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Abstract 

Plasticity, the way the brain can adapt to environmental or intrinsic changes, is the cornerstone of human 

behavior. Plasticity does not only harbor the possibility to learn or improve new motor or cognitive skills, 

but also displays the basis for restoring functioning after brain damage. Brain plasticity can thus be 

induced by various activities and is most prominently investigated following interventions with the aim to 

enhance cognition in the healthy population or rehabilitative strategies of motor and cognitive functions in 
pathological conditions. Although it is widely acknowledged that plastic changes are possible after activity-

dependent interventions, improvements on untrained functional domains are still not fully comprehended. 

Furthermore, the previous focus on establishing the efficacy has shifted towards the understanding of 

behavioral and functional underlying mechanisms of interventions. Three studies presented within the 

frame of this thesis aimed at investigating mechanisms of brain plasticity in health and pathology induced 

by rehabilitative, motor and cognitive interventions.  

 In the first study (Zuber et al., 2020), we examined the efficacy in symptom improvement and 

underlying brain mechanisms of an inpatient personalized multidisciplinary rehabilitation program in 
patients with multiple sclerosis using functional Magnetic Resonance Imaging (fMRI). The multidisciplinary 

rehabilitation led to improved fatigue, walking ability as well as quality of life and a more effective 

recruitment of cerebellar and prefrontal brain regions in patients with multiple sclerosis.  

 Two studies in healthy participants aimed at targeting current challenges in the cognitive training 

research by studying underlying cognitive and motor mechanisms of working memory training. In study B 

(Zuber, Geiter, de Quervain, & Magon, 2021), we compared a novel model-based working memory 

training with and without distractor inhibition to a dual-n-back and active control training in order to study 
distractor inhibition as a task-related process with the potential to render near and far transfer effects in 

healthy elderly adults. Working memory capacity was improved only following the model-based training 

with distractor inhibition, suggesting the novel training to be a promising approach in improving working 

memory in healthy old adults. In study C (Zuber, Gaetano, et al., 2021), we studied the interactive and 

additive effects of working memory and motor sequence learning training behaviorally and by resting state 

functional connectivity. Results indicate a relevance of the sequential order of training performance, with 

increased functional connectivity between a complex network of parietal, temporal and motor brain 

regions, specifically when motor training was performed before or combined with working memory training.  
 The results of those three studies indicate plastic changes following rehabilitation in patients with 

multiple sclerosis and motor and cognitive interventions in healthy people. It can thus be concluded that 

brain plasticity following interventions in health and pathology is the result of an interplay between various 

behavioral and functional mechanisms. Hence, this thesis highlights the importance of identifying 

underlying neural and behavioral processes by theory-driven approaches in methodologically well 

controlled studies as the basis for translating neuroscientific research into the clinical setting.  
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“Swiftly the brain becomes an enchanted loom, where millions of flashing shuttles weave a dissolving 

pattern - always a meaningful pattern - though never an abiding one; a shifting harmony of sub-patterns.” 

- 

Charles Sherrington, 1941 

1 Introduction 

As stated by Santiago Ramon y Cajal in 1928, up until then the adult brain was thought to be an organ 

where “[…] nerve paths are something fixed, ended, immutable. Everything may die, nothing may be 

regenerated” (Cajal, 1928). However, after the detection of the function of neurons and synapses – 

amongst others by Charles Sherrington, Donald Hebb was the first to introduce the concept of neural 

plasticity as the repeated firing of neurons which can lead to structural changes and wired synapses 

(Power & Schlaggar, 2017; Von Bernhardi, Eugenín-Von Bernhardi, & Eugenín, 2017). Animal and human 

research later confirmed that the cortex has the capacity to reorganize and produce neurons up to adult 
age (Power & Schlaggar, 2017; Raymont & Grafman, 2006; Ward, 2005), leading to the understanding of 

the plastic brain as we have today.  

 Nowadays, neuroplasticity is defined as “[…] the ability of the nervous system to respond to 

intrinsic and extrinsic stimuli by reorganizing its structure, function and connections […]” (Cramer et al., 

2011) and displays the cornerstone of the normal functioning of the brain as well as neural development 

(Von Bernhardi et al., 2017). Following this definition, neuroplasticity can be described as adaptive, when 

leading to positive changes in functioning or as maladaptive, when leading to negative changes (Cramer 
et al., 2011; Kloos, Gomes-Osman, & Boyd, 2020). Therefore, neuroplasticity can be understood on the 

cellular level, as a response to the environment, in the context of cognitive functioning, following motor or 

cognitive learning or as a response to aging or pathological conditions (Cramer et al., 2011; Von Bernhardi 

et al., 2017; Ward, 2005; Willis & Schaie, 2009). Within this comprehensive understanding of neural 

plasticity, scientists and clinicians are likewise interested in investigating underlying mechanisms, 

interventions and translations to promote adaptive neuroplasticity in clinical conditions but also in the 

healthy population (Kloos et al., 2020).  

 Although our understanding of the brain’s plasticity changed since Cajal and it is widely 
acknowledged that plastic changes occur following training or rehabilitation, the extent of improvement on 

various functional domains following such interventions is still not fully comprehended. While the focus of 

previous interventional studies laid on establishing the efficacy, it has become clear today that their 

behavioral and functional underlying mechanisms have yet to be fully understood. For this reason, this 

thesis aimed at investigating brain plasticity in health and pathology induced by rehabilitative, motor and 

cognitive interventions with focusing on their underlying neural and behavioral mechanisms. Specifically, 

the first part of the thesis will introduce the current state of research in neuroplasticity in the context of 
pathology with a focus on multiple sclerosis and its rehabilitation. Further, functional Magnetic Resonance 

Imaging will be introduced as a tool to investigate neuroplasticity. At this point, the first original research 

paper A) entitled “Efficacy of inpatient multidisciplinary rehabilitation in multiple sclerosis: behavioral and 
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fMRI results” will be presented. In this study, we investigated the efficacy and underlying brain 

mechanisms of a personalized inpatient multidisciplinary rehabilitation program in people with multiple 

sclerosis. The results indicated that multidisciplinary rehabilitation can induce efficient recruitment of brain 
regions and leads to an improvement in highly impacting symptoms of multiple sclerosis. For this study, 

my contribution covers the collection and curation of the behavioral and imaging data, their formal 

analyses and writing of the original manuscript. 

  The second part of this thesis will then delve deeper into the topic of cognitive and neural plasticity 

as a result of learning and memory in the healthy young and aging population. The focus will lie on current 

challenges and possible motor and cognitive mechanisms underlying working memory trainings, 

presented by two original studies B) entitled “Development of a Model-based Working Memory Training 

with and without Distractor Inhibition and Investigation of its Comparative Efficacy” and C) “Additive and 

interaction effects of working memory and motor sequence trainings on brain functional connectivity”. 

Study B aimed at investigating the comparative efficacy of a model based working memory training with 

and without distractor inhibition in improving working memory capacity in healthy old adults. The results 

showed increased working memory capacity only following the model-based training with distractor 

inhibition, suggesting it to be a promising approach for training working memory in healthy old adults. My 

contribution covers the conceptualization of the working memory training and the clinical trial, data 

collection and curation, formal analyses and writing the original manuscript. In study C, we studied the 
differences in functional connectivity induced by sequential and combined training of working memory and 

motor sequence learning in healthy young adults. The results indicate distinct patterns of resting state 

functional connectivity changes which were modulated by the order of training performance. My 

contribution covers the collection and curation of behavioral and imaging data, formal analyses of the 

behavioral data as well as writing the original manuscript.    

2 Plasticity in the Context of Pathology  

Brain injury or neurological diseases can lead to structural, molecular and functional changes in the brain 

(Kleim, 2011), which can result in a large range of symptoms. Since it has been shown that injury-related 

damage in the brain induce changes in unrelated brain regions, it has been suggested that those 

neuroplastic changes can be targeted by rehabilitative interventions which act as a re-learning process 

with the aim to reduced impairment (Kleim, 2011; Ward, 2005). Indeed, it has been shown that structural 

and functional plasticity due to sensorimotor learning and brain injury interact and can thus be targeted in 

order to reorganize during recovery (Nudo, 2003). Hence, restoring and regenerating lost functions is of 
utmost importance for patients and clinicians (Ward, 2005). However, neuroplastic changes after brain 

damage are not uniform and can be categorized in four functional neuroplastic mechanisms (Grafman, 

2000). First, homologous area adaptation describes the compensation of cognitive function through 

damage in a specific brain region by the corresponding region in the opposite brain hemisphere. Since the 

shift to the new brain area can lead in overrepresentation of the cognitive function which in turn can impair 

the learning of new skills that would have originally processed by this brain region, homologous area 

adaptation is assumed to be more common in children and adolescents still in the developmental phase. 
Second, cross-modal reassignment describes a form of neuroplasticity where sensory inputs are 
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redirected in the brain regions which have experienced deprivation of its main inputs due to damage. 

However, cross-modal reassignment is limited by the fact that some cells in the brain are highly 

specialized, which makes a reassignment of other forms of input unlikely. Third, compensatory 

masquerade describes the use of a non-affected cognitive process to perform a task that used to be 

carried out by the damaged cognitive process. The last form of functional neuroplasticity is map 

expansion, which can be described as the temporary or persistent enlargement of cortical regions 

resulting from skill training and practice. It is assumed that map expansion can either recruit neurons into 

the regional network responsible for a function or that the whole network is activated until the exact 

representational region is selected. The latter would explain that increases but also decreases in brain 

activation occur following practice (Grafman, 2000). In order to restore functions after brain damage or 

disease, it has been stated that activity-induced neuroplasticity understood as map expansion displays the 
interface to recovery and is specifically of interest the first months following the damaging event (Horton, 

Fahle, Mulder, & Trauzettel-Klosinski, 2017; Nudo, 2003). In the following chapters, functional 

neuroplasticity as the basis for rehabilitation after brain injury or disease will be discussed in the context of 

multiple sclerosis.  

2.1 Multiple Sclerosis 
Multiple sclerosis (MS) is the most common neurodegenerative and inflammatory disease of the central 

nervous system globally affecting around 2.3 million people with a peak incidence in young adulthood 

(Kamm, Uitdehaag, & Polman, 2014; Reich, Lucchinetti, & Calabresi, 2018; Thompson, Baranzini, Geurts, 

Hemmer, & Ciccarelli, 2018). It is well described that MS occurs more often in women, where a 2.5% 

lifetime risk has been described compared to 1.4% in men (Kamm et al., 2014). Several risk factors have 

been associated with the development of MS. First, environmental factors such as higher geographic 

latitude and thus hypothetical vitamin D deficiency, smoking, obesity or mononucleosis as a result of 
infection with the Epstein-Barr virus have been associated with higher risk of MS (Kamm et al., 2014; 

Reich et al., 2018). Second, familial frequency and being a carrier of the HLA DRB1*150 allele, which is 

involved in the development of autoimmune diseases, have been suggested as genetic risk factors for MS 

(Reich et al., 2018; Thompson et al., 2018). Although the association of those factors with the 

development of MS has been epidemiologically established, their role regarding the etiology of MS is still 

poorly understood (Reich et al., 2018).  

 In MS, central nervous system (CNS) tissue damage arises as a result of an interaction between 

the immune system, glia and neurons, leading to demyelination, axonal injury and inflammation (Kamm et 
al., 2014; Reich et al., 2018). The hallmark of this disorder are focal inflammatory events occurring in the 

CNS, so-called white matter lesions or plaques. In the early disease stages, white matter tissue damage is 

initiated by lymphocytes, mainly T cells, that enter the CNS via the blood-brain barrier, are reactivated by 

antigen presenting cells, stimulate microglia as well as astrocytes and induce plasma cell antibody 

production leading to demyelination (Kamm et al., 2014). Following this acute inflammatory processes, the 

demyelinated plaques can either be remyelinated, stay chronically inactive or result in slow but persisting 

myelin degeneration in smoldering lesions (Reich et al., 2018). MS lesions can be located in the brain 
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white matter, brain stem, spinal cord or the optic nerve, but also at the junction between the white and 

grey matter or entirely within the grey matter (Reich et al., 2018).  

 At least partially due to the occurrence of lesions within the whole CNS, MS is characterized by a 
polysymptomatic clinical picture affecting cognition, mobility, bladder function, hand function, coordination 

as well as vision and can lead to depression, pain, fatigue, walking disability, spasticity, sensory 

symptoms and tremor (Kister et al., 2013). It has been described that sensory symptoms, fatigue and 

cognitive impairment are the most prevalent symptoms reported by patients within the first year of the 

disease accompanied by motor impairments (Kister et al., 2013). Based on the presence of acutely or 

sub-acutely occurring clinical worsening – also known as relapses –, as well as evident gradual 

progression of disability over a period of time, MS can be divided into clinical phenotypes (Lublin et al., 

2014). Whereas primary progressive MS is characterized by gradual clinical worsening with progressive 
accumulation of disability from onset, relapse-onset MS is the most common disease phenotype and 

includes relapsing and remitting phases of the disease. In these patients, disease onset is marked by a 

single episode, so-called clinical isolated syndrome, affecting the optic nerve, brainstem or spinal cord, 

which can lead to clinical definite MS when it is followed by a second episode or relapse (Thompson et al., 

2018). Within relapse-onset MS a further distinction can be made between relapsing-remitting MS that is 

described by relapses alternated with remitting phases and secondary-progressive MS, which is 

characterized by additional worsening of symptoms without remission after initial relapsing course (Lublin 
et al., 2014; Thompson et al., 2018).  

2.2 Plasticity induced by Rehabilitation in Multiple Sclerosis 
As outlined in the previous section, various functional domains can be affected in patients due to the 

polysymptomatic clinical picture of MS. In addition, MS is characterized by unpredictable changes of the 

pathology during the disease course which leads to inter- and intraindividual variability in the clinical 
pattern of MS in patients (Beer, Khan, & Kesselring, 2012). Thus, MS has not only been associated with 

high impact on personal life as well as decreased quality of life in patients, but leads to substantial socio-

economic consequences due to the high prevalence of long-term disability as a result of the early onset of 

the disease (Beer et al., 2012; Khan, Amatya, Galea, Gonzenbach, & Kesselring, 2017).  

 Although disease-modifying drugs have been described to be effective in reducing inflammation 

and the number of relapses in MS, they lack the ability to delay progression and disability (Feinstein, 

Freeman, & Lo, 2015). However, it has been suggested that recovery-based interventions have the 

possibility to restore brain activity and structures at elevated levels of disability in MS. This has been 
attributed to the fact that brain activation changes together with recovery of motor functions were observed 

after decreased inflammation due to spontaneous remission after relapses (Lipp & Tomassini, 2015). 

Indeed, it has been hypothesized that brain damage, disability and functional reorganization are related in 

MS (Schoonheim, Geurts, & Barkhof, 2010). Additionally, activity-dependent interventions have been 

described to enhance recovery after relapses which can reduce the extent of residual disability and 

increase long-term functioning in people with MS (Rooney, Albalawi, & Paul, 2020). For this reason, 

interventions that promote activity-dependent neuroplasticity play a crucial role in the symptomatic 
treatment of MS (Tomassini et al., 2012).  
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 According to the World Health Organization (WHO), rehabilitation is defined as “a set of 

interventions designed to optimize functioning and reduce disability in individuals with health conditions in 

interaction with their environment.” (World Health Organization, 2020). Since MS can lead to cumulative 
effects of impairment and disability in multiple functional domains, rehabilitation in MS is characterized by 

an interdisciplinary, goal-oriented and individualized care program including different rehabilitative therapy 

modules (Amatya, Khan, & Galea, 2019; Khan & Amatya, 2017). Rehabilitative interventions in MS include 

physical therapy programs, cognitive or psychological interventions, occupational therapy, whole-body 

vibration, hippotherapy, vocational therapy, information provision interventions, symptom-specific but also 

multidisciplinary rehabilitation programs (Khan & Amatya, 2017). Results of two recent systematic reviews 

that investigated the efficacy of rehabilitative interventions in MS revealed moderate to strong evidence for 

the improvement of mobility, muscular strength, fatigue and quality of life following physical and exercise 
therapy as well as strong evidence for fatigue management programs. Further, moderate evidence was 

reported for strength training, energy conservation, cognitive behavioral therapy or multidisciplinary 

rehabilitation and low quality evidence for specific interventions such as exercise therapy for cognition, 

hippotherapy, neuropsychological or memory rehabilitation, as well as dietary interventions (Amatya et al., 

2019; Khan & Amatya, 2017). Following these results it has been concluded that future research should 

focus on the investigation of interventions that can be translated in personalized multidisciplinary 

rehabilitation (Amatya et al., 2019).  
 Indeed, it has been stated that future rehabilitation trials should lay the focus on multidisciplinary 

rehabilitative approaches and test whether they may efficiently target neural plasticity in MS (Feinstein et 

al., 2015; Tomassini et al., 2012). Thus, although the possibility of promoting plastic changes by activity-

dependent interventions has been described along evidence for the efficacy of rehabilitative strategies, the 

underlying neural mechanisms of recovery through individualized multidisciplinary rehabilitation in MS 

needs to be further evaluated. One way of investigating neuroplasticity induced by rehabilitation in an non-

invasive way is functional Magnetic Resonance Imaging (De Giglio, Tommasin, Petsas, & Pantano, 2018). 

The following chapter will give a short overview of functional Magnetic Resonance Imaging as a technique 
to assess neuroplasticity, followed by the presentation of the original research paper (Zuber et al., 2020) 

displaying one of the first studies to investigate neuroplastic changes after a personalized multidisciplinary 

rehabilitation program in people with MS assessed by functional Magnetic Resonance Imaging.  

2.3 Functional Magnetic Resonance Imaging to Measure Neuroplasticity 
Functional Magnetic Resonance Imaging (fMRI) is an imaging method allowing to investigate the time-
varying changes in brain metabolism on the basis of blood flow (Glover, 2011). It allows to investigate the 

activity of the brain at rest or related to specific tasks and has been suggested to reflect neuronal signaling 

(Matthews & Jezzard, 2004). The physiological basis of fMRI arises from the increased neural signaling 

following the activation of a brain region leading to higher demands of energy in the form of substrates for 

the energy metabolism, which in turn results in an oxygen deficit in the local brain region. In order to 

restore the local oxygen deficit, the blood flow is increased. As a consequence, activation of the brain 

region leads to decreased deoxygenated hemoglobin and increased oxygenated hemoglobin, also termed 
the hemodynamic response of the neural event. The two forms of oxygenation of hemoglobin display 
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different local magnetic fields with deoxygenated hemoglobin being paramagnetic – which suppresses the 

fMRI signal – and oxygenated hemoglobin being diamagnetic. With decreasing deoxygenated 

hemoglobin, the fMRI signal increases. These changes in the magnetic field induced by oxygenation 
concentration are called Blood Oxygen Level Dependent (BOLD) contrast (Glover, 2011).  

 fMRI experiments can either include the acquisition of BOLD contrast images for a fixed amount of 

time during a motor or cognitive task in the context of task-related fMRI, or during the brain at rest as so-

called resting state fMRI (Chen & Glover, 2015). Task-related fMRI experiments are typically designed as 

block designs with alternating control or experimental conditions that are later contrasted to focus on the 

cognitive mechanism of interest or as event related, where BOLD data is acquired during the discrete 

presentation of stimuli. In order to identify brain regions activated by task fMRI, statistics are inferred from 

the BOLD signal variations resulting from the experimental model. In contrary, resting state fMRI 
hypothesizes spontaneous, synchronized activity fluctuations in distinct regions when the brain is at rest, 

which have been identified and described as several networks of the resting brain (Chen & Glover, 2015; 

Damoiseaux et al., 2006; Matthews & Jezzard, 2004).  

 Before statistical interferences can be drawn, collected time series of both task-related and resting 

state fMRI require preprocessing, in order to remove confounding factors unrelated to the hemodynamic 

response. Preprocessing steps include 1) a quality assurance of the acquired data, 2) slice time correction 

due to inconsistent acquisition of time among brain slices, 3) correction of the participants head motion, 4) 
distortion correction due to inhomogeneity in the magnetic field, 5) temporal filtering in order to eliminate 

noisy frequencies, 6) spatial smoothing in order to improve the signal to noise ratio, 7) physiological noise 

correction of e.g. cardiac pulse or respiration, 8) co-registration of the functional to structural MRI images 

as well as 9) spatial normalization in order to standardize each participants brain to a template brain 

(Chen & Glover, 2015). Although preprocessing steps are able to correct for various types of noise that 

can occur in the BOLD acquisition, the low temporal resolution, signal dropout or spatial distortions are 

limitations of fMRI. However, the relatively high spatial resolution and availability in various research fields 

is considered a strength of fMRI (Glover, 2011). Following the preprocessing steps, task-related fMRI data 
analysis is typically done in a mass-univariate way, where each voxel’s signal is modelled independently 

from the others by applying t-tests, correlations, general linear models or multivariate analyses on either 

single-subject or group level (Chen & Glover, 2015). Resting state fMRI data analysis focuses on the 

statistical dependencies between different brain regions, named functional connectivity (FC) (Chen & 

Glover, 2015). FC can be inferred via seed-based analyses, independent component analysis or graph 

theory analyses (Smitha et al., 2017).  

