnel plots should be symmetrical in the absence of publication bias, an overestimation of the 

effect is indicated in the uncorrected dataset, but not in the corrected dataset without outliers. 
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Figure C-1 Funnel plot for immediate near transfer effects on reasoning and intelligence. Funnel plots depict 

effect sizes against sample sizes. The circles represent single effect sizes and the dashed line displays the 

corresponding mean effect size. Red circles depict outliers that were removed from the dataset when a second 

analysis was performed. As funnel plots should be symmetrical in the absence of publication bias, an 

overestimation of the effect is indicated in both, the uncorrected and corrected dataset without outliers. 
 

 

Figure C-2 Funnel plot for immediate near transfer effects on cognitive control and executive functioning. 

Funnel plots depict effect sizes against sample sizes. The circles represent single effect sizes and the dashed 

line displays the corresponding mean effect size. Red circles depict outliers that were removed from the dataset 

when a second analysis was performed. As the funnel plot is symmetrical in the uncorrected as well as in the 

corrected dataset, no publication bias is indicated. 
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Figure C-3 Funnel plot for immediate near transfer effects on attention and processing speed. Funnel plots 

depict effect sizes against sample sizes. The circles represent single effect sizes and the dashed line displays 

the corresponding mean effect size. Red circles depict outliers that were removed from the dataset when a 

second analysis was performed. As the funnel plot is symmetrical in the uncorrected as well as in the corrected 

dataset, no publication bias is indicated. 

 

 

Figure C-4 Funnel plot for immediate near transfer effects on long-term memory. Funnel plots depict effect 

sizes against sample sizes. The circles represent single effect sizes and the dashed line displays the 

corresponding mean effect size. As the funnel plot is symmetrical, no publication bias is indicated. 
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Figure C-5 Funnel plot for immediate near transfer effects on everyday-life functioning and disorder 

symptoms. Funnel plots depict effect sizes against sample sizes. The circles represent single effect sizes and 

the dashed line displays the corresponding mean effect size. The red circle depicts an outlier that was removed 

from the dataset when a second analysis was performed. As funnel plots should be symmetrical in the absence 

of publication bias, an overestimation of the effect is indicated in both, the uncorrected and corrected dataset 

without the outlier. 

 

Figure D-1 Funnel plot for long-term effects of WM training on overall WM functioning. Funnel plots depict 

effect sizes against sample sizes. The circles represent single effect sizes and the dashed line displays the 

corresponding mean effect size. The red circle depicts an outlier that was removed from the dataset when a 

second analysis was performed. As the funnel plot is symmetrical in the uncorrected as well as in the corrected 

dataset, no publication bias is indicated. 
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Figure D-2 Funnel plot for long-term effects of WM training on reasoning and intelligence. Funnel plots 

depict effect sizes against sample sizes. The circles represent single effect sizes and the dashed line displays 

the corresponding mean effect size. Red circles depict outliers that were removed from the dataset when a 

second analysis was performed. As the funnel plot is symmetrical in the uncorrected as well as in the corrected 

dataset, no publication bias is indicated. 

 

 

Figure D-3 Funnel plot for long-term effects of WM training on cognitive control and executive functioning. 

Funnel plots depict effect sizes against sample sizes. The circles represent single effect sizes and the dashed 

line displays the corresponding mean effect size. Red circles depict outliers that were removed from the dataset 

when a second analysis was performed. As funnel plots should be symmetrical in the absence of publication 

bias, a slight overestimation of the effect is indicated in both, the uncorrected and corrected dataset without 

outliers. 
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Figure D-4 Funnel plot for long-term effects of WM training on attention and processing speed. Funnel plots 

depict effect sizes against sample sizes. The circles represent single effect sizes and the dashed line displays 

the corresponding mean effect size. The red circle depicts an outlier that was removed from the dataset when a 

second analysis was performed. As the funnel plot is symmetrical in the uncorrected as well as in the corrected 

dataset, no publication bias is indicated. 