 Due to its strengths, task-related fMRI is a broadly used technique to investigate neuroplasticity 

(Reid, Boyd, Cunnington, & Rose, 2016). Amongst various task-fMRI paradigms, motor sequence learning 
(MSL) has been introduced to investigate motor skills after interventions in both patients with MS and 

healthy adults (Deroost, Smetcoren, Vandenbossche, & Hooghe, 2014; Tacchino et al., 2015). In a MSL 

task, participants are asked to respond to a series of visual targets, by pressing buttons with their fingers. 

The instruction on the presence of a sequence can either be implicit or explicit, tapping different learning 

processes of motor skill learning (Deroost et al., 2014). However, specifically the investigation of 

neuroplastic changes with task-fMRI following rehabilitation harbors challenges. Specifically, 1) subject 
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variability due to anatomy or location, type and timing of insult, 2) biological ambiguity in activation due to 

compensatory mechanisms, strategic improvements of task performance, task difficulty or disinhibition, 3) 

methodological considerations related to pre-processing steps or analyses or 4) disease-related 
confounds such as acute effects, altered hemodynamic response or head movement can hamper the 

interpretation of activity patterns in task-related fMRI results following interventions (Reid et al., 2016). 

Nevertheless, fMRI is widely used in MS to study disease-related changes in brain activation or 

neuroplastic changes following pharmacological therapy or rehabilitative interventions. Studies are either 

designed cross-sectional or longitudinal and are typically controlled with a sample of healthy participants 

(De Giglio et al., 2016). Functional changes following clinical improvements as well as brain regions 

involved in the recovery were described by fMRI studies in MS, specifically following rehabilitative 

interventions in brain regions involved in learning processes (De Giglio et al., 2016). However, due to the 
challenges that can arise in the investigation of neuroplasticity following rehabilitation, longitudinal fMRI 

studies that describe the functional changes following personalized rehabilitation strategies are scarce (De 

Giglio et al., 2016). Nevertheless, carefully designed and interpreted studies would give valuable insight in 

the underlying neuroplastic mechanisms in MS following rehabilitation.  
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3 Efficacy of inpatient multidisciplinary rehabilitation in multiple sclerosis: 
 behavioral and fMRI results
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Abstract
Background Although multidisciplinary rehabilitation programs are commonly used in clinical practice for patients with 
multiple sclerosis (MS), they are currently underexamined.
Objective This study aims to investigate the efficacy and underlying brain mechanisms of an inpatient multidisciplinary 
rehabilitation.
Methods Twenty-four patients with relapse-onset MS underwent a 4-week personalized inpatient multidisciplinary rehabilita-
tion and three assessment sessions including MRI, clinical, cognitive and motor function evaluation. Twenty-four healthy con-
trols underwent two assessment sessions 4 weeks apart. Test performances were compared using repeated measures ANOVA, 
Tukey and t tests. A motor sequence learning (MSL) task was presented during fMRI and data were analysed using FSL.
Results Patients had less perceived fatigue, improved walking speed and quality of life following the rehabilitation, which 
could be maintained at follow-up 4 weeks after rehabilitation. After rehabilitation, differences in accuracy of the MSL task 
between groups diminished, indicating an improved performance in patients. Improved accuracy went along with changes 
of brain activity in the left cerebellum and right frontal lobe post-rehabilitation, which could be maintained at follow-up. No 
changes between sessions were observed in controls.
Conclusion Multidisciplinary rehabilitation may improve highly impacting symptoms through more efficient recruitment of 
brain regions and therefore positively influence MS patients’ quality of life.

Keywords Multidisciplinary rehabilitation · Multiple sclerosis · fMRI · Fatigue · Motor skills · Quality of life

Introduction

MS is the most common inflammatory and neurodegenera-
tive disorder of the central nervous system in early adult-
hood causing a variety of motor, cognitive and psychological 
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symptoms [1, 2]. This polysymptomatic clinical picture is 
common in MS and associated with reduced quality of life 
(QoL) [3]. Although disease-modifying therapies showed 
to reduce the rate of disease progression the progression the 
development of effective rehabilitation programs are still 
crucial in the management of the disease.

In this regard, previous studies showed efficacy of symp-
tom-specific rehabilitation programs. It has been reported 
that out- and inpatient motor rehabilitation can be effective 
not only in improving mobility, muscle strength and aerobic 
capacity but also in demonstrating positive effects in treating 
fatigue [4–6]. Besides, cognitive trainings have been shown 
to reduce cognitive impairments in MS [7]. Moreover, by 
using functional magnetic resonance imaging (fMRI), it has 
been shown that symptom improvement through rehabilita-
tion goes along with changes of brain activity [8, 9]. Indeed, 
studies on cognitive rehabilitation showed increases in post-
training brain activation in the cerebellum, frontal and pari-
etal lobe in patients with MS [10]. Regarding motor deficits 
only few studies investigated the brain mechanisms of spe-
cific motor training and showed controversial results: dur-
ing a dynamic movement task after outpatient physiotherapy 
[11] or following a motor training of the upper extremities 
[12] no task related changes in brain activation were found 
versus an increased lateralization showing normalized acti-
vation in the left hemisphere and cerebellum was described 
[13, 14]. In contrast, after an inpatient training on global 
physical functioning, resistance and endurance, a decrease of 
brain activation in response to a lower limb movement task 
during the scan was described in a fMRI study [15].

However, in clinical practice, rehabilitative programs for 
patients with MS do not only focus on single-symptom train-
ings, but rather combine multiple treatment modalities in 
order to address the complex symptomatology [2]. The per-
sonalized multidisciplinary rehabilitation (PMDR) approach 
is characterized by a biopsychosocial model and has been 
defined as “[…] the co-ordinated delivery of intervention by 
two or more disciplines […]” [2]. In two reviews addressing 
different settings for rehabilitation in people with MS, “mod-
erate-quality evidence” for long-term improvements in par-
ticipation, QoL and reducing disability following inpatient 
PMDR have been reported [6, 16]. Furthermore, improve-
ments in motor performance [2] and reduced fatigue [17] 
have been described following PMDR in patients with MS.

Although the symptomatology of MS should be seen in a 
polysymptomatic context, only ten out of 528 studies sum-
marized in the review by Khan and Amatya [6] investigated 
inpatient PMDR. Based on their findings, the authors con-
cluded that further research is likely to have an impact in 
the investigation of inpatient PMDR [6]. In addition, previ-
ous studies on neuroplastic mechanisms involved in reha-
bilitation in MS focused on symptom specific rehabilitative 
strategies. Hence, there is a lack of studies that investigate 

the efficacy of inpatient PMDR among clinical measures in 
combination with the underlying brain activity changes in 
patients with MS.

Therefore, this observational study aimed to address this 
knowledge gap by (1) investigating the efficacy of an inpa-
tient PMDR as defined in clinical practice on behavioural 
outcomes including motor and cognitive measures and (2) 
studying brain mechanisms underpinning potential improve-
ments by detecting task-related BOLD changes in patients 
with MS compared to an age- and sex-matched population 
of healthy adults. We hypothesized that PMDR can induce 
improvement in the performances and as well as changes in 
the brain activity.

Methods

Participants

Twenty-four patients with MS (16 females; mean age: 
47.7 ± 10.1 years; median/range Expanded Disability Sta-
tus Scale (EDSS [18]): 5 (1.5–6.5); mean disease dura-
tion: 15.2 ± 8.8 years) and 24 healthy sex- and age-matched 
subjects (16 females; mean age: 45.0 ± 10.1 years) were 
included. Inclusion criteria for patients were: (1) Relapse 
onset MS [19] (2) age: 18–65  years; (3) EDSS below 
seven; (4) right-handed; (5) relapse free period > 3 months; 
(6) unchanged therapy for at least 2 months at the time of 
inclusion. Patients were allowed to continue their regular 
immuno-modulatory and symptomatic medical treatments. 
Controls were included if they were (1) right-handed; (2) no 
regular medication intake. Exclusion criteria were for both 
groups any contraindication for MRI and no current or prior 
brain trauma, psychiatric or neurological disorders (other 
than MS for the patient group). Written informed consent 
was given by all participants after detailed explanation of 
the study procedures. The study was approved by the local 
ethics committee (Ethikkommission Nordwest- und Zen-
tralschweiz) and was conducted in concordance with the 
Declaration of Helsinki.

Study design

A longitudinal parallel group design was employed. Eligi-
bility criteria were verified and written informed consent 
was obtained in each participant. After recruitment, the 
MS group underwent three assessment sessions includ-
ing clinical, cognitive, motor evaluation and MRI. All 
patients underwent an inpatient PMDR program, by spend-
ing in average 3.1 weeks (SD 0.51 weeks) in the rehabili-
tation centre. The first assessment session was performed 
in the week before entering the rehabilitation, the second 
within the week following the rehabilitation (in average 



Journal of Neurology 

1 3

32.54 ± 10.84 days between pre and post-rehabilitation ses-
sions), and the third 4 weeks after the rehabilitation. Healthy 
controls performed two assessment sessions 4 weeks apart 
(in average 25.77 ± 7.41 days between both sessions), includ-
ing MRI and cognitive assessment.

Intervention

Rehabilitation programs

All patients underwent an inpatient PMDR program with a 
mean duration of 16.6 ± 3.2 days (min = 10, max = 25.5 days, 
excluding weekends) and an average of 46.1 ± 15.3  h 
(min = 26.5, max = 80.6 h) of rehabilitative activities dur-
ing this period. The rehabilitation took place in either the 
Clinics of Valens or the Reha Rheinfelden, both in Switzer-
land. Following an interdisciplinary approach, the personal-
ized rehabilitation programs were based on the International 
Classification of Functioning, Disability and Health [20] 
considering the most relevant factor for MS patients [21]. 
Patient-specific objectives were identified together with a 
physiotherapist and an occupational therapist at the day of 
admission and the goals of the rehabilitation were adapted 
according to the patients’ progress during the rehabilitation. 
Training settings varied and included both individual and 
group therapy with a main focus on motor rehabilitation 
(Table 1).

Measurements

Clinical data

Medical history was taken and an EDSS assessment (18; 
neurostatus, https ://www.neuro statu s.net) was performed by 

trained neurologists at the Department of Neurology, Uni-
versity Hospital Basel.

Neuropsychological assessment

Cognitive functions, specifically attention, procession speed 
and working memory were evaluated at each assessment ses-
sion using both paper/pencil and computerized tests. The 
following tests were administered: Paced Auditory Serial 
Addition Task (PASAT [22]), oral version of the Symbol 
Digit Modalities Test (SDMT [23]), forward and backward 
digit span (WAIS-IV [24]) and Corsi Block Tapping Test 
[25]. Both groups completed a health-related QoL ques-
tionnaire (SF-12 [26]). A scale for fatigue (fatigue scale for 
motor and cognitive function; FSMC [27]) was adminis-
tered to the MS patients. The assessments were performed 
at the Department of Neurology, University Hospital Basel 
by trained psychologists.

Motor assessment

In both groups, manual dexterity and upper extremity func-
tions were assessed using the 9-Hole Peg Test (9-HPT [28]). 
Patients underwent a timed 25 foot-walk test (T25-FW [29]) 
in order to assess mobility and lower extremity function. 
Two patients did not perform the T25-FW pre-rehabilitation 
and were therefore excluded in the analyses.

Image acquisition

Functional and structural MRI data were collected at the 
University Hospital Basel on a 3 T Magnetom Prisma MRI 
scanner (Siemens Healthineers, Erlangen, Germany) using 
a dedicated 64-channel dedicated head-coil. The MRI 

Table 1  Description and average hours of performed patient-specific rehabilitative therapies

This is a selection of the most frequent therapies. As the rehabilitative programs were selected individually, this selection is not extensive. An 
extensive list of all therapies and explanation to the specific interventions are reported in the supplementary material III

Therapy Physiotherapy Occupational therapy Neuropsychological therapy Cognitive rehabilitation

Description Movement therapy
Aquatherapy
Manual therapy
Balance training
Incontinence therapy
Lokomat therapy
Hippotherapy
Medical training therapy
Jacobson’s relaxation
Yoga/Pilates
Terrain training
Ergometer training

Robot-assisted arm 
training (Armeo)

Writing training
Garden group
Workshop group
Relaxation group
Recreational therapy
Cooking Group

Energy Management and 
self-management

Cognitive self-training and supervised train-
ing of memory, attention and executive 
functions

Hours of 
training 
(M ± SD)

32.8 (± 8.6) 4.5 (± 4.6) 5.3 (± 4.3) 1(± 1.7)

https://www.neurostatus.net
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protocol included 3D T1-weighted (T1w) MPRAGE (iso-
tropic resolution of 0.7 mm, TR = 2400 ms, TE = 2.32 ms, 
TI = 1100  ms, 256 sagittal slices) and high resolution 
T2-weighted (T2w) imaging (isotropic resolution of 0.7 mm, 
TR = 3200 ms, TE = 566 ms, 256 sagittal slices). Moreover, 
multi-band accelerated Echo Planar Imaging (EPI) was used 
for task-related fMRI with high spatial and temporal resolu-
tion (T2*-weighted, isotropic resolution of 2 mm, 72 slices 
aligned to the AC-PC line; TR = 768 ms; TE = 37 ms; multi-
band accelerator factor = 8; measurements = 657).

fMRI task

Both groups performed a motor sequence learning task 
(MSL; [30]) during each MRI session. It has been shown 
that the ability of Motor Sequence Learning (MSL) rep-
resents a hallmark of normal motor function [31] and that 
people with MS show impairments in acquiring sequential 
motor skills [32]. Furthermore, it has been described that 
cognitive processes are involved in MSL [33] and, there-
fore, using a MSL task could display a suitable paradigm for 
detecting changes in brain activation after PMDR. The MSL 
task included a repeated condition, in which the sequence of 
movements was identical for each repetition of the condition, 
and a random condition, in which the sequences of move-
ments changed in each presentation (detailed description 
in Supplementary Material II). Before the fMRI task, each 
subject performed a short training session inside the scan-
ner. Reaction time (RT) and accuracy were recorded using a 
5-button fibre optic response system (Celeritas; Psychologi-
cal Software Tools, Pittsburgh, PA). E-Prime (Psychologi-
cal Software Tools, Pittsburgh, PA) was used to present the 
stimuli, to synchronize the MRI acquisition with the task and 
to record the subjects’ performances.

Statistical analyses

Behavioural data analyses

Neuropsychological data and task fMRI (reaction time and 
accuracy) were analysed using two factor mixed design anal-
yses of variance (ANOVA). Significant effects in the mixed 
design ANOVA were investigated using post hoc Tukey 
tests. Within group analyses were conducted using paired t 
tests. All data were analysed in R Studio [34].

fMRI data analyses

The fMRI data were pre-processed and analysed using the 
high-quality model-based fMRI analysis tool FEAT imple-
mented in the FMRIB Software Library v5.0 (FSL [35]). 
Detailed description of the MRI data processing is reported 
in the supplementary materials.

In the within-subject analysis, a boxcar function was used 
to model each block of the two conditions (repeated and 
random), and then convolved with a double-gamma hemo-
dynamic response function in order to create two explana-
tory variables (EV), corresponding to the two conditions 
including 15 blocks each. For the comparisons between the 
two conditions (repeated versus random and random ver-
sus repeated), the estimated head motion parameters were 
included as nuisance variables in the statistical model. Then, 
the single subject maps obtained in the within-subject analy-
sis were used as input for a two-sample paired t test per-
formed to compare the brain activity between different ses-
sions at group level.

All group analyses were performed using FLAME 1 
(Local Analysis of Mixed Effects [36]) and results were 
corrected for multiple comparisons using cluster-based cor-
rection (cluster forming threshold Z > 2.3, cluster extent sig-
nificance threshold of p < 0.05).

Results

Behavioural results

In patients we found a significant difference in the T25FW 
test (t(19) = 3.12, p < 0.05, Fig. 1) and the motor component 
of the FSMC (t(19) = 2.34, p < 0.05, Fig. 2) between pre- 
and post-rehabilitation. No significant changes were found 

Fig. 1  Significant difference in the T25FW test in the patient group 
pre- and post-rehabilitation (p < 0.05). No significant difference was 
detected when comparing post-rehabilitation and follow up
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between post-rehabilitation and follow-up in patients and for 
the cognitive and total score of the FSMC.

For the physical score of the SF-12 questionnaire we 
found a main effect for groups (patients and controls; F(1, 
37) = 126.28, p < 0.001), sessions (pre- and post-rehabilita-
tion; F(1, 37) = 7.72, p = 0.008) and the interaction between 
groups and sessions (F(1, 37) = 5.27, p = 0.02). Post hoc tests 
showed that patients had a significant higher SF-12 physi-
cal score in post- than pre-rehabilitation, (t(16) = − 2.60, 
p = 0.019). Patients had a lower physical score in sessions 
1 (t(39) = 10.54, p < 0.001) and 2 (t(41) = 10.59, p < 0.001) 
compared with healthy subjects (Fig. 3). No significant dif-
ferences between groups or between sessions were found 
for the mental score of the SF-12. We found no significant 
differences between post-rehabilitation and follow-up in 
patients for both, mental and physical score of the SF-12.

In terms of the 9HPT of the right hand a significant 
effect for groups (F(1,40) = 12.64, MSE = 90.27, p < 0.05) 

and sessions (F(1,40) = 4.60, MSE = 10.88, p < 0.05) was 
found. Post hoc tests showed a significant difference 
between the groups (p < 0.05) but no significant difference 
between sessions. For the 9HPT left hand, we found a sig-
nificant effect for groups (F(1,40) = 1.08, MSE = 131.49, 
p < 0.05). The post hoc test showed a significant differ-
ence between groups (p < 0.05) for the 9HPT. Further, a 
significant effect for session in the PASAT (F(1,40) = 4.9, 
MSE = 25.26, p < 0.05) and in the digit span (F(1,40) = 6.7, 
MSE = 2.43, p < 0.05) was found. No significant differ-
ences between sessions in both PASAT and digit span were 
found post hoc. No significant effects were found for the 
Corsi block test and the SDMT. All means and standard 
deviations are displayed in Table 2.Fig. 2  Significant difference in the FSMC motor score in the patient 

group pre- and post-rehabilitation (p < 0.05). No significant difference 
was detected when comparing post-rehabilitation and follow up

Fig. 3  Significant differences in the SF12 physical score in the 
patient group pre- and post-rehabilitation (p < 0.05) and compar-
ing the patient group with the healthy control group at both sessions 
(p < 0.001)

Table 2  Means (M) and standard deviation (SD) for performance at 
session 1 (S1) and session 2 (S2) in the patients and controls and ses-
sion 3 (S3) in patients

9HPT nine hole peg test, PASAT paced auditory serial addition task, 
SDMT symbol digit modalities test, SF-12 health related quality of 
life questionnaire, FSMC fatigue scale for motor and cognitive func-
tion, T25FW timed 25 foot walk test

S1 (M ± SD) S2 (M ± SD) S3 (M ± SD)

Patients
 9HPT right hand (s) 27.05 ± 10.48 25.13 ± 8.75 24.12 ± 8.07
 9HPT left hand (s) 27.49 ± 10.82 26.86 ± 11.80 25.62 ± 13.16
 PASAT 44.1 ± 10.83 45.94 ± 12.31 48.57 ± 9.72
 SDMT 49.57 ± 17.47 49.43 ± 17.76 46.91 ± 22.20
 Corsi block 14.14 ± 3.34 13.86 ± 3.79 13.48 ± 2.73
 Digit span 14.57 ± 3.56 15.67 ± 3.28 15.13 ± 3.17
 SF-12 Physical Score 31.39 ± 9.31 36.89 ± 7.85 34.81 ± 9.93
 SF-12 Mental Score 51.16 ± 9.10 52.57 ± 8.02 53.79 ± 9.58
 FSMC Total Score 71.38 ± 14.77 64.95 ± 15.15 63.30 ± 14.01
 FSMC Motor Score 38.76 ± 6.79 34.82 ± 6.57 34.43 ± 5.74
 FSMC Cognitive 

Score
32.62 ± 9.12 30.14 ± 9.95 28.87 ± 9.49

 T25FW (s) 10.10 ± 7.44 9.17 ± 5.88 8.95 ± 4.8
Controls
 9HPT right hand (s) 19.30 ± 3.02 18.14 ± 2.59 –
 9HPT left hand (s) 19.26 ± 2.91 18.64 ± 2.12 –
 PASAT 47.38 ± 8.49 50.38 ± 6.63 –
 SDMT 54.81 ± 8.23 59.43 ± 12.04 –
 Corsi block 13.62 ± 3.29 14.57 ± 3.83 –
 Digit span 14.76 ± 3.11 15.43 ± 3.46 –
 SF-12 Physical Score 54.53 ± 4.10 55.31 ± 2.19 –
 SF-12 Mental Score 54.98 ± 3.95 55.09 ± 3.67 –
 FSMC – – –
 T25FW (s) – – –
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Task‑fMRI results

Accuracy

For both the repeated (F(1, 38) = 8.02, MSE = 18.18, 
p < 0.05) and random condition (F(1, 38) = 5.42, 
MSE = 22.60, p < 0.05), a significant effect for group was 
found (Fig. 4). The post hoc test showed a significant dif-
ference between the patients and controls (p < 0.05). T tests 
between groups at both sessions showed a significantly 
higher number of mistakes in the repeated (t(27) = 2.8, 
p < 0.001) and random condition (t(33) = 2.8, p < 0.001) of 
the MSL task at baseline in patients compared to controls 
at baseline. Interestingly, no significant differences between 
the groups in the number of mistakes were found post reha-
bilitation. Comparing post-rehabilitation and follow-up, no 
significant differences were found in accuracy in the training 
or the random condition in patients.

Reaction time

In order to consider the learning effect over the conditions 
during the task, the difference between the first and the last 

block was built (delta). The difference was then taken as the 
dependent variable. For the repeated condition, a significant 
effect for session (F(1, 38) = 5.24, MSE = 6531.88, p < 0.05) 
was found. A post hoc analysis of this effect showed no dif-
ferences between sessions. For the random condition, no 
significant effects were found.

Brain activity (fMRI data)

In patients, a significant decrease in brain activation was 
found in the left cerebellum and the right prefrontal lobe 
when comparing the training and random condition of the 
MSL task pre- and post-rehabilitation (Table 3, Fig. 5). No 
difference in brain activation was found between post-reha-
bilitation and follow-up at 4 weeks in patients. No difference 
between sessions in the control group and conditions was 
observed.

Fig. 4  Means of wrong answers in the MSL task training (a) and ran-
dom (b condition in patients and controls at session 1 and session 2 
(for patients S1 = pre- and S2 = post rehabilitation). At baseline, the 

groups differed significantly in both conditions. At session 2 (after 
rehabilitation), no differences were found. Significant differences are 
marked with an asterisk

Table 3  Activated brain regions for the difference between the training and random condition of the MSL task comparing pre-and post-rehabili-
tation in the patient group

Subjects Brain regions Number of voxels Z-Max: MNI coordinates
x, y, z (mm)

Z-Max

MS Patients Left cerebellum 150 42, 30, 44 3.17
Right prefrontal lobe 221 − 42, − 86, − 4 3.17
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Discussion

In this study we investigated the efficacy of an inpatient 
PMDR program on behavioural outcomes and the under-
lying brain mechanisms in patients with MS compared to 
age- and sex-matched healthy adults. Our results show a 
reduction in perceived fatigue, an improvement of walking 
abilities and an improvement of health-related QoL after 
the inpatient PMDR in patients. The improvements were 
persistent at a 4-week follow-up. We further observed an 
improved performance on an MSL task in terms of accu-
racy in patients post rehabilitation, which was maintained at 
follow-up. Improved accuracy on the MSL task went along 
with a reduced difference of brain activity between the two 
conditions (repeated and random) in the left cerebellum and 
right prefrontal lobe post-rehabilitation in patients, which 
was also maintained 4 weeks after the rehabilitation. No 
changes between sessions were observed in healthy controls.

Fatigue and impaired walking ability can be consid-
ered as the most common and impacting symptoms of MS 
[37]. Through limiting coping abilities and participation, 
fatigue can negatively affect domains of daily living such 
as employment, socialization or adaption to the disease 
[38]. Impaired walking ability has not only been reported 
to reduce the patients, but also the caretakers QoL, where-
fore the need of treating walking difficulties in patients has 
been emphasized [39]. Our study showed improvements on 
both fatigue and walking ability after a 4-week inpatient 
PMDR in patients with MS. On the one hand, this result 
underlines the importance of rehabilitative efforts in treating 
both symptoms and on the other hand a possible relationship 
between the symptoms could be assumed. Indeed, a relation-
ship between fatigue and walking ability has been elaborated 
in a recent study [40]. Furthermore, both symptoms have 
been described as key determinants of QoL in patients with 
MS [41, 42] and previous findings showed a positive effect 
of physical exercise on fatigue [43]. Accordingly, patients in 
our study reported an improvement in the physical health-
related QoL after the PMDR, which has as well been shown 

in previous investigations applying exercise training [4] and 
PMDR [44]. Next to this empirical evidence suggesting an 
association between walking ability and fatigue, it has been 
theoretically described that walking difficulties result from a 
combination of common symptoms in MS including fatigue 
[39]. Furthermore, fatigue has likewise been considered as 
a complex and multi-factorial symptom and the essential 
role of a PMDR approach in the management of fatigue has 
been underlined [39, 45]. However, the applicability of an 
inpatient PMDR in reducing fatigue in patients with MS has 
been rarely investigated and our results, therefore, extend 
these previous findings.

To our best knowledge, the underlying brain mechanisms 
of inpatient PMDR in patients with MS have not been stud-
ied before. We targeted this gap of knowledge by investigat-
ing the brain activation changes during an MSL task before 
and after the PMDR using fMRI. On the behavioural level, 
we observed an improved performance on the MSL task 
in patients after the rehabilitation. Although the MSL task 
was not specifically trained, the initial difference in accuracy 
between groups diminished after the rehabilitation, indicat-
ing an improvement in performance for the patients. On the 
neurofunctional level, our fMRI data indicate that the higher 
accuracy on the MSL task went along with a reduced dif-
ference between conditions in the left cerebellum and right 
prefrontal cortex after the PMDR in patients, whereas no 
brain activation changes between the two sessions were 
observed in controls. The involvement of the cerebellum in 
MSL and more specifically its role in accuracy through a 
relationship between decreases in errors and left cerebellar 
activity has been described previously [46, 47]. Addition-
ally, it has been described that only cerebellar areas were the 
main common brain regions between activation patterns of 
temporal accuracy in a motor task performance and self-per-
ceived fatigue [48]. Indeed, without applying rehabilitation 
an increased activation in cerebellar and prefrontal regions 
was found in patients with high self-perceived fatigue. The 
decrease in errors in the MSL task, self-perceived fatigue 
and brain activity in the left cerebellum and prefrontal 

Fig. 5  Significant brain activation (in colour) in the right prefron-
tal lobe (a–c) and the left cerebellum (d–f) in the MS patients when 
comparing the difference of the training and random condition of the 

MSL task pre- and post-rehabilitation. Data were corrected for multi-
ple comparisons (p < 0.05) and T values ranged between 2.3 and 3.1
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regions following the inpatient PMDR found in the present 
study strengthens the involvement of prefrontal and cerebel-
lar regions in MSL and fatigue and could further indicate a 
recovery pattern induced by the PMDR. Nevertheless, stud-
ies targeting brain activation changes after specific motor 
training using task-fMRI showed controversial results and 
indicated that target-selected trainings rather than holistic 
approaches lead to enhanced neuroplasticity [9]. A study 
on healthy subjects revealed a redistribution of functional 
brain activation after the motor task training, whereas 
increased and as well bilaterally decreased responses have 
been reported [47, 49]. In MS patients, no brain activation 
changes have been described following a 30-min upper 
extremity motor training [12] or a 5-week inpatient motor 
rehabilitation [11]. Only one recently published study that 
investigated the effect of motor rehabilitation in lower 
limbs using task-related fMRI on foot movements of plan-
tar dorsiflexion and the underlying brain activation showed 
a reduced peak activity in the contralateral primary motor 
cortex, which was interpreted as a recovery pattern by the 
authors [15]. The decrease of task-related brain activity after 
the PMDR found in our study further supports a recovery 
pattern and may, therefore, indeed reflect a more efficient 
recruitment of brain regions and by that mirror the efficacy 
of an inpatient PMDR in improving MS-related symptoms.

Finally, we found no difference in walking ability, fatigue, 
QoL and MSL task performance and brain activation 
between post-rehabilitation and follow-up, indicating that 
the changes induced by the rehabilitation were maintained 
at a short-term follow-up. Even though it is of utmost impor-
tance that rehabilitative efforts can be maintained over time, 
previous literature showed varying evidence for long-term 
effects which are dependent on rehabilitation settings and 
the effect on symptoms [44]. Therefore, our results support 
the efficacy of clinically defined PMDR and their impor-
tance for patients in reducing the disease-related burden as a 
result of the polysymptomatic presentation of MS. However, 
future studies should additionally consider not only short- 
but also long-term follow-up periods to assess the efficacy 
of PMDRs.

In our study, no differences between groups could be 
found in the neuropsychological testing. One reason for this 
finding could be that the patients in our sample experienced 
a higher amount of physical impairment, mobility restric-
tions or fatigue rather than cognitive impairment. This may 
be displayed in the self-reported quality of life, where the 
patients significantly differed in their scores on the physi-
cal subscale to the healthy controls at both sessions, but 
showed the same levels of mental health-related quality of 
life compared to healthy controls at both sessions. This may 
indicate that the patients felt less restricted by the cogni-
tive symptoms in their daily life. Furthermore, no changes 
between sessions in the neuropsychological testing could be 

observed. Although the MD rehabilitation in our study did 
include in average 1 h of cognitive rehabilitation in total, 
the focus of the program was on physical and occupational 
trainings (Table 1) and, therefore, less change in cognitive 
measures can be expected.

The small sample size and the lack of a placebo group 
could be considered as a limitation. However, it is nearly 
impossible to create an appropriate active control condition 
for a PMDR program. Therefore, we included an age- and 
sex-matched sample of healthy adults to control for prac-
tice effects in both behavioural and MRI assessments. An 
additional limitation is that the current investigated inpatient 
PMDR program focused primarily on motor rehabilitation. 
Thus, the described results and improvements may not gen-
eralize to distinct functions such as cognition. Finally, future 
studies should investigate which group of patients may be 
more likely to benefit from PMDR as presented here based 
on their type of impairment level or predominant symptom.

In conclusion, this study suggests that the PMDR 
approach should be considered in the treatment of fatigue 
and walking abilities since it has the possibility to target 
and improve two highly impacting symptoms at the same 
time and by that positively influence participation in daily 
activities and so patients’ QoL. Among one of the first, 
this study additionally provides evidence on the underly-
ing mechanisms of PMDR by suggesting a more effective 
recruitment of brain regions in patients with MS. Therefore, 
this study provides evidence that rehabilitative efforts of a 
PMDR approach may be detected on both the clinical and 
neurofunctional level.
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4 Plasticity in the Context of the Healthy Population 

As outlined in the previous sections, plasticity of the brain is the basic concept behind restoring different 

domains of functioning after brain damage. Besides, plasticity is the cornerstone of normal functioning in 

healthy people in order to be able to learn and adapt to the environment (Cramer et al., 2011; Willis & 

Schaie, 2009). Compared to the motor system, which is able to quickly adapt itself to activity-dependent 

input based on its high flexibility (Horton et al., 2017), plasticity of the cognitive system however is less 

straight forward. Indeed, process-based cognitive functions such as working memory involve many 

different processes simultaneously, which has been shown, for example, in its interaction with motor 
functions (Marvel, Morgan, & Kronemer, 2019). Thus, plasticity will first be reviewed in the light of the 

healthy population by first introducing the concept of cognitive plasticity followed by the current challenges 

in the field of cognitive plasticity induced by training in the context of working memory. Furthermore, it has 

been described that motor behavior is highly dependent on cognitive and perceptual processes (Horton et 

al., 2017). Nevertheless, the interactive or additive effects between the both in the context of plasticity 

have been far less investigated. The last original articles aimed at studying the interaction of motor and 

cognitive plasticity induced by training.  

4.1 Cognitive Plasticity 
Plasticity can also be understood as the capacity of acquiring new cognitive skills, termed as cognitive 

plasticity (Mercado, 2008). Whereas cognitive skills can be described as functions with the ability to be 

improved through learning and practice (Willis & Schaie, 2009), the concept of cognitive plasticity has 

been defined as the “ […] capacity for changes in flexibility, that is, the capacity for changes in the 
possible range of cognitive performance.”(Lövdén, Bäckman, Lindenberger, Schaefer, & Schmiedek, 

2010). Further, neural plasticity can be understood as the basis of cognitive plasticity (Mercado, 2008). 

Indeed, neuroplastic mechanisms such as neurogenesis, remodeling and formation of new connections, 

axonal sprouting and pruning or cell migration are responsible for creating networks in the brain following 

learning and memory (Von Bernhardi et al., 2017). Additionally, the neurogenesis in adulthood has been 

suggested to relate to learning in the sense of an enrichment of neural connectivity in the brain (Grafman, 

2000). Overall, plasticity in the healthy population focuses on the intraindividual potential in cognitive 

functions, which can also be understood as the intraindividual range of plasticity (Willis & Schaie, 2009).  
 In order to explain the individual potential in the sense of a person’s neural supply and how 

plasticity has the possibility to adapt it, a theoretical model has been suggested. According to the supply-

demand model, neural and cognitive plasticity can only occur if there is a discrepancy between 

requirements to perform cognitive tasks, so-called environmental “demands” and brain capacity, also 

termed as functional “supply”. This mismatch between supply and demand can either be the result of 

changes in the environmental demands, e.g., adaptation to a new cognitive task, or, changes in the 

functional supply, e.g., following brain injury or old age. It has been described that the amount of mismatch 
in individuals can be assessed using fMRI (Lövdén et al., 2010). Furthermore, the supply-demand model 

suggests, in order to induce cognitive plastic changes in the healthy population, the duration and 
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magnitude of the supply-demand mismatch needs to be maximized and that cognitive trainings or 

interventions may have the ability to do so (Lövdén et al., 2010).  

 It has been outlined that human development is characterized by gains and losses in cognitive 
functioning at different phases throughout life (Lövdén et al., 2010; Willis & Schaie, 2009). Developmental 

plasticity does take place as maturation of brain regions due to the acquisition of cognitive functions, such 

as working memory in childhood and adolescence, with a peak performance at around the age of 20-30 

years. Although cognitive functions such as vocabulary, arithmetic or general knowledge increase until the 

age of 50 years, later adulthood is characterized by an outweighing decline of cognitive functions due to 

the course of healthy aging (Hartshorne & Germine, 2015). While plasticity in old age has been described 

as maintenance of functions rather than growth (Kühn & Lindenberger, 2015) and losses overshadow 

gains with increasing age, cognitive interventions focus on functions that have been described to decline 
already early in the lifespan. Hence, process-based abilities such as working memory, episodic memory, 

executive functioning or processing speed are typically targeted with focused training (Nguyen, Murphy, & 

Andrews, 2019; Willis & Schaie, 2009). In the following sections, cognitive plasticity induced by cognitive 

training will be discussed in the context of working memory.  

4.2 Working Memory 
Working Memory (WM) refers to a cognitive system which temporarily maintains, stores and manipulates 

information and acts as an interface between perception, long-term memory and action (Baddeley, 2003, 

2012). Among several theoretical frameworks that have been suggested to describe WM, the 

multicomponent model (Baddeley, Hitch, & Bower, 1974) is the most investigated and broadly accepted 

one. Originally, the model consisted of three components. First, the phonological loop is responsible for 

passively storing and maintaining phonological information through rehearsal in order to prevent the 

acoustic information from decay. Second, the visuospatial sketchpad displays a short-time storage for 
spatial and visual information and is further able to manipulate this information with a limited capacity. Two 

different systems for visual and spatial information prevent a disturbance or interference in the processing 

of this information. The phonological loop and the visuospatial sketchpad are also referred to as “slave 

systems” of the central executive. Indeed, the central executive was first proposed as a storage but later 

seen as a processing and coordinating third component that focuses attention, connects to the long-term 

memory, shifts between tasks or retrieval strategies and is responsible for inhibitory control. Later, the 

episodic buffer was added to the model, which is described as a multi-modal storage system with a limited 

capacity that can bind visual or phonological information together to create episodes (Baddeley, 2012). 
 The limited amount of information that can be stored within WM is also referred to as WM capacity 

and varies between individuals (Morrison & Chein, 2011). Indeed, the individual WM capacity determines 

the ability to carry out higher-order cognitive functions such as comprehension, learning, reasoning and 

decision-making and has thus a substantial influence on everyday life activities in healthy people 

(Diamond, 2013; Morrison & Chein, 2011). Furthermore, WM is one of the process-based cognitive 

functions displaying an middle age onset age-dependent decline in the course of healthy aging (Willis & 

Schaie, 2009). WM decline throughout adult life however seems to show a non-linear trajectory, since WM 
relevant mechanisms such as inhibition of irrelevant information and processing speed diminish with a late 
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onset (Borella, Ghisletta, & De Ribaupierre, 2011; Nyberg, Lövdén, Riklund, Lindenberger, & Bäckman, 

2012). While WM is relevant for a large number of everyday functions, age-related decline or WM 

impairment in the sense of reduced WM capacity can affect daily functioning or work performances and 
may thus reduce the quality of life (Nyberg et al., 2012). Indeed, neurological, psychiatric or 

developmental disorders can lead to mild but also early and severe impairments in WM (Budson & Price, 

2007; Redick, 2019).  

 After being assumed to be strictly limited, it has nowadays been established that WM capacity can 

be expanded through training in the healthy young and old population (Gathercole, Dunning, Holmes, & 

Norris, 2019; Ophey, Roheger, Folkerts, Skoetz, & Kalbe, 2020). As a consequence, cognitive trainings on 

core cognitive functions such as WM have been proposed as a possible tool to increase individual WM 

capacity, improve performance on learning, problem solving or reasoning and to reduce the impact of 
cognitive decline (Katz, Shah, & Meyer, 2017; Klingberg, 2010).  

4.3 Current State and Challenges of Cognitive Training 
The first positive attempts of increasing memory and attention in a sample of school children with targeted 

cognitive training were mentioned in 1890 and gained huge interest amongst psychologists at that time. 
However, first replications in the beginning of the 20th century led to controverse results, specifically 

regarding their improvements on untrained cognitive functions following the trainings (Katz et al., 2017). 

Ever since, the field of cognitive training emerged and led to a large body of literature specifically testing 

the efficacy of WM trainings. Almost 100 years later, the publication of first studies on computerized WM 

trainings resulted in high media attention again, with numerous commercial companies developing “brain 

training” games. This was mainly based on described improvements in the measures of intelligence in 

healthy young people following training of WM (Jaeggi, Buschkuehl, Jonides, & Perrig, 2008; Katz et al., 

2017; Klingberg et al., 2005). Although initial promising results of those first computerized WM training 
studies increased the interest in developing WM trainings considerably (Soveri, Antfolk, Karlsson, Salo, & 

Laine, 2017), the question regarding the efficacy of trainings resulted in the same debate as over hundred 

years ago. For its understanding it is necessary to outline how efficacy is assessed following cognitive 

training. 

 Typically, efficacy is investigated as the improvement after the training on an untrained cognitive 

task and is termed as transfer effect (Jaeggi et al., 2008). Transfer effects can arise as near transfer, 

when improvements on untrained tasks similar to the trained tasks are described, e.g., improvements on a 

WM task that is structurally similar to the trained WM task. However, it is of much higher interest if 
improvement on a task of a different cognitive function is detected following cognitive training, also termed 

as far transfer (Katz et al., 2017; Teixeira-Santos et al., 2019). Dependent on the investigated population, 

far transfer following WM training is typically assessed with tasks on fluid intelligence, while in young 

individuals also performance on verbal or visual learning or school outcomes (Melby-Lervåg, Redick, & 

Hulme, 2016) or in old adults measures of daily life activities are investigated (Basak, Qin, & O’Connell, 

2020). Meta-analytic reviews on transfer effects following WM training agree on the existence of near 

transfer in young adults (Melby-Lervåg et al., 2016; Soveri et al., 2017). However, the effects were 
described to be short-term and limited to the trained task paradigm and no convincing evidence was found 
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for far transfer after training (Melby-Lervåg et al., 2016). In old adults, short- and long-term near transfer 

(Nguyen et al., 2019; Teixeira-Santos et al., 2019) as well as small far transfer effects to daily functioning 

were described following WM training (Basak et al., 2020). Although improvement of WM after training has 
been widely described among the healthy population, the task-specific near transfer and limited evidence 

for far transfer resulted in a heated debate concerning the efficacy of WM trainings. Indeed, the specificity 

of learning to the applied tasks has not only been described following WM trainings but displays a major 

challenge in designing efficient strategies to induce cognitive plasticity following training in healthy adults 

but also following rehabilitation in pathological conditions (Green & Bavelier, 2008).  

 The reason for diverging results on transfer effects following cognitive trainings are manifold. First, 

there are numerous paradigms and activities available with the aim of training cognitive functions. The 

variability in training activities does not allow to draw conclusions of single studies to the efficacy of 
cognitive training as a whole (Katz et al., 2017). Regarding WM, the diversity of existing training programs 

has been described to limit the possibility to compare studies and has been suggested as an explaining 

factor for controverse transfer effects (Pergher et al., 2020). In addition, comparison between studies is 

limited through methodological considerations regarding the inclusion of appropriate control condition, 

accounting for practice effects, consistency in applied transfer measures or dosage and setting of training 

(Morrison & Chein, 2011; Scharfen, Jansen, & Holling, 2018). So far, only a few studies systematically 

investigated the comparative efficacy of training paradigms (Holmes, Woolgar, Hampshire, & Gathercole, 
2019; Minear et al., 2016). However, this approach may help in targeting the challenge to identify if a 

given training paradigm may be more effective in enhancing cognitive functions or to differentiate which 

paradigms target which cognitive construct (Morrison & Chein, 2011). 