 

 

Figure D-5 Funnel plot for long-term effects of WM training on long-term memory. Funnel plots depict effect 

sizes against sample sizes. The circles represent single effect sizes and the dashed line displays the 

corresponding mean effect size. As the funnel plot is symmetrical, no publication bias is indicated. 
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Figure D-6 Funnel plot for long-term effects of WM training on everyday-life functioning and disorder 

symptoms. Funnel plots depict effect sizes against sample sizes. The circles represent single effect sizes and 

the dashed line displays the corresponding mean effect size. As the funnel plot is symmetrical, no publication 

bias is indicated. 
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Study III Manual of WOME (RehaCom Arbeitsgedächtnistraining) 

For: Weicker, J., Hudl, N., & Thöne-Otto, A. (2017). WOME working memory training 

— A new intervention for individuals with low WM capacity. Unpublished manuscript. 
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Study IV  Supplemental Material (S1 Table) 

 For: Weicker, J., Hudl, N., Frisch, S., Lepsien, J., Mueller, K., Villringer, A., & Thöne-

Otto, A. (2018). WOME: Theory-Based Working Memory Training A Placebo-

Controlled, Double-Blind Evaluation in Older Adults. Frontiers of Aging 

Neuroscience, 10, 247. https://doi.org/10.3389/fnagi.2018.00247 
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 Note: All values represent raw scores and refer to correct items, except for N-back, Go-NoGo and Mental Flexibility (errors), Stroop 
(time in sec), TMT (ratio (A – B) / A), reaction time (time in msec) and everyday life questionnaires (sum of items). N = 60 for baseline 
(T1) and post assessment (T2), N = 54 at 3-month follow-up (T3; WM training group (WOME) n = 17, active control group (aCtrl) n = 20, 
passive control group (pCtrl) n = 17), except for Stroop (WOME T1/T2: n = 19; pCtrl T3: n = 16), TMT (pCtrl T1: n = 19), reaction time 
(aCtrl T1: n = 19), CFQ and FEAG (WOME T2: n = 18; aCtrl T1/T2: n = 17, T3: n = 15; pCtrl T2: n = 18, T3: n= 16). 
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Study VI  Supplemental Material (S1 Table, S2 Outcome measures) 

For: Weicker, J., Hudl, N.; Hildebrandt, H.; Obrig, H.; Schwarzer, M.; Villringer, A.; & 

Thöne-Otto, A. (2020). The effect of high vs. low intensity neuropsychological 

treatment on working memory in patients with acquired brain injury. Brain Injury, 

34(8), 1051-1060. https://doi.org/10.1080/02699052.2020.1773536  
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Note: All working memory values represent raw scores and refer to correct items. Composite scores are presented as standardized z-
scores and refer to mean number of correct items (working memory composite); mean reaction time of TAP Alertness, and mean 
number of errors and omission of TAP Divided Attention (attention composite); and mean number of the sum of items in CFQ and FEDA 
(daily life composite). Executive functions and verbal learning refer to single measures, hence values represent raw scores (critical time 
in sec in the Stroop task, and number of correct items in five trials in the CVLT, respectively). 
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S2 Outcome measures Detailed explanation of each task applied. 

 

1) Working memory functions 

Digit Span and Span Board (forwards/backwards). Digit Span and Span Board measure verbal and 

visuospatial working memory functions. The German version of the Wechsler Memory Scale 

revised was administered (WMS-R; Härting et al., 2004). In the Digit Span task, a series of digits 

were read aloud that the participant had to repeat immediately, forwards or in reversed order. In 

the Span Board task, the examiner tapped on blocks that were placed irregularly on a board and 

the participant had to repeat the sequence forwards or backwards. Span lengths increased 

successively until the participant failed both trials of a given length. Dependent variables were the 

number of correct trials. Test-retest reliability of the Digit Span is r = .83 and of the Span Board r = 

.60 (Härting et al., 2000). 

 

Digit-Symbol Coding. The Digit-Symbol Coding task measures working memory as well as 

attention and visuomotoric coordination. The German version of the Wechsler Adult Intelligence 

Scale was applied (WAIS-III, Wechsler, 1997; WIE, Aster et al., 2006). A series of digits, each 

paired with an abstract symbol, was presented to the participant who then must convert each 

number into the corresponding symbol. Dependent variable is number of correct entries. The 

average reliability is r = .84 (Aster et al., 2006). 