 The question of which cognitive construct is actually trained by the applied training can be seen as 

the second challenge in cognitive training research. Indeed, current research progresses in the direction of 

not only testing the efficacy of training, but identifying “what” is trained and for “whom” the possible effects 

can be of relevance (Katz et al., 2017). In this context, specifically the lack of theory-driven WM training 

approaches limits the understanding of which underlying mechanisms may induce transfer effects (Katz et 
al., 2017; Redick, 2019). Further, there is the need to clarify which training tasks share mechanisms with 

the studied transfer measure in order to detect the relevance of the training for the appropriate population 

(Redick, Wiemers, & Engle, 2019).  

 Hence, task-related processes have been described to be associated with improved WM following 

training (Minear et al., 2016). So has WM performance been described to be limited only when distractive 

irrelevant information was present in healthy old adults (Gazzaley et al., 2008). Indeed, training on 

preventing irrelevant information of assessing WM – termed as filtering efficiency – has been shown to 

improve WM performance to the same extent than WM training (Li, He, Wang, Hu, & Guo, 2017; 
Schmicker, Schwefel, Vellage, & Müller, 2016). Studies however are needed to determine if and how 

filtering efficiency displays a task-related process of WM training in healthy old adults.  

 In addition to the investigation of behavioral processes underlying WM training, the examination of 

neural correlates may further establish the ongoing processes of transfer effects following WM training 

(Katz et al., 2017). Indeed, WM has been described to involve a large number of brain areas since it is 

involved in numerous higher order cognitive functions (Eriksson, Vogel, Lansner, Bergström, & Nyberg, 
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2015). Besides, recent functional imaging evidence indicates an interaction of WM paradigms with the 

motor system (Marvel et al., 2019). It has been described that sub-regions of motor structures in the brain 

are simultaneously participating in motor but also cognitive processes and that varying capacity of WM 
among individuals can be associated to recruitment of the motor networks in order to maintain WM 

performance (Marvel et al., 2019).  

 It can thus be summarized, that the former question regarding the efficacy of cognitive training is 

recently being replaced by the need of studying what mechanisms are trained, under which conditions 

they might work and what processes may be related to training and outcome tasks in order to induce 

transfer effects. By targeting those questions, it can be understood how cognitive training has the 

possibility to adapt the individual cognitive potential and thus induce cognitive plasticity. In two studies, we 

aimed at overcoming the described challenges by 1) investigating a theory-driven WM training with and 
without inclusion of distractor inhibition as possible task-related process in comparison to other WM 

training strategies in a methodologically well-designed clinical trial in healthy old adults (B) and 2) studying 

the additive and interactive neural and behavioral mechanisms induced by motor and WM training by 

applying functional connectivity measures (C).  
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5 Original Research on Underlying Mechanisms of Working Memory Training 

5.1 Development of a Model-based Working Memory Training with and without 
 Distractor Inhibition and Investigation of its Comparative Efficacy 
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Abstract 21 

Background: Various working memory (WM) trainings have been tested, but differences in 22 
experimental designs, lack of theoretical background and need of identifying task-related 23 
processes such as filtering efficiency limit conclusions about their comparative efficacy. 24 
Objectives: In this study we compared the efficacy of a model-based WM training with 25 
(MB+) and without (MB) distractor inhibition on improving WM capacity to a dual-n-back 26 
and active control condition.  27 
Methods: This randomized clinical trial included 123 healthy elderly adults (78 women, 45 28 
men; aged 64.1±8.3 years). All groups underwent twelve 40-min training sessions over three 29 
weeks and four cognitive testing sessions. The first two sessions served as double-baseline to 30 
account for practice effects. Primary outcome was WM capacity post-training measured by 31 
complex span tasks. Near and far transfer was assessed by simple span, n-back, visuospatial 32 
and verbal learning, processing speed and reasoning tasks.  33 
Results: Due to preliminary termination (COVID-19) 93 subjects completed the post-training 34 
and 60 the follow-up session. On whole group level, practice-effects occurred from pre-35 
baseline to baseline in WM capacity (b = 4.85, t(103) = 4.01, p < .001, r = 0.37). Linear mixed 36 
effects models revealed a difference in WM capacity post-training between MB+ and MB (b = 37 
-9.62, t(82) = -2.52), p = .014, r = 0.27) and a trend difference between MB+ and dual-n-back 38 
(b = -7.59, t(82) = -1.87), p = .065, r = 0.20) and control training (b = -7.08, t(82) = -1.86), p = 39 
.067, r = 0.20). Univariate analyses showed an increase between pre- and post-training for WM 40 
capacity within MB+ (t(22) = -3.34, p < 0.05) only. There was no difference between groups 41 



 
pre- and post-training regarding near and far transfer. Univariate analyses showed improved 42 
visuospatial learning within MB+ (t(21) = -3.8, p < .05), improved processing speed (t(23) = 43 
2.19, p < .05) and n-back performance (t(23) = 2.12, p < .05) in MB and improved n-back 44 
performance (t(25) = 3.83, p < .001) in the dual-n-back training. 45 
Interpretation: A model-based WM training including filtering efficacy may be a promising 46 
approach to increase WM capacity and needs further investigation in randomized controlled 47 
studies. 48 
 49 

1 Introduction 50 
Working Memory (WM) refers to a cognitive system which temporarily maintains, stores and 51 
manipulates information and acts as an interface between perception, long-term memory and 52 
action (Baddeley 2003, 2012). This definition emphasizes WM as a top-down mental process, 53 
which has been shown to be crucial for higher-order cognitive functions such as problem 54 
solving, language comprehension, arithmetic and decision making (Diamond 2013). Thus, 55 
impairments of WM due to neurological, psychiatric and developmental disorder or as a 56 
result of aging have a large impact on work performances or daily functioning (Redick 2019; 57 
Glisky 2007). As a consequence, WM trainings were developed, aiming at increasing WM 58 
capacity (Katz, Shah, and Meyer 2017; Melby-Lervåg, Redick, and Hulme 2016).   59 
 Following the first promising results of WM training studies (Klingberg et al. 2005; 60 
Jaeggi et al. 2008) the field emerged and resulted in a large body of literature with the 61 
common aim of investigating the efficacy of various approaches to improve WM capacity. In 62 
experimental studies, the efficacy of WM trainings is typically investigated by the extent of 63 
transfer effects, i.e., if possible gains can be generalized to untrained cognitive tasks 64 
(Teixeira-Santos et al. 2019). Transfer effects can either occur as near transfer, which 65 
describes improvement on untrained tasks similar to the trained tasks (e.g. an untrained WM 66 
task) or as far transfer, describing improvement on a task of a different cognitive function 67 
(e.g. a fluid intelligence task) (Teixeira-Santos et al. 2019; Jaeggi et al. 2008). Although 68 
literature agrees on the efficacy of WM trainings in producing near transfer effects, far 69 
transfer effects remain a much-debated topic up to date. Indeed, meta-analytic reviews 70 
described near transfer effects to verbal and visuospatial WM tasks following WM trainings 71 
(Melby-Lervåg, Redick, and Hulme 2016; Soveri et al. 2017; Karbach and Verhaeghen 2014; 72 
Teixeira-Santos et al. 2019; Basak, Qin, and O’Connell 2020), which, moreover, maintained 73 
in older healthy adults in the long term (Teixeira-Santos et al. 2019). Although far transfer 74 
effects were reported following WM trainings (Soveri et al. 2017), they have been described 75 
to be small (Karbach and Verhaeghen 2014; Teixeira-Santos et al. 2019; Basak, Qin, and 76 
O’Connell 2020) and it has been concluded that there is no convincing evidence for far 77 
transfer effects (Melby-Lervåg, Redick, and Hulme 2016).  78 
 One main challenge in WM training research displays the diversity of training 79 
programs, which has been suggested to explain the controverse results of transfer effects 80 
(Pergher et al. 2020). So has type of training been described as a mediating factor of WM 81 
training efficacy (Teixeira-Santos et al. 2019; Morrison and Chein 2011). Indeed, various 82 
WM training approaches have been proposed over the last decades. Whereas strategy-based 83 
trainings aim at promoting specific strategies that facilitate the encoding, maintenance or 84 
retrieval of information, multidomain trainings lay their focus on training multiple cognitive 85 
functions next to WM with aiming at improving at least one of the trained functions 86 
(Morrison and Chein 2011; Karbach and Verhaeghen 2014). Process-based WM trainings, 87 
however, focus on training the core mechanisms of WM (Morrison and Chein 2011; Teixeira-88 
Santos et al. 2019) and are usually computerized. Typically, they are either based on simple 89 
span tasks targeting the storage component of WM (Klingberg et al. 2005; Könen, Strobach, 90 



 
and Karbach 2016) or complex span tasks that target the updating, binding and processing 91 
function of WM (Redick and Lindsey 2013). While span trainings typically include multiple 92 
task, the “dual n-back training” (Jaeggi et al. 2008) is a widely used process based WM 93 
training assuming that visual and auditory WM are trained concurrently in one single task 94 
using auditory and visuospatial stimuli (Morrison and Chein 2011). However, it has been 95 
concluded that using different training tasks on multiple components of WM is more 96 
effective in producing near and far transfer gains compared to single-task trainings (Basak, 97 
Qin, and O’Connell 2020). The vast number of training paradigms may explain varying 98 
transfer effects, however hamper the possibility of comparing studies (Pergher et al. 2020). 99 
For this reason, recent WM training studies attempt to overcome this issue by investigating 100 
different training paradigms simultaneously to study their comparative efficacy. A direct 101 
comparison of a spatial n-back and a verbal complex span training showed near transfer from 102 
the n-back trainings to a new form of n-back task only, whereas no transfer was found for 103 
complex span trainings (Minear et al. 2016; Holmes et al. 2019). Furthermore, it has been 104 
described that n-back and complex span trainings do not only differ in their effectiveness on 105 
transfer but also in their underlying neural mechanisms (Blacker et al. 2017).  106 
 Additional factors have been identified to explain the controversial evidence of 107 
transfer effects. For instance, not all studies included active control groups undergoing a 108 
sham intervention in their design even though this has been suggested to be crucial in order to 109 
lead to evidence, that the WM training is causal for improvements in untrained tasks (Melby-110 
Lervåg, Redick, and Hulme 2016). Further, the repeated administration of WM capacity tests 111 
to assess training gains has been shown to lead to practice effects (also refered to as retest or 112 
learning effects), which could overestimate the actual net training gains of WM trainings 113 
(Scharfen, Jansen, and Holling 2018). Although high practice effects have been described 114 
from the first to second test administration (Scharfen, Jansen, and Holling 2018), their control 115 
is mostly neglected in study designs. Moreover, the fact that most WM training programs 116 
were not based on  theoretical models may have hampered optimal treatment effects and the 117 
understanding of the underlying mechanisms (Von Bastian and Oberauer 2013). Indeed, a 118 
WM training based on Baddeley’s WM model focusing on storage, selective attention and 119 
central executive processes was tested on its efficacy in a clinical trial in healthy old adults 120 
(Weicker et al. 2018). Each subprocess of WM was trained by a task to remember cards 121 
(storage module), focus on specific aspects of cards (selective attention module) and sort 122 
cards (manipulation module). The authors reported an increased WM performance on 123 
untrained tasks and an increase in everyday life activities, however, no far transfer was 124 
described, which was explained through the limited diverseness of the used training tasks 125 
(Weicker et al. 2018). Despite no far transfer was found, only a model-based structure of the 126 
training allows to draw conclusions on underlying processes that were trained and to identify 127 
task-related processes that may induce far transfer effects.  128 
 At last, task-related processes have been described to improve WM performance 129 
following training  (Minear et al. 2016). Indeed, inhibitory abilities such as filtering 130 
efficiency – the ability to exclude irrelevant information from assessing WM (Li et al. 2017) - 131 
have been shown to render WM more efficiently than WM training alone (Schmicker et al. 132 
2016). It has been described that older adults have difficulties to suppress task-irrelevant 133 
information during visual WM encoding and thus WM trainings are needed that train the 134 
exclusion of irrelevant information during WM encoding (Gazzaley et al. 2008; Jost et al. 135 
2011). Indeed, a comparative study showed the same extent of improvement on WM tasks 136 
following filtering training on distractor inhibition compared to a WM training only (25). 137 
Nevertheless, only one study addressed far transfer following filtering efficiency training and 138 
did not find effects (Li et al. 2017). Additionally, although training of filtering efficiency has 139 
been associated with increased visual WM (Li et al. 2017), its effect on verbal WM has not 140 



 
been investigated yet. Thus, in order to understand if suppression of irrelevant information 141 
could display a task-related process for transfer effects following WM training, filtering 142 
efficiency should be embedded in verbal and visuospatial WM tasks. So far, no WM training 143 
study implemented filtering efficiency in WM tasks. 144 
 In summary, various approaches have been tested but no clear conclusion about their 145 
comparative efficacy can be drawn. They main cause of this uncertainty relates to the lack of 146 
theoretical background, differences in terms of experimental designs and the need of 147 
identifying task-related processes. In this parallel group randomized clinical trial we aimed at 148 
testing the efficacy of WM training based on Baddeley’s multicomponent model (Baddeley, 149 
Hitch, and Bower 1974; Baddeley 2003; Baddeley, Allen, and Hitch 2011), which 150 
additionally trains filtering efficiency by 1) embedding it in the WM training and 2) targeting 151 
both verbal and visuospatial modalities. Whereas most WM trainings include tasks for 152 
training the phonological loop, visuospatial sketchpad and central executive, our training 153 
additionally includes a task for the episodic buffer resulting in a model-based WM training 154 
(MB). We implemented novel task levels that target filtering efficiency in the context of WM 155 
and added them to the MB training (MB+). Both trainings (MB and MB+) will be tested for 156 
their efficacy in improving WM performance by comparing them to a dual n-back training 157 
(Jaeggi et al. 2008) and an active control group. In order to minimize the learning effects 158 
related to the repetition of the assessment, a double baseline design is implemented as 159 
suggested previously (McCaffrey and Westervelt 1995; Duff et al. 2001). We hypothesize, 160 
that the MB+ training shows superiority in improving WM performance and inducing transfer 161 
effect compared to a dual-n-back training and an active control group. 162 
 163 

2 Materials and Methods 164 
2.1 Participants  165 
Based on our power calculations, we targeted to include a total of 120 subjects as the final 166 
sample with complete study termination, yielding 30 subjects in each of the four intervention 167 
groups to reach a moderate effect size (power = 0.8 and alpha = .05, two-sided). Subjects were 168 
recruited through online advertisement, advertisement in public transportation and courses for 169 
seniors at the University of Basel. Inclusion criteria were the presence of an informed consent 170 
as documented by signature and age 50 years old or older. Participants were excluded if they 171 
had 1) a medical history of psychiatric or neurological disorder assessed with a health status 172 
questionnaire and the Montgomery Åsperg Depression Rating Scale; MADRS (Montgomery 173 
and Asberg 1979), 2) a history of substance abuse, 3) a Benzodiazepine intake on a daily basis, 174 
4) a colour vision deficiency defined by less than 13 correct answers at the Ishihara test 175 
(Ishihara 1987), 5) disability upper limbs that limits the use of tablet devices or 6) less than 26 176 
points on the Montreal Cognitive Assessment (MoCA; (Nasreddine et al. 2005)). Written 177 
informed consent was obtained from each participant after a detailed explanation of the study 178 
procedures. The study was approved by the local ethics committee (Ethikkommission 179 
Nordwest und Zentralschweiz) and was conducted in accordance with the Declaration of 180 
Helsinki. Participants were reimbursed with CHF 100.- for their participation.  181 
2.2 Experimental Design and Procedures 182 
A longitudinal, parallel-group, randomized controlled trial design was employed. Although the 183 
study was designed as double blind and participants had no information about the performed 184 
training, it is not possible to fully blind the participants towards detecting which training group 185 
they were allocated to. For this reason the study is refered to as single-blind. After initial 186 
recruitment over the phone, participants were invited to our institute for a thirty-minute 187 
screening session where the eligibility criteria were verified for each participant and written 188 
informed consents were obtained. After inclusion in the study, all participants underwent four 189 



 
cognitive assessment sessions. The first two sessions (pre-baseline and baseline) took place 190 
within three weeks. At the second session (baseline), participants were randomly allocated to 191 
one of the four experimental groups using a minimization approach stratifying the sample 192 
regarding age and education. At baseline, participants received the tablet device with the 193 
corresponding training as well as a detailed explanation of it. To ensure the single blindness of 194 
the study, the study personnel were divided in training explanators, which explained the tablet 195 
and the training and provided a short example of each task to the subjects, and cognitive testers. 196 
Training explanators were not involved in any procedures addressing the cognitive testing. 197 
After the second session, participants were asked to train three weeks on the tablet devices at 198 
home. After three weeks and the completion of training program, participants underwent a third 199 
assessment session to capture possible training effects. An additional assessment session was 200 
performed at 12 weeks after the completion of training to investigate long-term effects.  Each 201 
assessment session took place in a single subject setting and had a duration of approximately 202 
two hours (Fig. 1).  203 
2.3 Trainings  204 
The participants performed the trainings at home using touch-screen tablet devices provided 205 
by the research group. All trainings were implemented using Java in Android Studio v1.5.1 206 
(https://developer.android.com/studio/index.html) and downloaded on Lenovo TAB A10 with 207 
Android 4.4 as operating system. All tasks were based on an adaptive design where difficulties 208 
of the tasks were modulated according the participants’ performance. In order to guarantee a 209 
comparability of the trainings, the four training regimes were created by using the same visual 210 
design, length of the training session and number of sessions. All participants were instructed 211 
to train for three weeks, four sessions a week, 45 minutes each. In order to assess adherence to 212 
this training regimen the date and time of each training were logged and participants were 213 
additionally asked to note the date and time of completed training in a diary. Participants were 214 
allowed to choose the four days of training in one week, however, the training was programmed 215 
in a way that only one training session was possible each day. Participants were included in the 216 
final analysis upon completion of a minimum of 80% of the training (9 training sessions).  217 
2.3.1 MB and MB+ Training  218 
Our in-house developed model-based WM trainings aimed at training participants on 219 
visuospatial and verbal WM as well as the central executive and episodic buffer function of 220 
WM on the theoretical ground of the multicomponent model (Alan Baddeley, Hitch, and Bower 221 
1974).  222 
Based on literature review, for each component – phonological loop, visuospatial sketchpad, 223 
episodic buffer and central executive - the task with the highest reliability and validity was 224 
chosen as the basis for the MB and MB+. For both trainings, the assessment tasks were then 225 
transformed into a training task by creating adaptive levels of difficulty based on number of 226 
items and speed. For the MB+, additional levels were created based on distractor inhibition 227 
corresponding to filtering efficiency for the visuospatial sketchpad and phonological loop tasks 228 
(Li et al. 2017; Baddeley 2012). Table  1 provides an overview over tasks and levels of the MB 229 
and MB+ trainings. For the phonological loop, a simple letter span test was used as the basis of 230 
the training task. For the MB training, increasing item length was used as level of difficulty. In 231 
order to incorporate distractor inhibition for the MB+ training, 1) presence of irrelevant 232 
background sounds on the ground of the “irrelevant noise effect” and 2) presentation of 233 
dissimilar or similar digits of items following the “similarity effect” (Baddeley 2003) was 234 
added to the increased sequence length as additional difficulty levels. For the visuospatial 235 
sketchpad, a visual pattern span test (Della Sala et al. 1999) was the basis for the visuospatial 236 
subcomponent. In this task, participants were asked to recall the pattern of colored squares in 237 
a grid by filling in the right positions in an empty grid, whereas difficulty increased with the 238 



 
size of the grid. For the MB+ training, a level of difficulty was added by including an irrelevant 239 
visually loaded picture during the retention phase and the recall of the grid squares. A Corsi 240 
block tapping test (Baddeley 2003; Corsi 1972) formed the basis for the spatial subcomponent. 241 
In this task, participant had to recall flashing objects in the same order they appeared in the 242 
arrangement by tapping on the objects. The task improved in difficulty by increasing the item 243 
sequence. For the MB+ training, a haptic irrelevant movement task was added between the 244 
presentation and recall of the object sequence task to the increasing sequence length of the 245 
presented items. The central executive component was targeted with a dual task in order to 246 
address the ability to focus, divide and switch attention (Mohr and Linden 2005; Logie et al. 247 
2000). For the dual-task, participants were asked to complete a visual recall task and 248 
simultaneously a phonological task of recognizing high and low tones. Difficulty increased by 249 
increasing the speed and number of items. For the episodic buffer, we implemented a unimodal 250 
binding task where a spatial order of letters embedded in a frame are presented on a stimulus 251 
slide. Participants were asked to remember the exact position and letter and recall both in probe 252 
slides. Increased difficulty was achieved by adding letter/position combinations to the stimulus 253 
slide. The central executive and episodic buffer task were the same for both the MB and MB+ 254 
training.  255 
2.3.2 Dual n-back Training 256 
The basis for the dual n-back training was the widely used “dual-n-back training paradigm” 257 
(Jaeggi et al. 2008). A complex dual n-back task including a visual and an auditory WM task 258 
was implemented according to the original publication, fit to tablet devices and designed to 259 
assure the comparability with the other trainings. We used our implemented graphic items 260 
instead of squares for the visuospatial task and letters in German language. Except for these 261 
adaptions, all parameters on item presentation and retention phases were kept as implemented 262 
in the original version.  263 
2.3.3 Control Training 264 
As a last comparator group, we included an active control intervention, since active control 265 
groups have been suggested to be more reliable in order to prove the specificity of WM training 266 
effects (Weicker, Villringer, and Thöne-Otto 2016) and have the function to be able to control 267 
for intervention and Hawthorne effects (von Bastian and Oberauer 2014). The control 268 
intervention in our study was as well developed in-house and consisted of three training tasks 269 
addressing manual dexterity, visual-motor coordination and fine motor control. For the manual 270 
dexterity task, subjects had to execute a series of finger movements following a visual cue and 271 
were asked to touch circles on the tablet screen that will change color with the corresponding 272 
finger. With increasing level, the speed of the presented visual cue and the number of cues 273 
increased. For the visual-motor coordination task, the participants are asked to follow the lines 274 
of presented letters which they heard also through headphones. With increasing difficulty, the 275 
letters were displayed incomplete and subject had to complete the presented letter which they 276 
heard by drawing them on the tablet. For the fine motor control task, the participants were 277 
asked to erase presented moving objects on the screen by executing a swishing movement using 278 
the index finger in a dedicated strip at the bottom of the screen. With increasing difficulty, the 279 
number of objects moved from the top of the screen to the bottom increased as well as the 280 
speed of the objects moving down.  281 
2.3.4 Expectation Towards Improvement 282 
The comparability of the four trainings and the expectations towards the improvement in the 283 
main outcomes of the different trainings were tested in a separate group of subjects not included 284 
in the trial. Volunteers aged around 50 years or older were ask to test the training for a few 285 
days and give feedback about their expectation for improving in WM tasks following the 286 
training. After a detailed explanation the training and the main outcome measures, we asked a 287 



 
total of 20 people (five for each training group) in the similar age range of the target sample 288 
(M = 60.58, SD = 10.35) on how much they would expect to improve on the main outcome 289 
after perceiving the training. They had to rate their improvement on a 10-point Likert scale 290 
from 0 = “I will not improve in this task by this training at all” to 10 = “I will improve in this 291 
task through this training very much”. A Kruskal-Wallis Test was applied to investigate if the 292 
groups differ in their expectancy ratings. The results yielded no significant differences between 293 
the groups, indicating that participants had similar expectations towards the efficacy of the 294 
training and would therefore not detect the control training as such.  295 
2.4 Cognitive Assessment  296 
Cognitive assessment was performed at all four sessions in order to assess possible 297 
improvements on WM as well as near and far transfer. To cover a spectrum of transfer tasks, 298 
the assessment of cognitive functions included standardized tests (both pencil and paper as well 299 
as computerized tests) addressing WM, verbal and visual learning, processing speed and fluid 300 
intelligence. Parallel test forms were applied for tests investigating memory recall to further 301 
account for learning effects in the applied items. The assessments were performed at the 302 
Division of Cognitive Neuroscience by trained psychologists. 303 
2.4.1 Working Memory  304 
To investigate the near transfer of the trainings to WM, tasks were included that assess the 305 
storage, rehearsal and processing functions of WM. In old age it has been shown, that age-306 
related effects in complex WM span tasks are higher than in single span tasks, since complex 307 
WM span tasks require the coordination of concurrent storage and processing, which is absent 308 
in single span tasks. Indeed, larger decreases in performance have been shown for complex 309 
WM span tasks than for single span tasks (Bopp and Verhaeghen 2005). In addition, it has been 310 
stated that a more ‘pure’ measure of WM capacity can be derived from using three complex 311 
span tasks than from only using one measure to assess WM (Conway et al. 2005). For these 312 
reasons, WM transfer as a main outcome was assessed using the shortened versions of the 313 
Rotation Span Task, Symmetry Span Task and the Operation Span Task (Foster et al. 2014). It 314 
has further been shown, that the complex WM span tasks measure a domain-general capacity 315 
of WM and highly correlate with each other even though the altering content of the single task 316 
(Foster et al. 2014). For this reason, already in previous studies complex WM tasks were 317 
translated into a composite score (Borella and Carretti 2008; Chiaravalloti, Genova, and 318 
DeLuca 2015). In our study, we similarly created a composite score out of the operation, 319 
rotation and symmetry span tasks by building a sum of the partial score of each task, which 320 
then was used as the main outcome in the statistical model. 321 
2.4.2 Near Transfer  322 
In order to exploratory investigate, if possible training gains are limited to the underlying tasks 323 
of the model-based trainings, we included the Corsi Block Tapping Test which assesses 324 
Visuospatial WM (Corsi 1972) and as well as a visuospatial n-back task (Bürki et al. 2014) and 325 
the Forward and Backward Digit Span (WAIS-IV (Wechsler 2008)) task which assesses  326 
auditory WM. Near transfer to the WM related cognitive functions verbal learning were 327 
assessed using the Rey Auditory Verbal Learning Test (RAVLT (Schmidt 1996)), to recall of 328 
nonverbal information the Rey Osterrieth Complex Figure Test (ROCFT (Rey 1941; Osterrieth 329 
1944)) and to executive functions were measured using the Trail Making Test form A and B 330 
(Reitan 1958).  331 
2.4.3 Far Transfer  332 
Reasoning abilities were assessed using Raven’s Standard Progressive Matrices (SPM (Raven 333 
and Court 1996)). In order to reduce the administration time, a 9-item short form of the SPM 334 
has been crated and extensively tested on its psychological property in healthy controls and 335 



 
patients with schizophrenia. Results revealed a correlation of r = .9836 (Form A) and r = .9782 336 
(Form B) with the original 60-Item form of the SPM which let the authors conclude, that the 337 
properties of the short forms are comparable to the original form of the SPM (Bilker et al. 338 
2012). As a last secondary outcome measures, the Depression, Anxiety and Stress Scale 339 
(DASS-42 (Lovibond and Lovibond 1995)) was used to assess depression, anxiety and stress 340 
symptoms.  341 
2.5 Statistical Analysis  342 
Demographic factors were compared among groups using ANOVAs and chi-square test. 343 
Baseline differences were analysed using an ANOVA model with baseline performance as 344 
outcome and group as the between group factor. In order to investigate possible repetition 345 
effects between the pre-baseline and baseline session, a linear mixed-effects model was carried 346 
out on the whole group level with session as the within-subjects factor on test performance on 347 
all tasks. 348 

In order to analyse the training gains in all outcome tasks, pre- and post-training session 349 
of the outcome measures were analysed using a linear mixed-effects model with the interaction 350 
term session x training group as fixed effect and study participant as random effect. An 351 
advantage of applying linear mixed-effects models in the analyses of longitudinal data is the 352 
ability to account for missing data points (Krueger and Tian 2004). For this reason, subjects 353 
were also included in the analyses if they did not complete all sessions due to the early 354 
termination of the study. In order to investigate the superiority to other training approaches, the 355 
MB+ training was set as baseline comparator using an a priori contrast. F statistics were gained 356 
by running an ANOVA over the linear model using type II sums of squares. The same statistical 357 
analyses were applied for the long-term gain analyses between the post-training and follow up 358 
session at three months. In order to investigate differences in means pre- and post-training and 359 
post-training to follow up, univariate analyses within the groups were done on all complete 360 
cases using paired t-tests. For each statistical analysis, a p-value < 0.05 was considered as 361 
significant. All data were analyzed in R Studio, Version 1.2.1335 (R Core Team 2013).  362 

3 Results  363 
Due to the COVID-19 pandemic and subsequently unplanned early determination of the study 364 
the aimed sample size could not be reached. Between July 02, 2019 and the early termination 365 
on March 13, 2020, 161 participants from the German speaking part of Switzerland were 366 
screened for participation, of whom in total 38 either did not meet the eligibility criteria, 367 
withdrew interest before the study start or could not start due to the COVID19 outbreak. 123 368 
healthy subjects aged from 50-81 (78 women and 45 men; aged 64.1±8.3 years) were included 369 
in the study and completed the pre-baseline session. 109 (68 women and 41 men; aged 64.5±8.2 370 
years) completed the pre-baseline and the baseline session. 93 subjects (59 women and 34 men; 371 
mean age: 64.3±7.8 years) completed the pre-baseline, baseline and post-training session as 372 
well as the training period. Out of this sample, 60 subjects completed the whole study 373 
participation (42 women and 18 men; mean age: 64.2±7.2 years). Figure 2 shows the trial 374 
profile and included sample. Demographics of the included sample at pre-baseline are listed in 375 
Table 2. All 123 subjects were randomized to one of the four training groups after the pre-376 
baseline yielding an n = 29 in the MB+, n = 32 in the MB and n = 33 in the dual n-back training 377 
group and n = 29 in the control intervention group. All groups did not differ (p < .05) in age, 378 
years of education, MoCA, MADRS and Ishihara score at pre-baseline.  379 
3.1 Training Data 380 
93 participants received a tablet for training and were instructed to train four times a week for 381 
3 weeks. Two participants were excluded for the analyses of pre- and post-training performance 382 
since one participant completed three and another one 24 training sessions. In average, 383 



 
participants completed 11.82 ± 0.81 training sessions. 75 out of 92 subjects (81.5%) completed 384 
12 training sessions, however, 90 subjects (97.8%) of the included 92 participants completed 385 
the for the inclusion required 80% percent of the training (9 or more training sessions).  386 
3.2 Analyses of Baseline Performance at Whole Group Level 387 
Results indicated no difference in baseline performance for the complex span score between 388 
all groups in neither the pre-baseline ((F(3, 115) = 1.60, ns) nor the baseline session ((F(3, 102) 389 
= 1.04, ns) for the complex span composite score.  390 

Regarding the near transfer tasks, no difference between all groups in baseline 391 
performance neither at the pre-baseline nor baseline were present. For the other outcomes of 392 
interest, only the digit span task showed a significant group difference between groups at the 393 
pre-baseline (F(3, 119) = 3.52, p < 0.05), however the group difference was not present at the 394 
baseline session. For the corsi block tapping test, and the n-back test groups did not differ in 395 
their performance at pre-baseline or baseline. 396 
3.3 Analyses of Practice Effects Between Double-baseline at Whole Group Level 397 
A linear mixed-effects model comparing the pre-baseline to the baseline performance in the 398 
complex span composite score revealed a significant effect for session (χ2(1) = 16.20, p < .001), 399 
indicating a repetition effect. On the whole group level, there was significant increase in 400 
performance on the complex span composite score at baseline compared to pre-baseline (b = 401 
4.85, t(103) = 4.01, p < .001, r = 0.37), despite no training took place between these sessions. 402 

Regarding the transfer tasks, there were significant effects for session in the 30 min 403 
recall of the ROCFT (χ2(1) = 19.4, p < .001) with a significant increase in performance at 404 
baseline compared to pre-baseline (b = 2.07, t(108) = 4.38, p < .001, r = 0.39), the TMT Form 405 
B (χ2(1) = 18.37, p < .001) with a significant decrease in reaction time at baseline compared to 406 
pre-baseline (b = -9.61, t(108) = -4.27, p < .001, r = 0.38), the n-back task (χ2(1) = 10.51, p < 407 
.01) with a significant decrease in wrong answers at baseline compared to pre-baseline (b = -408 
2.92, t(106) = -3.23, p < .001, r = 0.30), the DASS anxiety subscale (χ2(1) = 4.80, p < .05) with 409 
a significant decrease in score at baseline compared to pre-baseline (b = -0.37, t(106) = -2.18, 410 
p < .05, r = 0.21), the DASS depression subscale (χ2(1) = 5.59, p < .05) with a significant 411 
decrease in score at baseline compared to pre-baseline (b = -0.55, t(106) = -2.35, p < .05, r = 412 
0.22) and the DASS stress subscale (χ2(1) = 4.52, p < .05) with a significant decrease in score 413 
at baseline compared to pre-baseline (b = -0.79, t(106) = -2.12, p < .05, r = 0.20). No changes 414 
between the two assessment sessions were found for the RAVLT, the SPM, the Corsi test and 415 
the digit span test. All means and standard deviations of the pre-baseline and baseline session 416 
are displayed in table 3. 417 
3.4 Training Effects on the Complex Span Composite Score 418 
The linear mixed-effects model revealed a significant main effect for session (χ2(1) = 10.56, p 419 
= .001) and a tendency for significance in the interaction group x session (χ2(3) = 7.29, p = 420 
.063) for the composite score between baseline and post-training. Setting the MB+ group as an 421 
a priori contrast showed, that there was a significant difference post-training between the MB+ 422 
and the MB training (b = -9.62, t(82) = -2.52), p = .014, r = 0.27) and a tendency for significance 423 
in the comparison between the MB+ and the dual-n-back training (b = -7.59, t(82) = -1.87), p 424 
= .065, r = 0.20) and the control intervention (b = -7.08, t(82) = -1.86), p = .067, r = 0.20). 425 
From post-training to the follow-up at 3 months, the linear mixed effects model showed no 426 
significant effects for group (χ2(3) = 1.56, p = ns), session (χ2(1) = 0.40, p = ns) or the 427 
interaction between group and session (χ2(3) = 2.99, p = ns) for the complex span composite 428 
score.  429 

Results of univariate analyses showed a significant within group difference between the 430 
pre- and post-training session in the MB+ training group (t(22) = -3.34, p < 0.05). All other 431 
trainings and the sham interventions showed no differences in pre- and post-training on the 432 



 
complex span composite score in univariate analyses. Results show no significant group effect 433 
for the difference of the complex span composite score between post-training and follow up 434 
after 3 months. As well the univariate analyses showed no significant differences in the 435 
composite score between the post-training and follow up in the MB+, MB and dual-n-back 436 
training. However, the univariate analyses of the control training showed a significant decrease 437 
in performance on the composite score from the post-training session to the follow up (t(13) = 438 
2.56, p < .05). Mean, standard deviation and effect sizes for the univariate within group 439 
analyses are reported in table 4. 440 
3.5 Analyses of Near, Far Transfer and Additional Outcomes  441 
The linear mixed-effects models applied to investigate the training gains between groups for 442 
all transfer tasks showed a significant interaction effect for the TMT form B (χ2(1) = 8.06, p = 443 
.04). The contrast however revealed no significant difference between any of the groups with 444 
the MB+ training. All other models yielded no significant interaction effects for near or far 445 
transfer measures pre- to post-training. There was a significant effect for session in the RAVLT 446 
(χ2(1) = 4.89, p = .03), the ROCFT (χ2(1) = 6.54, p = .01) and the n-back task (χ2(1) = 19.27, p 447 
< .001) in the linear mixed-effects models testing group differences to the MB+ training. 448 
Additionally, a significant group effect was present in the n-back task (χ2(1) = 8.4, p = .04). 449 
For all other tasks, neither group nor session main effects were present.  450 

Regarding the post-training to follow up, the linear mixed-effects model showed a 451 
significant interaction between group and session for the DASS stress subscale (χ2(3) = 19.27, 452 
p < .001). The investigation of the contrasts showed a significant difference at the follow up 453 
session between the control group (b = 2.88, t(51) = 2.54), p = .014, r = .33) as well as the dual-454 
n-back training (b = 2.49, t(51) = 2.28), p = .027, r = .30) and the MB+ training. Furthermore, 455 
there was a significant main effect for session in the TMT form B (χ2(1) = 4.43, p = .04) and a 456 
significant effect for group in the n-back task (χ2(1) = 8.98, p = .03). All other outcome 457 
measures showed no effects for the group, session and interactions between group and session. 458 
All linear mixed-effects model outcomes for the interaction effects are reported in table 5.  459 

The univariate analyses within the MB+ group showed a significant improvement on 460 
the ROCFT 30 min recall post-training (t(21) = -3.8, p < .05), indicating a transfer effect to this 461 
task. All other within group comparisons showed no significant changes, neither at pre-training 462 
to post-training nor comparing post-training and follow up. The within group analyses of the 463 
MB training showed a significant decrease in reaction time post-training in the TMT form B 464 
(t(23) = 2.19, p < .05) and a significant decrease in wrong answers at the n-back test post-465 
training (t(23) = 2.12, p < .05).  There were no other training related changes or changes at the 466 
follow up session.  For the dual-n-back training, a significant decrease in wrong answers in the 467 
n-back task were found post training (t(25) = 3.83, p < .001). There were no other changes in 468 
the transfer tasks comparing pre- and post-training. There were also no changes between the 469 
post-training and follow up session. Within group analyses of the control training showed no 470 
training related changes comparing pre- and post-training. However, there was a significant 471 
increase in the DASS depression (t(13) = 2.19, p < .05) and the DASS anxiety subscale (t(13) 472 
= -2.75, p < .05) at the 3-moth follow up. There were no other training-related changes or 473 
changes between the post-training and follow up session. 474 
 475 

4 Discussion  476 
In this parallel group randomized clinical trial we investigated two computerized WM trainings 477 
based on the multicomponent model (A. Baddeley, Hitch, and Bower 1974) with (MB+) and 478 
without (MB) inclusion of distractor inhibition on their efficacy of improving WM 479 
performance and inducing transfer effects. Both trainings were compared to a dual n-back 480 
training and an active control intervention in healthy old adults. After accounting for practice 481 



 
effects, only the MB+ training group shows an improvement in WM capacity tasks. Compared 482 
to a model-based, a dual-n-back and a control training, the MB+ training shows an overall 483 
tendency for superiority in improving WM capacity, which was particularly evident compared 484 
to the MB training. The dual-n-back, MB and control group showed no improvements on WM 485 
capacity. Regarding transfer to trained and untrained cognitive functions, the MB+ group 486 
showed an improvement in visuospatial learning, the MB group an improvement in a 487 
processing speed and visuospatial n-back task and the dual-n-back group an improvement in 488 
an untrained visuospatial n-back task. In the direct comparison among trainings, transfer effects 489 
were only detected to the processing speed and a visuospatial n-back task following the MB 490 
training. From post-training to the 12-week follow up, the control training group showed a 491 
decrease in performance on WM capacity tasks.  492 
 Our results show that although two trainings were developed on the basis of the same 493 
theoretical model, only the MB+ group, which include the distractor inhibition component 494 
improved the WM capacity. While the effect was only tendentially significant in the overall 495 
comparison between all trainings, this tendency is supported by the univariate analyses, which 496 
showed improvement on untrained WM capacity tasks only in the MB+ group, even after 497 
accounting for practice effects. This finding is in line with previous studies describing 498 
improvements on WM tasks following training on filtering efficacy (Shin et al. 2015; Li et al. 499 
2017; Schmicker et al. 2016). In comparison to previous studies that investigated filtering 500 
training and WM training separately, our results expand those findings in the sense that 501 
distractor inhibition was embedded in the WM training tasks. In addition, we found a near 502 
transfer effect to visuospatial learning following the MB+ training. Although a previous study 503 
on effects of filtering efficiency training did not find transfer effects to other cognitive 504 
functions, improvement specifically on visuospatial WM were described (Li et al. 2017). Since 505 
the improvement on visuospatial learning in our study was not present in the comparison to 506 
other trainings, further studies are needed in order to investigate far transfer effects of filtering 507 
in combination with WM training. Nevertheless, following our results and those of previous 508 
studies, the question arises, if filtering efficiency could constitute a task-related process of WM 509 
training in old age. Indeed, it has been suggested that filtering training seems to benefit WM 510 
improvement by increasing selection abilities which could in turn increase the efficiency of 511 
memory encoding (Schmicker et al. 2016). Additionally, it has been suggested that older adults 512 
use distractors in cognitive tasks as environmental support in order to counterbalance 513 
decreasing cognitive performance (Rumpf et al. 2019). In light of the previous suggested 514 
association between reduced WM capacity and reduced filtering efficiency in old age (Jost et 515 
al. 2011), training distractor inhibition in the context of a WM as implemented by the MB+ 516 
training could therefore enhance the selection ability during WM tasks and by that facilitate 517 
the completion of a complex WM task, which in turn enhances WM capacity.  518 
 This mechanism of action could also explain the absence of improvement on WM 519 
capacity following the MB training, which did not train distractor inhibition. In the direct 520 
comparison of the training approaches, differences between the trainings in regard to the 521 
transfer effect were only found for the TMT form B, indicating improved processing speed 522 
following the MB training. This effect is also supported by the univariate analyses, where 523 
improvement on the TMT form B and additionally small improvement on the visuospatial n-524 
back task was found. Although the TMT is designed to measure processing speed, it has been 525 
described that a simple span task explained most variance of the TMT form B, indicating a 526 
reflection of WM (Sánchez-Cubillo et al. 2009). Additionally, small effects on improvements 527 
on simple span tasks following n-back training have been reported previously (Soveri et al. 528 
2017). It could therefore be assumed, that the MB training with its tasks structured according 529 
to simple span affects WM-related tasks, however only a combination of the MB-tasks with 530 
distractor inhibition as implemented in the MB+ training has the ability to tap WM capacity. 531 