 

Letter-Number Sequencing. The Letter-Number Sequencing task measures verbal working 

memory. The German version of the Wechsler Adult Intelligence Scale was administered (WAIS-

III, Wechsler, 1997; WIE, Aster et al., 2006). Series of digits and letters are read out to the 

participants. They are asked to rearrange them in ascending (numerical/alphabetical) order – first, 

by digits, and second, by letters. The average reliability is r = .85 (Aster et al., 2006). 
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2) Attention 

TAP Alertness. The Alertness subtest of the Test for Attentional Performance (TAP; Zimmermann 

& Fimm, 2014) measures processing speed. The task requires participants to tap a button as fast 

as possible every time a cross appeared on a screen. The task differentiates between tonic 

alertness, which is the ability to generally maintain a high level of responsiveness, and phasic 

alertness, which is the immediate allocation of resources after the presentation of an audio warning 

to process an expected stimulus. The dependent variable was the mean reaction time of tonic and 

phasic alertness. Test-retest reliability in patients with brain injury is r = .86 (Zoccolotti et al., 2002). 

 

TAP Divided Attention. This subtest of the Test for Attentional Performance (TAP; Zimmermann & 

Fimm, 2014) measures divided attention. Participants worked on two tasks simultaneously: they 

had to detect a square of four crosses in a matrix of changing crosses and to monitor repetitions of 

presented audio signals. The dependent variable was the mean number of omissions and errors. 

Test-retest reliability in patients with brain injury is r = .65 for errrors and r = .73 for omissions 

(Zoccolotti et al., 2002).  

 

3) Executive functions 

Stroop task. The Stroop Task is a measure of conflict resolution that requires inhibition of an over-

learned response (Stroop, 1935; adaption of Bäumler, 1985). Participants were first asked to read 

aloud a list of color words (BLUE, GREEN, RED, and YELLOW) as fast as possible. After this, they 

were instructed to label the color in which the words are printed, experiencing interference of word 

and color name (e.g., RED written in blue). The dependent variable was the time needed for color 

naming. The test-retest reliability is r = 93 (Bäumler, 1985). 

 

4) Verbal learning 

California Verbal Learning Test (CVLT). This test is a word list recall test assessing learning 

strategies and verbal memory processes (Niemann et al., 2008). A fixed sequence of 16 nouns 
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was vocally presented five times and participants had to repeat all remembered items after each 

trial. The dependent variable was the sum of correct words in this learning phase. Two parallel 

versions were administered. The odd-even reliability is r = .96 (Niemann et al., 2008). 

 

5) Daily life performance 

Canadian Failure Questionnaire (CFQ). The German version of the Canadian Failure 

Questionnaire (Broadbent et al., 1982; Klumb, 1995) was used to indicate difficulties in everyday 

life related to working memory demands. This self-report questionnaire comprises 25 items with 

statements regarding cognitive failures in perception, memory and action due to interruptions in 

memory processes, which were ranked on a 5-point Likert scale. Dependent variable was the sum 

of all items. The questionnaire has an internal consistency of Cronbachs α = .78 and a test-retest 

reliability of r = .71 (Klumb, 1995; Bridger et al., 2013). 

 

German questionnaire on subjective attention deficits (FEDA). The self-report questionnaire 

focuses on critical situations in daily life targeting distractibility, tiredness and drive (Zimmermann 

et al., 1991). Overall, 27 statements had to be ranked on a 5-point Likert scale. Dependent variable 

was the sum of all items. Data on validity and test-retest reliability are not available. 

 

6) Control measures 

German verbal comprehension test „Wortschatztest“ (WST). The test indicates premorbid 

intelligence in patients with brain injury based on their vocabulary (Schmidt & Metzler, 1992). The 

task is to recognize a real word out of five distractors. The internal consistency is α = .94 (Schmidt 

& Metzler, 1992). 

 

Subtest 3 of the German intelligence battery Leistungsprüfsystem (LPS-3). The test is used to 

estimate premorbid intelligence based on logical reasoning (Kreuzpointner et al., 2013). A series of 

abstract symbols was shown. Each row of symbols was constructed according to a certain rule that 
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had to be identified. Participants had five minutes to cancel the symbols that did not fit to the 

respective rule. The outcome variable was the number of correct items. The internal consistency 

ranges between α = .86 and α = .94 (Kreuzpointner et al., 2013). 

 

Beck Depression Inventory (BDI-II). Depressive mood was screened with the self-report of the 

severity of depressive symptoms (Hautzinger et al., 2009). It consists of 21 items (concerning e.g., 

sadness, dissatisfaction, and social withdrawal). The sum of selected items represented the 

outcome variable, with scores lower than 13 indicating no clinically relevant symptoms. The 

internal consistency ranges between α = .89 and α = .93 (Hautzinger et al., 2009). 
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