 
Still, in order to understand if the combination of distractor and WM training indeed displays 532 
a task-related process, future studies should investigate this combination of filtering and WM 533 
training compared to filtering training or WM training alone in order to understand its benefits 534 
for WM capacity in old age. 535 
 Besides the differences between the two model-based trainings, we investigated the 536 
efficacy of the MB+ training compared to a dual-n-back. Our results showed a tendency for 537 
difference between the MB+ and the dual-n-back training in regard to improved WM capacity, 538 
which is supported by the univariate analyses indicating an absence of training gains on WM 539 
capacity in the dual-n-back training. Additionally, improvement on an untrained visuospatial 540 
n-back task was found following the dual-n-back training. This finding is in line with a meta-541 
analysis which investigated the efficacy of 33 studies and described a moderate effect of 542 
transfer to untrained n-back tasks and a small effect to other untrained WM tasks, concluding 543 
that the transfer effects following n-back training remain task-specific (Soveri et al. 2017). 544 
Likewise, a comparison between a spatial n-back and a verbal complex span training showed 545 
no training gains to untrained complex span tasks but an improved performance on an untrained 546 
n-back task following the spatial n-back training (Minear et al. 2016). Holmes et al. (2019) 547 
correspondingly described an improvement on an untrained n-back task but no cross-paradigm 548 
transfer to a verbal complex-span task following n-back training in a direct comparison of both 549 
training paradigms. Additionally, a comparison between n-back and arithmetic updating 550 
training and their effects on updating and complex WM task yielded improvements only in 551 
outcome tasks that were structurally similar to the trained function (Linares et al. 2019). Our 552 
results therefore support previous studies which concluded, that transfer from n-back trainings 553 
in comparison to other training strategies is task-specific and extent those findings by drawing 554 
this conclusion in a sample of old adults. 555 
 Next to achieving improvements on untrained WM tasks, producing long-term and far 556 
transfer effects to other cognitive functions is of main interest. Our results suggest no far 557 
transfer from neither model-based (MB and MB+) nor dual-n-back training to reasoning 558 
measured by the SPM test. This is in line with previous research, which reported no far transfer 559 
to reasoning following WM training (G. Sala et al. 2019; Teixeira-Santos et al. 2019; Minear 560 
et al. 2016) and filtering training (Li et al. 2017). The lack of far transfer effects to reasoning 561 
performances following WM trainings may question the importance of WM training in the old 562 
population (G. Sala et al. 2019). However, amongst other factors that could explain the absent 563 
far transfer effects, the type of outcome measure has been suggested as a moderator, since 564 
slightly higher transfer effects were described in reasoning abilities measured with the Cattell 565 
test versus the SPM test (Teixeira-Santos et al. 2019). The authors suggest, that measures such 566 
as the Cattell test with its division in subtests may reflect reasoning more comprehensive and 567 
therefore highlight the importance of used measurement to assess training gains. Additionally, 568 
a recent study investigated the far transfer effect of WM training in old age by measuring 569 
everyday functioning, and reported improvements not only at post-test but also at a 6-month 570 
follow-up (Erika Borella et al. 2019). These findings indicate, that transfer effects can occur 571 
and highlights the importance of shifting the focus from investigating improvements on other 572 
cognitive tasks towards transfer to daily life activities in future studies. 573 
 At last, three methodological aspects in the field of WM training studies should be 574 
discussed. First, although practice effects have been described in in WM capacity tasks 575 
(Scharfen, Jansen, and Holling 2018), most WM training studies do not account for them in 576 
their study designs. Our results suggest substantial practice effects in complex span tasks as 577 
well as a visuospatial n-back task after a repeated test administration before training. This is in 578 
line with a meta-analysis, which described practice effects in WM tasks and specifically 579 
reported larger practice effects in updating, n-back, complex span and coordination tasks than 580 
for simple span tasks, concluding that unfamiliar and challenging cognitive tasks are more 581 



 
subject to practice effects (Scharfen, Jansen, and Holling 2018). As one explanation for the 582 
occurrence of practice effects, interference of anxiety has been described, which has been found 583 
to be reduced largest after a second and reaching a plateau after a fourth administration of 584 
cognitive testing (Jendryczko, Scharfen, and Holling 2019). In our sample, we found reduced 585 
scores on all three subscales of the anxiety, stress and depression scale at the second test 586 
administration and no changes in all three scores between pre- and post-training. Therefore, 587 
our results support previous findings suggesting that complex span and n-back tasks may be 588 
perceived as difficult by the participants and may induce stress and anxiety, which could further 589 
also be related to the unfamiliarity of the testing situation. Following our results, we suggest 590 
that perceived stress and anxiety may be reduced by a second test administration before the 591 
WM training and should therefore be taken into consideration in form of a double-baseline 592 
design in WM training studies. This approach could account for practice effects and hence help 593 
in detecting the true training gains following WM trainings.  594 
 Second, the selection of appropriate control condition displays an issue in WM 595 
training studies (Morrison and Chein 2011; Shawn Green et al. 2019). It has been 596 
recommended, that active control condition should be used in training studies in order to 597 
account for various effects such as familiarity of testing situation and motivation towards 598 
training (Melby-Lervåg, Redick, and Hulme 2016; Morrison and Chein 2011), however, that 599 
they are not properly controlling for expectancy effects (Boot et al. 2013; Morrison and 600 
Chein 2011). In our study the control condition consisted of a sham intervention with a 601 
similar design of the training conditions,  performed on the tablet device. A pilot 602 
investigation in a separate sample before the clinical trial yielded no differences between the 603 
trainings related to expectancy, indicating that the participants had similar expectations 604 
towards their improvements. Nevertheless, it has been suggested that mechanistic studies – 605 
whose goal is to identify underlying mechanisms – should additionally include a passive 606 
control group, which could help in the interpretation of absent differences (Shawn Green et 607 
al. 2019). In our study we did not include a passive control group. Nevertheless, our study 608 
design allowed conclusions regarding the mechanism of action, since only distractor 609 
inhibition was manipulated in one of the two model-based trainings. Future studies should 610 
carefully choose the appropriate control group(s) in order to gain insight in the trained 611 
mechanisms.  612 
Third, the variability of assessment tests, training tasks, paradigms and transfer measures has 613 
been suggested to be a severe issue in order to draw conclusions across studies (Pergher et al. 614 
2020). Although comparative studies – such as ours - help to counteract this issue, future 615 
studies should find a consensus for the assessment of transfer by using valid and appropriate 616 
tasks, which further investigate the application of the training in daily life (Pergher et al. 2020; 617 
Erika Borella et al. 2019). 618 
 Despite the vast control of methodological issues and theoretical considerations applied 619 
in this clinical trial, we have to acknowledge several limitations. First - and most important –, 620 
the a priori calculated sample size could not be reached due to the early termination of the 621 
study because of restrictive measures due to the COVID-19 pandemic. For this reason, the 622 
study is underpowered and conclusion have to be interpreted with caution. This is specifically 623 
evident in the interpretation of the long-term transfer measured at the 3-month follow-up. On 624 
the univariate level, we could interpret that all training groups remained on their levels except 625 
for the control group, that showed a decrease on WM capacity at 3-months follow up, indicating 626 
long-term effects on WM capacity improvement in the MB+ training. However, only half of 627 
the sample reached the follow up session and therefore this effect has to be interpreted with 628 
caution. Second, although the univariate analyses showed no improvements on WM capacity, 629 
the low power of the study due to the incomplete sample size could additionally account for 630 



 
the lack of significant difference between the active control group and MB+ training in the 631 
comparison of all trainings. The uncomplete recruitment led to unbalanced group size and 632 
therefore limits the conclusions that can be drawn from the described effects.  633 
 In conclusion, our study suggests that a model-based WM training in combination with 634 
distractor inhibition in the sense of filtering efficacy is a promising approach to induce 635 
improvements in WM capacity. Although the study is underpowered, it shows that a rigorous 636 
methodological control by accounting for practice effects and choice of adequate control 637 
condition can lead to insights on the effects of possible confounding factors. Future studies are 638 
needed to investigate the described mechanism of action in large scale comparative studies and 639 
their far transfer effects to activities of daily life. In this way, we can develop efficient training 640 
programs and study their transfer effects, whether it is for the enhancement of cognitive 641 
functions and their applicability in everyday life or as a basis for effective rehabilitation 642 
programs. 643 
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Table 1. Representation of training tasks according to each WM component of the 
multicomponent model (A. Baddeley 2012) and levels of difficulty for the MB and MB+ WM 
training.  
 Phonological loop 

(digit span) 
Visuospatial Sketchpad  
(pattern span & corsi) 

Central Executive 
(dual task) 

Episodic Buffer  
( binding task) 

MB  Increasing sequence 
length 

Increasing 
matrx size 

Increasing 
sequence length 

Increasing number 
of items  

Increasing number 
of probes 

 Adaptive Adaptive Adaptive Adaptive Adaptive 

MB+ MB 

+ irrelevant noise 
effect 

+ Similarity effect 

MB 

+ irrelevant 
picture effect 

MB 

+ irrelevant 
movement task 

MB MB 

Notes. MB; model-based WM training, MB+; model-based WM training with distractor inhibition. 

Table 2. Demographic characteristics of the included sample at the pre-baseline.  

 N Sex  
(f, m) 

Education 
(M±SD) 

Age 
(M±SD) 

MoCA 
(M±SD) 

MADRS 
(M±SD) 

Ishihara 
(M±SD) 

MB+ Training 29 17, 12 15.7 ± 3.5 64.3 ± 8.4 28.1 ± 1.3 0.7 ± 1.3 20.4 ± 3.8 

MB Training 32 21 11 16.4 ± 4.0 64.5 ± 8.8 28.4 ± 1.1 0.6 ± 1.0 21.7 ± 0.7 

Control Training 29 21, 8 15.3 ± 3.4 63.5 ± 8.1 28.3 ± 2.0 0.7 ± 1.1 21.9 ± 1.8 

Dual n-back Training 33 19, 14 15.1 ± 3.2 64.0 ± 8.2 28.2 ± 1.2 0.9 ± 1.6  21.5 ± 1.1 

Total 123 78, 45 15.6 ± 3.5 64.1 ± 8.2 28.3 ± 1.4 0.7 ± 1.2 21.4 ± 2.2 

Table 3. Means (M), standard deviation (SD) and test statistics comparing pre-baseline and 
baseline session on all outcome measures on the whole group level. 
 Pre-Baseline 

(M ± SD) 
Baseline 
(M ± SD) 

Pre-Baseline 
vs. Baseline (p) 

Effect Size 
(r) 

Complex Span Composite 
Score 50.65 ± 18.45 54.77 ± 19.38 < .001 0.37 

Near Transfer     
  ROCFT 30 min recall 20.83 ± 6.04 22.81 ± 5.56 < .001 0.39 
  RAVLT 30 min recall 10.98 ± 3.13 11.17 ± 2.84 n.s. - 
  TMT B (s) 84.45 ± 30.22 75.69 ± 27.75 < .001 0.38 
Far Transfer     
  SPM 6.13 ± 2.13 6.06 ± 1.86 n.s. - 
  DASS Depression 2.22 ± 3.28 1.64 ± 2.84 <.05 0.22 
  DASS Anxiety 1.44 ± 1.90 1.06 ± 1.76 <.05 0.21 
  DASS Stress 5.45 ± 4.69 4.67 ± 5.29 <.05 0.20 
Other outcomes of Interest     
  Digit Span 14.82 ± 3.46 15.07 ± 3.25 n.s. - 
  Corsi Block 14.24 ± 3.36 14.59 ± 3.38 n.s. - 
  n-back (wrong answers) 18.37 ± 9.02 15.88 ± 10.77 < .01 0.30 
Note. ROCFT, the Rey Osterrieth Complex Figure Test; RAVLT, Rey Auditory Verbal Learning Test; TMT B, 
Trail Making Test form B; SPM, Standard Progressive Matrices; DASS, Depression Anxiety and Stress Scale. 



 Table 4. Means, standard deviations and univariate comparisons of the neuropsychological 
assessment at each session for each group. 

 Pre-training Post-training Follow Up Pre-vs Post-
Training 

Post-training 
vs Follow Up 

MB+     p d p d 
Complex Span  50.93 ± 17.74 60.59 ± 18.63 58.5 ± 20.16  .003* .53 .815 .004 
ROCFT 30 min 21.77 ± 6.41  25.09 ± 5.76 25.82 ± 4.66 .001* .54 .717 .10 
RAVLT 30 min 10.23 ± 2.62 10.41 ± 3.5 11.86 ± 1.99 .707 .06 .404 .18 
TMT B (s) 78.95 ± 21.41 75.18 ± 14.82 71.33 ± 35.19 .335 .19 .892 .03 
SPM 6.05 ± 2.01 6.5 ± 2.48 6.29 ± 1.9 .404 .19 .403 .29 
DASS Depression 1.5 ± 3.28 1.82 ± 3.02 0.71 ± 1.44 .405 .10 .127 .36 
DASS Anxiety 0.5 ± 0.8 0.91 ± 2.04 0.64 ± 1.15 .323 .24 .755 .11 
DASS Stress 3.41 ± 3.29 4.27 ± 3.99 2.07 ± 2.2 .325 .23 .069 .62 
n-back 17.68 ± 12.56 13.41 ± 10.34 13.86 ± 12.01 .102 .37 .542 .08 
Digit Span 14.14 ± 2.59 14.27 ± 3.37 15.07 ± 3.41 .792 .04 .865 .04 
Corsi Block 14.45 ± 3.65 14.64 ± 3.47 15.21 ± 3.79 .786 .05 .303 .19 

MB       
Complex Span   58.83 ± 20.52 59.58 ± 16.65 60 ± 18.64 .796 .04 .459 .18 
ROCFT 30 min 21.73 ± 5.76 23.23 ± 6.37 23.47 ± 5.35 .278 .25 .904 .03 
RAVLT 30 min 10.96 ± 3.33 11.54 ± 3.4 11.93 ± 2.52 .262 .17 .224 .22 
TMT B (s) 76.91 ± 33.74 65.08 ± 15.83 61.31 ± 18.48 .039* .38 .389 .17 
SPM 6.12 ± 1.48 5.88 ± 1.83 6.07 ± 1.39 .552 .15 .922 .04 
DASS Depression 1.21 ± 1.61 0.82 ± 1.3 1.27 ± 1.71 .162 .26 .351 .27 
DASS Anxiety 1.71 ± 2.44 1.59 ± 2.5 2.13 ± 3.46 .783 .05 .701 .04 
DASS Stress 4.42 ± 5.52 4.51 ± 6.02 3.93 ± 5.69 .889 .02 .930 .01 
n-back 19.21 ± 11.52 15.38 ± 8.47 14.73 ± 9.82 .045* .36 .797 .04 
Digit Span 16.08 ± 3.19 16.42 ± 3.61 17.13 ± 2.92 .569 .10 .655 .09 
Corsi Block 14.83 ± 3.47 14.79 ± 3.45 15.4 ± 2.64 .943 .01 .8 .06 

Dual n-back       
Complex Span   53.16 ± 19.93 55.81 ± 18.54 53.25 ± 15.74  .237 .14 .581 .07 
ROCFT 30 min 23.25 ± 5.73 24.17 ± 5.18 26.41 ± 3.53 .386 .17 .074 .60 
RAVLT 30 min 11.54 ± 3.02 12.04 ± 2.51 12.19 ± 2.4 .306 .18 .928 .02 
TMT B (s) 69.49 ± 21.76 80.4 ± 37.41 68.31 ± 16.99 .099 .34 .420 .23 
SPM 6.19 ± 1.98 6.12 ± 2.05 6.62 ± 1.67 .859 .04 .060 .52 
DASS Depression 1.58 ± 2.53 1.73 ± 2.81 1.62 ± 2.8 .733 .06 .508 .14 
DASS Anxiety 0.65 ± 1.23 0.92 ± 1.16 1.19 ± 2.32 .215 .22 .383 .17 
DASS Stress 5.58 ± 6.33 4.77 ± 4.87 5.38 ± 5.23 .337 .14 .868 .02 
n-back 14.81 ± 9.83 7.92 ± 8.86 9 ± 11.05 .001* .73 .570 .19 
Digit Span 15.23 ± 3.46 15.54 ± 3.4 15.56 ± 2.78 .448 .09 .734 .06 
Corsi Block 14.38 ± 3.51 15.81 ± 3.26 15.88 ± 3.38 .070 .42 .417 .29 

Control       
Complex Span   56.68 ± 18.69 59.61 ± 16.08 55.47 ± 12.18  .357 .17 .022* .32 
ROCFT 30 min 23 ± 4.18 23.13 ± 7.59 21.73 ± 6.36 .902 .02 .254 .20 
RAVLT 30 min 11.47 ± 2.2 12.53 ± 2.29 11.93 ± 2.49 .099 .47 .818 .06 
TMT B (s) 77.99 ± 28.22 82.21 ± 44.81 71.48 ± 30.31 .603 .10 .056 .28 
SPM 6.26 ± 2.02 6.37 ± 1.92 6.27 ± 2.05 .816 .05 1 .00 
DASS Depression 1.47 ± 2.48 2.21 ± 4.04 2.93 ± 6.25 .163 .17 .048* .16 
DASS Anxiety 1.26 ± 2.08 1.16 ± 2.65 1.87 ± 2.97 .695 .04 .017* .54 
DASS Stress 4.11 ± 3.4 4.16 ± 5.21 5.27 ± 5.7 .946 .01 .127 .16 
n-back 12.16 ± 7.89 11.42 ± 8.27 16.13 ± 12.37 .618 .09 .242 .31 
Digit Span 14.68 ± 2.93 15.42 ± 3.1 15.6 ± 3.62 .206 .24 .768 .06 
Corsi Block 14.47 ±  3.52 14.68 ± 3.97 14.07 ± 3.49 .805 .06 .183 .17 

Note. °, significance level at p < .1, *, significance level at p < .05  
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 882 
Figure Captions 883 
 884 
Fig 1. Overview of study design.    885 
 886 
Fig 2. Flowchart of participant recruitment and study inclusion.   887 
 888 
Fig 3. Mean and standard error of the complex span composite score for each the model-based (MB), control, 889 
dual-n-back and model-based plus (MB+) training group over the four sessions.    890 
 891 
Fig 4. Representation of mean difference of the complex span composite score between pre- and post-training in 892 
all training groups.    893 
  894 

Table 5. Group x Session interaction effects of the linear mixed model for all WM, near 
and far transfer measures with MB+ training as a priori contrast. 
 Delta Pre/Post-Training Delta Post-Training/FU 
 χ2 p χ2 p 

Complex Span Composite Score 7.29 .06° 2.99 .39 

Near Transfer       
  ROCFT 30 min recall 4.38 .22 5.96 .11 
  RAVLT 30 min recall 1.84 .61 1.89 .59 
  TMT B (s) 8.06 .04* 2.91 .41 
Far Transfer       
  SPM 1.18 .76 2.59 .46 
  DASS Depression 4.93 .18 5.35 .15 
  DASS Anxiety 1.57 .66 3.59 .31 
  DASS Stress 2.09 .55 8.04 .04* 
Other outcomes of Interest       
  Digit Span 0.97 .81 0.49 .92 
  Corsi Block 2.46 .48 1.21 .75 
  n-back (wrong answers) 4.15 .25 1.66 .64 
Note. °, significance level at p < .1, *, significance level at p < .05 
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Construction of the MB and MB+ training 896 
Phonological Loop Task. Previous literature suggests that immediate serial 897 

recall tests using a small set of digits, letters or unrelated short words are used for the 898 

assessment of the phonological loop (67). In these simple span tests, participants hear a short 899 

sequence of digits, letters or words which they have to repeat in the correct order. For our 900 

phonological training task, thus a simple letter span test was used as the basic paradigm. Since 901 

it has been shown that the immediate memory span declines as the item length increases, the 902 

number of presented digits is used as a level of difficulty in the MB training. We recorded all 903 

letters of the alphabet in German language. Based on the pronunciation of the letters in German, 904 

we included the letters A, B, C, D, E, F, G, I, L, M, O, P, R, S, T, U, W, Z in the general letter 905 

pool. A random sequence of letters was presented phonologically over headphones and 906 

participants were instructed to recall this sequence. After a retention phase of 2.5 s, participants 907 

were shown tabs with the written letters in order to enter the heard sequence. There was no 908 

time limit for entering the sequence, however, as soon as the correct number of letters was 909 

entered, the keyboard disappeared and after a 1 s break a next sequence was phonologically 910 

presented. For the MB training, the sequence length started at 1 letter and increased with one 911 

additional letter after 3 repetitions of the original sequence length.   912 

However, it has been extensively documented that similar items (E, G, B, D) 913 

are less accurately recalled than dissimilar items (A, F, G, U) also known as the “similarity 914 

effect” and that irrelevant sounds disturb the recall of the items, known as the “irrelevant noise 915 

effect” (35). Although it has been shown that a training on dichotic listening reduced task-916 

irrelevant speech interference (68), no training up to date included task levels based on the 917 

irrelevant noise or similarity effect. Thus, the phonological loop training task for the MB+ 918 

training consisted next to the increased sequence length of the following two difficulty levels: 919 

1) presence of irrelevant background sounds or not and 2) presentation of dissimilar or similar 920 

digits of items. The irrelevant background noises consisted of royalty free “space” sounds 921 

(https:/freesound.org) which were selected with the aim of increasing interference to the letter 922 

span task. For the similarity level, a second pool of letters was created which included letters 923 

that are perceived as similar in German (B, C, D, E, G, P, T, W or K, H, A). An easy level 924 

would therefore start by a small sequence length and dissimilar digits presented without 925 



 
irrelevant sounds. Subsequently, after the presentation of two sequences with dissimilar letters, 926 

one sequence was presented with an irrelevant noise during the presentation of the sequence 927 

and the retention phase. As a next level, participants heard a sequence of similar letters and 928 

additionally the irrelevant noise. The levels of similar letters or irrelevant noises or both are 929 

added to the increasing number of letters to induce increasing difficulty of the training. 930 

Visuospatial Sketchpad Tasks. It has been suggested, that the visuospatial sketchpad 931 

can further be distinguished in a visual and spatial subcomponent. For this reason, two tasks 932 

were implemented to train the visuospatial sketchpad component. Our review showed that 933 

visual pattern span test is broadly used to assess the visual subcomponent (36) and was thus 934 

seen as the basis for our MB and MB+ training task. In the pattern span task, a grid with colored 935 

and uncolored squares is presented to the participants for a short time span in order to memorize 936 

the pattern of colored squares. Participants then have to recall the pattern by filling all squares 937 

that were colored in the previous grid in the right positions. This was done accordingly in our 938 

training, by presenting a 2x2 (minimum) and with increasing difficulty up to 5x6 square grid 939 

(maximum) for 3 seconds. After a short retention phase of 2.5 seconds, an empty grid appeared 940 

to fill in the memorized colored squares. Regarding the spatial subcomponent of the 941 

visuospatial sketchpad, the most common task used for assessment is the Corsi block tapping 942 

test (35,37), which therefore built the basis for our training task of the spatial subcomponent. 943 

Visuospatial WM is tested by a tapping-sequence of pegs arranged on a board. Subsequently, 944 

participants have to recall the sequence by tapping on the right pegs. In our MB and MB+ 945 

trainings, objects were arranged in a square and flashed in a specific sequence which the 946 

participant had to recall in the same order by tapping on the objects. The task improves in 947 

difficulty by adding an item to the previous sequence which challenges the memory recall of 948 

the sequence.  949 

Already in early experiments it has been shown, that the presentation of an irrelevant 950 

picture after the pattern span matrix and during the retention phase leads to a reduction in 951 

performance on the pattern recall, suggesting that the passive visual store is accessible by 952 

presented interfering visual inputs (69). It has also been shown, that training of filtering 953 

efficiency can improve visual WM, however a WM training task combining filtering efficiency 954 

and WM does not exist to date (58). Hence, next to the increasing size of the matrix and number 955 

of filled squares as done in the MB training, a level of difficulty was created for the MB+ by 956 

adding an irrelevant visually loaded picture during the retention phase and the recall of the grid 957 

squares. Six pictures were selected from the NASA image and video library based on their 958 



 
visual features since it has been described that the content of the picture (densitiy, color palette, 959 

unspecifity of content?) influences the irrelevant picture effect. Similar to the pattern span task, 960 

it has been shown that an irrelevant task of haptic movement shifts the spatial attention and by 961 

that interferes with a spatial WM task such as the Corsi block tapping test (70,71). As an 962 

additional level of difficulty for the MB+ training, we therefore added a haptic irrelevant 963 

movement task between the presentation and recall of the Corsi task next to the increasing 964 

sequence length of the presented items. Following the presentation of the object sequence, 965 

participants were asked to follow lines displayed as star constellations with their finger until 966 

the lines disappeared. When the whole figure disappeared, the object arrangement appeared 967 

again and they were asked to recall the sequence of the highlighted objects.  968 

 Central Executive Task. The central executive has been postulated to be the most 969 

important, however least investigated component of the multicomponent model. It has been 970 

investigated that the central executive covers four basic capacities: The ability to focus, divide 971 

and switch attention as well as the ability to relate content of WM to long-term memory. Due 972 

to its importance in the theoretical framework, we developed a task to train the coordinative 973 

function of WM. Random word, letter or digit generation tasks or as well dual tasks have been 974 

suggested to assess and investigate the central executive (38,39). Random digit generation tasks 975 

showed, that by increasing speed of generation the randomness decreases and it therefore has 976 

been implied, that the non-randomness seems to include information on the limit of processing 977 

capacity. Due to the nature of this kind of task, it seems unlikely to build a training task with 978 

levels. Hence, we developed a basic dual task which targets two tasks at the same time, in our 979 

case visuospatial sketchpad and the phonological loop, and took this as the basis of the central 980 

executive training task. Subjects were presented a specific item which they had to hold in mind 981 

and search in a pool of distracting items. With the right hand, they were instructed to tab on the 982 

items they had to remember. With increasing difficulty, more distracting items were shown and 983 

the speed of presentation increased. At the same time, they were hearing a high or low tone. 984 

By placing the left hand on two buttons, they had to indicate which tone they heard while 985 

additionally the speed of presentation increased with increasing level. 986 

 Episodic Buffer Task. Since it has been shown that the relation of content of WM to 987 

long term memory is not only a process which involves the central executive and can rather be 988 

explained through binding procedures, the episodic buffer was introduced to the model. The 989 

episodic buffer is a separate storage system of limited capacity using a multimodal code by 990 

providing a temporary retention of integrated information (72). The episodic part holds 991 



 
information from other cognitive systems inclusive the WM in so called “scenes or episodes”. 992 

It is a buffer, as it displays an intermediary between subsystems with a different code. A review 993 

came to the conclusion, that the episodic buffer can be investigated using unimodal or cross 994 

modal binding tasks (73). Typically, tasks where letters or words and a spatial location are 995 

presented concurrently are used. In our MB and MB+ training, a spatial order of letters on 996 

certain position with or without a shape around them are presented on a stimulus slide. 997 

Followed by a blank slide, one letter or word on a random position is presented and participants 998 

had to answer, if 1) the word or letter is the same then one on the stimulus slide and 2) if the 999 

location is on the same position than on the stimulus slide. The participant has to give an answer 1000 

only, if both questions can be answered as correct (72,74). This task was used as the basis for 1001 

the episodic buffer training task. In our training we used letters framed by squares. In order to 1002 

create levels, the stimulus array was increased by a letter with increasing difficulty.  1003 

 1004 
 1005 
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Highlights 

• Working memory and motor training increased resting state functional connectivity
• Connectivity was mainly increased in right parietal and left temporal lobes
• The strength of connectivity was modulated by the order of training administration

Abstract 

Background: Although it has been suggested that working memory (WM) and motor 

sequence learning (MSL) share behavioral and neural mechanisms, the additive and 

interactive effects of training have not been studied. 

Objectives: To study chantes in brain functional connectivity (FC) induced by two sequential 

training programs (WM+MSL and MSL+WM) and a combined one (WMxMSL).  
Methods: 54 healthy subjects (27 women; mean age: 30.2±8.6 years) were allocated to 

three training groups and underwent twenty-four 40-min training sessions over six weeks 

and four cognitive testing sessions including functional MRI. The first two sessions served as 

double-baseline to account for practice effects. Test performances were compared using 

linear mixed-effects models and t tests. Resting state fMRI data were analysed using FSL. 

Results: Processing speed, verbal WM and manual dexterity increased following training in 

all groups. MSL+WM training led to additive effects in processing speed and verbal WM. 

Increased FC was found after training in a complex network involving the right angular gyrus, 

bank of the left superior temporal sulcus, right superior parietal gyrus, bilateral middle 

temporal gyri and left precentral gyrus. No difference in FC was found between the two 

individual baseline sessions.  
Conclusion: This study indicates distinct patterns of resting state FC modulation related to 

sequential and combined WM and MSL training suggesting a relevance of the order in which 

trainings are performed. These observations could provide new insight for the planning of 

effective training/rehabilitation programs. 

Keywords 

Working Memory, Motor Sequence Learning, Training, Functional Connectivity, fMRI 



 

1. Background 
Motor learning describes the human ability to acquire new motor skills (1) and has been 

defined as “[…] increased spatial and temporal accuracy of movement with practice.” (2). 

Learning new motor skills on the one hand results from explicit learning, where the learner 

relies on his declarative memory by applying performance rules in order to acquire and 

control a new set of movements. On the other hand, acquiring new skills can also occur 

implicitly through repetition of movements with practice based on visual or tactile sensory 

feedback, released from explicit memory control (3). Supporting a distinction in explicit and 

implicit learning of movements, it has been demonstrated that, after damage of the medial 

temporal lobe due to brain injury or stroke, the capacity of implicit motor sequence learning 

(MSL) can be retained, whereas the capacity of explicit learning of motor skills is impaired 

(4). Therefore, MSL could be an interesting function to target in the context of training and 

rehabilitation, since it has been hypothesized that MSL is not a purely motor function and 

that cognitive functions such as working memory are involved already in early stages of MSL 

(2,5). 

Working memory (WM) refers to a cognitive system which temporarily maintains, 

stores and manipulates information and acts as an interface between perception, long-term 

memory and action (6,7). Following Baddeley’s multicomponent model, WM can be divided 

into a visuospatial, a verbal, a coordinative and a buffer component (7). Since WM is 

centrally involved in numerous higher order cognitive functions (8) and plays a role in age-

related cognitive decline (9), WM training has been suggested to improve WM capacity, 

suggesting that it may ameliorate cognitive decline (10). WM trainings gained huge interest 

over the last decade and numerous studies showed their efficacy in improving WM capacity 

as well as transfer effects to cognitive domains that are not specifically targeted by the 

training (11,12).  

There is evidence that MSL is related to WM abilities. It has been shown that the 

spatial component of WM and visuomotor adaptation share common processes (5) and the 

individual spatial WM performance predicts the rate of implicit MSL (13). Furthermore, a 

correlation between visual and visuospatial WM with reaction time change in a serial 

reaction time task has been described which further supports a sharing component between 

WM and implicit MSL (14). These shared components are also mirrored in the neural 

activity. Functional magnetic resonance imaging (fMRI) evidence indicates that brain regions 

conventionally associated with motor activation show sub-regions that contribute to motor 

and cognitive processes jointly (15). To that end, the right dorsolateral prefrontal cortex, 

parietal and premotor regions, basal ganglia as well as cerebellar areas have been 

described to be involved in MSL as well as WM performance (13,15). Regarding brain 

functional connectivity (FC), dynamic changes in terms of integration within and between the 



 

premotor and sensorimotor network have been shown to be associated with MSL. Moreover, 

it has been shown that this functional integration decreases with practice over a four-week 

training of motor learning (16). Regarding WM and motor training studies, a meta-analysis 

described that across 53 studies showing brain activation decreases in numerous brain 

regions solely the dorsolateral prefrontal cortex showed a consistent activation decrease. 

Additionally, training-related increases were consistent in the salience-network 

(supplementary motor area, anterior cingulate cortex, and inferior frontal gyrus, anterior 

insula), dorsal attention network (the superior parietal cortex, intraparietal sulcus, frontal 

eyefield), striatum, thalamus, ventral and dorsal visual and superior temporal cortices (17). 

Whereas these regions showed FC changes during task-fMRI, recent studies further indicate 

changes in resting state FC following WM training (18) but also after motor training (19). 

Despite the reported relationship between WM and MSL, to our knowledge there are 

currently no studies that investigate the interactive effects of MSL and WM training on brain 

activation patterns or behavioral outcomes. It is, therefore, necessary to investigate the 

sequential order of training administration, in order to study the interactive neural and 

behavioral effects of MSL and WM training. Thus, the present study aimed to investigate 

how brain FC and behavioural outcomes are modulated by sequential training programs with 

varying order of administration (WM + MSL and MSL + WM) or combined administration 

(WM and MSL in the same session). In the first setting, the purpose was to quantify the 

additive effects, while, in the second case, the interactive ones.  

2. Methods 
2.1 Participants 

Fifty-four healthy subjects were included in the study (27 women and 27 men; mean age: 

30.8±8.5, age range: 20-51 years). Inclusion criteria were: age between 18 and 65 years old, 

right-handedness (above the 5th decile) according to the extended version of the Edinburgh 

handedness questionnaire (20) as well as no history of neurological, psychiatric disorders or 

substances abuse. Written informed consent was obtained from each participant after a 

detailed explanation of the study procedures. The study was approved by the local ethics 

committee (Ethikkommission Nordwest und Zentralschweiz) and was conducted in 

accordance with the Declaration of Helsinki. 

  

2.2 Experimental design 

All participants were randomly assigned to three groups (A, B and C) using the minimization 

approach in order to create comparable groups in terms of age and gender (see table 1). All 

groups underwent a WM training (WMT) and a MSL training (MSLT), both consisting of 12 

sessions (four times a week). The WMT’s session lasted for 25 minutes and the MSLT’s 



 

sessions lasted for 15 minutes. The group A and group B performed the two trainings 

sequentially, whereas the second training started after the completion of the 12 sessions of 

the first one. The two trainings were presented with a different order for the two groups: 

WMT+MSLT for the group A and MSLT+WMT for the group B. This design allowed to 

investigate the additive effects of the two trainings. The group C performed both trainings 

during the same training session (for 12 sessions, each with a total duration of 40 minutes) 

in order to investigate the interaction effects (WMTxMSLT). 

Additionally, participants underwent a first baseline magnetic resonance imaging (MRI) three 

weeks before the first training session (BL1) and a second baseline MRI within two days 

before the first training session (BL2, figure 1). The dual baseline approach has been 

employed to assess the repetition effect of multiple MRIs on the FC changes as well as 

neuropsychological test performance. All participants underwent a third MRI within one week 

from the end of the first training program (T3). Groups A and B underwent a fourth MRI after 

the second training period (T4, within one week; figure 1).  

 

2.3 Training 

All training sessions have been performed at home using touch-screen tablet devices 

provided by the research group. The trainings were developed using Java in Android Studio 

v1.5.1 (https://developer.android.com/studio/index.html) and downloaded on Lenovo TAB 

A10 with Android 4.4 as operating system. Both trainings were based on an adaptive design. 

Therefore, the difficulties of the tasks were modulated according the participant’s 

performance. 

Figure 1. Study procedures. Each assessment (BL 1, BL2, T3 and T4) 
included an MRI and cognitive testing.  



 

The training for MSL was developed in-house based on a single-paradigm design. The 

participants learned the procedural knowledge needed to execute a series of actions 

following a cue presented on the screen. Specifically, four circles were presented on the 

screen, each one associated with a finger of the dominant hand, from left (index finger) to 

right (pinkie). The thumb was not included in the sequence. The participants were asked to 

touch the circle that changed colour with the corresponding finger (figure 2). The levels were 

based on the number of items included in the sequence (the first level included 5 items) and 

on the interstimulus interval (ISI), i.e. 1200 ms, 900 ms and 600 ms. For every level, the 

sequence of items was repeated 10 times. The level of difficulty was increased stepwise, if 

a) the accuracy exceeded 80% and b) reaction time of the correct answers on the last five 

repetitions was faster compared to the first five repetitions on average. If the participant 

failed to increase the level of difficulty for three consecutive repetitions of the same level, the 

difficulty was decreased by one step.  

The COGNI-TRAcK (21–23) was used to train the WM skills (figure 3). Briefly, it 

includes the following three trainings. 1) The visuospatial training (WMT-VS), in which circles 

were presented one at a time in a three-by-three grid-like interface. Participants had to 

remember the location and the order of the stimuli. Levels were defined by the number of 

stimuli (the first level included four elements) and by the ISI, i.e. 2000 ms, 1500 ms and 1000 

ms. The difficulty was increased if the accuracy was 100% for the levels with less than eight 

stimuli and 80% for higher number of stimuli. 2) Operation N-back training (WMT-OP), in 

which paired of numbers (from 1 to 4) were showed in a random sequence on the screen 

(e.g., 3+4). Participants were asked to memorize the sum of the two numbers presented 

(ranging from 2 to 8) and select the correct answer on the screen, which referred to N stimuli 

ago. The levels were defined by the value of N and by the ISI (from 5000 ms to 3000 ms in 

steps of 500 ms). The difficulty was changed if the accuracy was higher than 80%. 3) Dual 

N-back training (WMT-DT), in which the stimuli (numbers for 1 to 4) were randomly 

presented one at a time in one of the four possible positions along a line. The participants 

were asked to memorize the number and the position. Then, they were also asked to select 

the correct item on screen using the left hand (1, 2, 3 or 4), and the correct position of the 

stimulus appeared N stimuli ago using the right hand. The definition of the level remained 

the same as for the previous task. The change of the level occurred if the accuracy was 

higher than 75%.  

 

 

 

 

 



 

 

 

 

 

 

 

 

2.4 Cognitive Assessment 

At all four MRIs (BL1, BL2, T3 and T4), an additional cognitive assessment was performed. 

All participants underwent neuropsychological assessment addressing attention, processing 

speed and working memory using both paper/pencil and computerized tests. Namely, 

information processing speed was assessed using the Paced Auditory Serial Addition Task 

(PASAT (24)) and the oral version of the Symbol Digit Modalities Test (SDMT (25)), verbal 

WM was assessed using the forward and backward digit span (WAIS-IV (26)) and 

visuospatial WM was assessed with the Corsi Block Tapping Test (27) and a visuospatial n-

back task. Additionally, finger dexterity was assessed using the nine-hole peg test (9HPT 

(28)), performed for the right and left hand. The 30-minute assessments were performed at 

the Department of Neurology, University Hospital Basel by trained psychologists. 

 

2.5 MRI protocol 

MRI data were collected on a 3 Tesla scanner (Siemens Prisma) using a 64-channel head 

coil. The MRI protocol included a 3D T1-weighted (T1w; MPRAGE, TR= 2400 ms, TE=2.32 

ms, TI=1100 ms, voxel, flip angle=8°, number of slides=256, voxel size=0.7 mm3 isotropic), 

and a multi-band accelerated echo-planar imaging (EPI) sequence (29) used to collect the 

FC data (TR = 768 ms, TE = 37 ms, flip angle = 52°, bandwidth = 2290 Hz/Px, multi-band 

Figure 2. MSL training on the tablet device.   

Figure 3. CogniTrack WM training with A) the 
visuospatial, B) the operation n-back task 
and C) the dual-n-back task.   

A 

B 
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accelerator factor = 8, number of slides = 72, voxel size = 2 mm3 isotropic, phase-encoding 

= anterior-posterior, number of acquisition = 1160). Six additional images, three with 

anterior–posterior and three with posterior-anterior phase-encoding direction were collected 

with the same parameters in order to correct for EPI distortions (30). MRI data of all 

participants was checked for incidental findings by a board certified radiologist. 

  

2.6 Brain parcellation 

Parcellation of cortical regions and subcortical nuclei was performed using Freesurfer 

(Version 5.3; (31)). The cortical parcellation was based on the Desikan-Killiany atlas (32) 

and the subcortical parcellation was done using the atlas implemented in Freesurfer (33). 

Higher resolution cortical parcellation (234 cortical regions) was generated from the Desikan-

Killiany parcellation using the connectome mapper toolbox that included the Lausanne 2008 

atlas (34). Additionally, the cerebellum was segmented in 15 subregions for each 

hemisphere using the rapid automatic segmentation of the human cerebellum and its lobules 

(RASCAL) algorithm (35). The final parcellation used to generate the connectivity matrices 

included 264 brain regions (212 cortical, 22 subcortical and 30 cerebellar ROIs) (36). 

  

2.7 Functional connectivity analysis 

The fMRI volumes were preprocessed using FSL (37) with the following steps: 1) motion 

correction; 2) distortion correction using FSL-topup (38); 3) temporal filtering to remove 

physiological noise (band-pass filter = 0.01 – 0.08 Hz); 4) regression of the white matter 

signal, cerebrospinal fluid signal and estimated motion parameters including the outliers 

identified by the FSL motion outliears tool. 

 For every MRI session and subject, the segmented T1w images were then registered 

to the lower resolution EPI images. For every segmented brain region, the signal of the 

preprocessed EPI was averaged. The FC matrices were generated by computing the cross-

correlations among the averaged signals of all 264 regions. The brain regions were 

rearranged according to a set of canonical resting state networks as described by (39). 

  

2.8 Statistical analysis 

Demographic factors were compared among groups using the t-test and chi-square 

test. Baseline differences were analyzed using an ANOVA model with performance at BL1 or 

BL2 as outcome and group as the between group factor. Repetition effects between BL1 and 

BL2 were analyzed using linear models on the whole group level with session as within-

subjects factor on neuropsychological test performance. Neuropsychological data were 

analyzed using a linear mixed model with test performance as outcome, the interaction term 

session x training group as fixed effect and study participant as random effect. χ2 statistics 



 

were gained by running an ANOVA over the linear model using type II sums of squares. All 

data were analyzed in R Studio, Version 1.2.1335 (40). 

Differences in the strength of connectivity between sessions were assessed in the 

whole sample using the network-based statistic algorithm (NBS, (41)) as implemented in the 

brain connectivity toolbox (42). The statistical threshould estimated using permutation testing 

(number of permutation: 10000) was set at 0.05 with a t-value of four. The BL1 MRI was 

compared to the BL2 MRI and to the T4 MRI .  

 Differences among subgroups were investigated by computing the effect size 

(Cohen’s d) of the differences of the FC strength among MRI sessions for each pair of nodes 

belonging to the network identified in the whole sample analysis by the NBS algorithm. 

  
3. Results 

3.1 Behavioral Results 

3.1.1 Baseline characteristics of training groups 

No differences were observed among groups in terms of demographic characteristics, 

namely sex and age (table 1). When performing the trainings separately (Group A and B), 

participants did slightly more training sessions of the MSL than the WM training, independent 

of the order the training was given. The group that completed all trainings together, however, 

did approximately the same amount of sessions on both trainings (table 1). Mean, standard 

deviation and range of reached levels for each training task of the different groups are 

displayed in table 2.  

  

3.1.2 Practice effects between BL1 and BL2 

 The analyses indicate no differences between groups in their performance on all 

tasks at both the BL1 and BL2. The whole-group analyses performed to investigate possible 

Table 1. Demographic characteristics and training adherence for the three groups  
 Age, years  

(M ± SD) 
Sex  
(f/m) 

MSL training sessions, n 
 (M ± SD) 

WM training sessions, n 
(M ± SD) 

Group A 30.1 ± 8.8 9/9 12.2 ± 3.75 10.8 ± 3.0 
Group B 30.6 ± 8.4 9/9 13.7 ± 3.29 12.0 ± 2.59 
Group C 30.1 ± 8.9 9/9 11.7 ± 3.12 12.2 ± 1.96 
Notes. M = Mean; SD = Standard Deviation; n: number. 

Table 2. Mean (M), standard deviation (SD) and range of reached levels for WM and MSL (MOST) at 
the end of the training. 
 WM-OP WM-VS WM-DT MSL 
 M±SD Range M±SD Range M±SD Range M±SD Range 
Group A 22.4±5.5 9-30 17±4.7 10-27 17.3±3.3 10-22 29.4±7.2 11-38 
Group B 23.6±3.8 15-30 19.2±5.6 12-36 18.7±2.9 15-23 32.6±7.7 9-42 
Group C 23.9±5 11-32 19.4±6.9 10-41 18.1±3.1 10-23 30.6±7.31 15-38 
Notes. OP = Operation n-back task; VS = Visuospatial task; DT = Dual n-back task. 



 

practice effects from BL1 to BL2 resulted in a significant session effect in SDMT (χ2(1) = 

61.63, p < .001), PASAT (χ2(1) = 12.92, p < .001), digit span test (χ2(1) = 5.21, p < .05), and 

9HPT on the non-dominant left hand (χ2(1) = 6.69 , p < .05), with, in all cases, an increase in 

performance at BL2 compared to BL1 (SDMT: b = 7.07, t(53) = 7.78, p < .001, r = 0.69; 

PASAT: b = 2.59, t(53) = 3.56, p < .001, r = 0.44; digit span test: b = 0.70, t(53) = 2.26, p < 

.05, r = 0.29; 9HPT of the non-dominant left hand: b = -0.8, t(53) = -2.56, p < .05, r = 0.33). 

Instead, there were no changes between BL1 and BL2 on the whole group level in the Corsi 

block tapping test (χ2(1) = 2.56, p = .11) and in the 9HPT of the dominant right hand (χ2(1) = 

3.58, p = .06). 

 

3.1.3 Training effects 

  The linear mixed effects models showed a significant SDMT performance 

improvement between sessions (χ2(2) = 71.09, p < .001), both at T3 compared to BL2 and 

T4 compared to T3. A significant session effect was found in the PASAT (χ2(2) = 28.26, p < 

.001) with an increase in performance at T3 compared to BL2 and tendency for significance 

between T4 compared to T3. Further, a significant digit span performance improvement 

between sessions (χ2(2) = 12.78, p < .05) was found in both at T3 compared to BL2 and at 

T4 compared to T3. Finally, a significant session effect was found in the 9HPT right hand 

(χ2(2) = 12.81, p < .05) with increased performance at both T3 compared to BL2 and T4 

compared to T3 (table 3). For the left hand of the 9HPT, there were no significant session, 

group or session by group effects. The results revealed a tendency for significance in the 

group by session interaction in the SDMT (χ2(4) = 9.01, p = .06). However, the post-hoc 

analyses yielded no significant results in the contrasts of the SDMT group by session 

interaction. For all other tests, neither group nor the group x session interaction was 

significant.  

 

          The univariate analyses within group A (WM+MSL) revealed a significant 

improvement in performance from BL2 to T3 in the SDMT (t(17) = -3.09, p < 0.05). All other 

comparisons for the other tests showed no significant changes. For the group B (MSL+WM), 

Table 3. Significant contrasts of linear models for session effect between BL2 vs T3 and T3 vs T4.  

 BL2 vs. T3 T3 vs. T4 
 b df t p	 r b df t p	 r 
Session Effect   
SDMT -5.76 102 -4.76 <.001	 .43 -5.43	 102	 -5.95	 <.001	 .51 
PASAT -2.98 102 -4.82 <.001	 .43 -2.11 102	 -2.33 .06 .23 
digit span test -1.07 102 -3.37 <.05 32 -0.74 102	 -2.57 <.05 .25 
9HPT right hand 0.67 102 3.14 < .05 .29 0.59 102	 2.92 <.05 .28 
Note. SDMT; Symbol Digit Modalities Test, PASAT; Paced Auditory Serial Addition Test, 9HPT; 
Nine Hole Peg Test. 



 

the univariate analyses showed significant improvement within group from BL2 to T3 (t(17) = 

-3.50, p < 0.05) in the SDMT. The performance in the SDMT in group B further increased 

from T3 to T4 (t(17) = -3.12, p < 0.05) combined with an increase in the digit span 

performance (t(17) = -2.34, p < 0.05). In group C (MSLxWM), the univariate analyses 

revealed a significant increase in performance in the PASAT (t(17) = -2.22, p < 0.05) from 

BL2 to T3 and a significant increase in the SDMT (t(17) = -5.21, p < 0.001) from T3 to T4. All 

other univariate comparisons showed no significant results. All means, standard deviations, 

p-values and Cohens d are displayed in table 4. 

 
3.2 fMRI results 

Interestingly, the FC analysis performed on the whole sample showed no differences 

between the BL1 and BL2 MRI sessions. The comparisons between the BL1 (first MRI) and 

the T4 MRI revealed increased FC after the training in brain regions belonging to a parieto-

fronto-temporal network and cerebellum, as highlighted by the NBS analysis (figure 4). 

Within this network, the right inferior parietal gyrus and the left posterior-superior temporal 

gyrus showed increased connectivity with the majority of the other regions suggesting 

increased centrality of these regions within this subnetwork (figure 5).  

Table 4. Means, standard deviations and univariate comparisons of the neuropsychological 
assessment at each session for each group. 
 BL2 T3 T4 BL2 vs T3 T3 vs T4 
A (WM+MSL)    p d p d 
PASAT  52.17±8 0.2 54.39 ± 7.52 55.94 ± 6.66 .088 .28 .144 .22 
SDMT  69.17 ± 13.50 76.00 ± 17.59 78.44 ± 15.26 .007* .39 .099 .01 
Corsi Block  17.17 ± 4.25 16.89 ± 4.71 17.33 ± 4.52 .790 .06 .260 .09 
Digit Span  16.56 ± 2.83 17.33 ± 3.18 17.61 ± 3.42 .181 .26 .472 .08 
9HPT right  16.99 ± 1.78 16.81 ± 1.97 16.06 ± 1.77 .660 .09 .116 .34 
9HPT left 17.57 ± 2.48 17.95 ± 2.67 18.05 ± 2.70 .563 .15 .854 .04 
B (MSL+WM)       
PASAT  54.22 ± 4.31 52.00 ± 11.94 56.11 ± 5.65 .435 .24 .114 .40 
SDMT  68.44 ± 14.61 75.67 ± 17.73 80.83 ± 18.20 .003* .42 .006* .29 
Corsi Block  16.00 ± 4.39 16.89 ± 4.60 17.39 ± 4.92 .187 .19 .276 .10 
Digit Span 15.67 ± 2.93 15.28 ± 3.12 16.56 ± 2.94 .537 .13 .032* .42 
9HPT right 16.72 ± 2.14 16.75 ± 1.69 16.19 ± 1.74 .948 .01 .093 .32 
9HPT left 18.07 ± 1.90 18.03 ± 1.83 17.60 ± 1.31 .899 .02 .237 .26 
C (WMxMSL)       
PASAT  53.78 ± 7.80 56.39 ± 3.99 - .041* .30 - 
SDMT  73.28 ± 17.79 76.50 ± 17.34 - .127 .18 - 
Corsi Block  16.28 ± 3.56 15.39 ± 4.09 - .311 .23 - 
Digit Span  16.67 ± 3.05 17.28 ± 3.16 - .232 .19 - 
9HPT right 17.11 ± 1.89 16.92 ± 2.21 - .595 .09 - 
9HPT left 17.19 ± 1.92 17.09 ± 2.11 - .800 .05 - 
Note. For PASAT, SDMT, corsi block and digit span number of correct answers are displayed. 9HPT 

was measured in seconds. **, significance level at p < .001, *, significance level at p < .05, d = 

Cohens’ d. 



 

 Notably, the right inferior parietal gyrus as defined in the Desikan-Killiany cortical 

atlas includes the angular gyrus (AG). Specifically, the right inferior parietal gyrus showed 

increased FC with right middle temporal gyrus, right orbitofrontal gyrus and the right 

hippocampus. The left posterior-superior temporal gyrus showed increased connectivity with 

the right superior parietal gyrus, the right supramarginal gyrus, the right postcentral gyrus, 

the right anterior cingulate, the right insula and right amygdala. Moreover, other relevant 

regions showing an increased connectivity after the trainings are the left precentral gyrus, 

the right superior parietal and the middle temporal gyrus bilaterally (table 4). 

 The subgroup analysis performed using the Cohen’s d showed the highest effect size 

between BL1 and T4 in group B, and between BL1 and T3 in group C. Group B showed a 

Cohen’s d higher than 0.8 among regions belonging to the default mode network (DMN) and 

the visual network, the sensorimotor and the dorsal attention, the sensorimotor and the 

frontoparietal and between the limbic and visual network. The group C showed the higher 

effect size (>0.8) between dorsal attention and DMN and between the sensorimotor and the 

DMN. Finally, group A showed the highest effect size (>0.5) between the DMN and the 

dorsal attentional network, the visual network and the cerebellum. 

 

 

Figure 4. Comparison between session 1 and 4 across the whole sample. The NBS 
results showed increased connectivity between fronto-parietal regions in the right 
hemisphere and between left temporal and right parietal regions (Table 4).  



 

 

Table 4. 	Connections belonging to the NBS subnetwork showing increased connectivity after 
training compared to BL1.    
Connections	 T value 
1 right superiorfrontal 2 – right inferiorparietal	 4.3 
2 right inferiorparietal 6 – right temporalpole 1	 4.2 
3 right inferiorparietal 6 - right_middletemporal 3	 4.5 
4 right inferiorparietal 6 - right_middletemporal 4	 4.2 
5 right inferiorparietal 6 – right hippocampus	 4.6 
6 right bank-STS 1 – right amygdala.	 4.6 
7 right inferiorparietal_6 – left medialorbitofrontal 2	 4.4 
8 right insula 1 – left parsopercularis 2	 4.5 
9 right hippocampus – left parsopercularis 2 4.2 
10 right amygdala – left parsopercularis 2 4.9 
11 right superiorparietal 2 – left precentral 1 4.1 
12 right supramarginal 1 – left precentral 6. 4.1 
13 right superiorparietal 1 – left precentral 6. 4.0 
14 left precentral 6 – left supramarginal 2 4.0 
15 left precentral 6 – left superiorparietal 2 4.4 
16 right inferiorparietal 5 – left middletemporal 4 4.3 
17 right inferiorparietal 6 – left middletemporal 4 4.2 
18 right postcentral 4 – left bank-STS1 4.1 
19 right postcentral 4 – left  bank-STS 2 4.2 
20 right supramarginal 4 – left  bank-STS 2 4.5 
21 right superiorparietal 1 – left bank-STS 2 4.4 
22 right superiorparietal 2 – left bank-STS 2 5.0 
23 right inferiorparietal 6 – left bank-STS 2 4.2 
24 right lingual 3 – left bank-STS 2 4.4 
25 right insula 1 – left bank-STS 2 4.8 
26 right amygdala – bank-STS 2 4.3 
27 left superiorparietal 1- bank-STS 2 4.5 
28 right superiorfrontal 2 – left lobuleB 7 4.1 
29 right rostralanteriorcingulate 1 – left lobuleB 7 4.1 
Notes. Numbers next to brain region refers to the Lausanne 2008 atlas. 

A B 

Figure 5. Different patterns of increased connectivity across subgroups assessed 
computing Cohen’s d for all significant connections in the whole sample analysis. The 
numbers represent the connections displayed in table 4. Red represents group 
WM+MSL, black represents group MSL+WM and green represents the group WMxMSL. 
A) session 1 vs session 3; B) session 1 vs session 4.   



 

4. Discussion 
In the present study we investigated the interaction between a MSL training and a WM 

training in healthy subjects using brain FC and neuropsychological outcomes. On the 

behavioral level, increased processing speed, verbal WM and manual dexterity was found 

following the trainings. Although the groups did not differ in the training effects, the univariate 

analyses suggest that MSL conducted before WM training led to additive effects in 

processing speed and verbal WM. The analyses of the double BLs indicate substantial 

practice effects in processing speed, verbal WM and manual dexterity but not visuospatial 

WM. On the neurofunctional level, the analysis on the whole sample showed increased 

resting state FC after the trainings in a complex network that involved mainly the right 

angular gyrus (AG), the bank of the left superior temporal sulcus, the right superior parietal 

gyrus, the middle temporal gyrus bilaterally and the left precentral gyrus. The subgroup 

analyses showed the highest effect size for increased FC in the mentioned brain regions in 

the group that performed MSL before WM training, followed by the group that did both 

trainings combined. It is important to underline that the comparison between the two 

sessions performed before the trainings did not show any significant difference in FC, 

pointing to a training-specific effect. 

         All mentioned brain regions are involved in functions relevant for both MSL and WM 

trainings. Indeed, the AG is a region located in the portion of the inferior parietal gyrus 

adjacent to the temporal and occipital lobes which has been described as a continuation of 

the inferior parietal lobule through the superior and middle temporal gyri (43). Due to its 

position, the AG is thought to have a critical role in integrating information between multiple 

input modalities and brain networks (43) and has therefore been suggested to be involved in 

brain functions such as attention, spatial cognition, memory retrieval, reading, 

comprehension, number processing (44), visuospatial attention (45), episodic memory (46) 

but also semantic memory (43,47). Although those cognitive functions express different 

features, a unifying model has recently been suggested to explain the common engagement 

of the AG in semantic and episodic memory. The model proposes that the AG combines 

varying forms of information from multiple sensory modalities or spatiotemporal frameworks 

as an integrative dynamic buffer (48). The integration of different inputs in the AG may then 

result in processes such as attention shifting to task-relevant information (43), which could 

be explained through the participation of the AG in a “bottom-up” attentional subsystem (49). 

Indeed, studies on FC showed that the AG is part of different networks - most consistently of 

the DMN, which has been associated with brain activity at rest (50). However, recent 

literature suggests that the DMN – including the AG - is not only involved in rest situations, 

but also the unconscious processing of implicit memory (51) and WM tasks (52). Indeed, 

changes in task-related FC within hubs of the DMN, specifically in the bilateral AG have 



 

been described, which were explained through the buffer role of the AG in integrating 

phonological and visual processes (52). Our study not only supports the role of the AG as an 

integrative region whose activity could be increased as a result of its involvement in WM and 

implicit memory processes, it also extends the previous studies in two ways. First, the 

increased FC in the AG following the trainings in our study was found at rest, which further 

supports the role of the AG as a DMN hub in the unconscious processing of WM. Second, 

the increased resting state FC in the AG showed highest effect size in the group that 

performed the MSL before the WM training, suggesting an involvement of the AG in motor 

learning. 

         Indeed, in our study we found an increased resting state FC in the bilateral middle 

temporal gyri together with the AG following the WM and MSL trainings, specifically 

pronounced in the MSL+WM group. The AG combined with the bilateral middle temporal 

gyrus have been described to be involved in action-feedback monitoring following hand 

movement (53). Specifically, the angular and middle temporal gyri have been shown to be 

involved in intersensory conflict detection, suggesting a contribution to awareness of 

temporal discrepancies (53). Furthermore, the middle temporal gyrus has also been 

identified in a study on healthy adults that described increased activity following simple finger 

movement (54). The increased activity in the right AG, left middle frontal gyrus, bilateral 

post-central gyri, superior parietal gyrus and cerebellum could be defined by their role in 

semantic memory related to voluntary movement. The activation in the left inferior, middle 

and superior temporal gyri as well as the bilateral inferior frontal gyri seemed to be 

associated to the ideation of the finger movement and not the movement per se (54). 

Indeed, previous studies described resting state FC changes in the sensorimotor and fronto-

parietal networks one hour after motor training, suggesting an offline processing of the newly 

learned motor skills (19). Similarly, the middle temporal gyrus has been shown to be 

increased at rest following WM training (18). Thus, the increased resting state FC in the 

middle temporal gyrus together with the AG in our study suggests an involvement of the 

middle temporal gyrus in detection and processing functions of finger movement and WM. 

More importantly, we detected changes in resting state which indicates an offline processing 

following MSL and WM training, reflecting ongoing learning mechanisms. This notion is 

further supported by the increased resting state FC shown in the left precentral gyrus post-

training which mirrors the participants’ performance of all trainings with their dominant right 

hand. Additionally, resting state FC changes in the precentral gyrus following motor training 

have been reported previously (19,55) which together with our findings strengthens its 

involvement in learning processes.  

         In this context, we also observed an increased FC of the right superior parietal gyrus. 

A large body of evidence has shown that attentional control involves the parietal cortex, 



 

including the intraparietal sulcus and superior parietal gyrus (56). Indeed, the right superior 

parietal gyrus is a relevant brain region involved in sustained attention, a crucial component 

of learning and memory (57,58). Additionally, it has also been reported that the bilateral 

superior parietal gyrus plays an important role in enhancing short-term MSL during 

observation of hand movements (59). Furthermore, the increased FC in the right superior 

parietal gyrus found in our study was mainly related to increased FC in the left posterior-

superior temporal gyrus and left superior temporal sulcus. This finding is in line with a meta-

analytical connectivity model, which described a coactivation between the left superior 

temporal sulcus and the right superior temporal gyrus, extending to the middle temporal 

gyrus (60). While the middle temporal gyrus seems to be involved in movement processes 

and the right superior parietal gyrus has additionally been shown to be involved in to 

attentional processes, the left superior temporal sulcus has been shown to be involved in the 

processing of visual movement consequences (61). Overall, the described activation 

patterns in the superior parietal gyrus, superior temporal sulcus and middle temporal gyrus 

seem to correspond to the so-called dorsal stream within the dual stream theory of 

visuospatial processing (62,63). According to the dual stream theory, visual information 

reaches the parietal lobe through the lateral intraparietal area in order to access the superior 

temporal sulcus and middle temporal gyrus (64). Thus, the dorsal stream delivers 

information direct to the motor system for immediate use for reaching, grasping or eye 

movements (65). Additionally, it has been suggested that the parieto-prefrontal pathway links 

the middle temporal gyrus, intraparietal areas and the prefrontal cortex, areas which have 

been suggested to be relevant for spatial WM (64). By contrast, the ventral stream 

describing temporal regions is dedicated to ‘vision-for-perception’, but has further been 

described to have a role in movement planning based on memory of the object and its 

relationship to other items (64,65). Despite the distinction in dorsal and ventral streams, it 

has been suggested that during hand movement both streams are cross-communicating 

through the temporo-parietal fibers (66). The increase connectivity of the AG with other 

regions (middle temporal gyrus, right superior parietal gyrus, left superior temporal sulcus, 

left precentral gyrus) could suggest that the AG may act as an integrative region that could 

promote the cross-communication between dorsal and ventral streams. Additionally, they 

extend this notion since we observed increased FC within and between both streams in the 

resting brain following WM and MSL training, which can be seen as a cross-communication 

in terms of an offline processing.  

 Moreover, our results allow to understand the direction of the cross-communication, 

since the sequential order of the training administration modulated FC changes in the 

previously mentioned networks. Indeed, the post-training resting state FC changes showed 

the highest effect size in the group which completed the MSL first followed by the WM 



 

training and the group which did both trainings combined. Current research suggests that the 

motor cognitive interdependence may come from motor systems that dedicate neuronal 

regions to cognitive demands, which results in enhancement of active rehearsal processes 

through internally generated motor sequence traces that are actively recreated at will (15). 

Behaviorally, we detected additive effects in visuospatial WM and processing speed 

following the group which first completed the MSL before the WM training. Hence, MSL 

training before or simultaneously with WM training seems to engage motor and cognitive 

brain regions which could act as a boost for WM and processing speed ability. It is important 

to underline that since all FC changes were detected in the brain at rest, the modulations 

due to the sequential order of the training seems to reflect more pronounced offline 

processing when the MSL is done before the WM training. The absence of FC differences 

between the BL1 and BL2 further supports that the observed changes in resting state FC are 

a result of the trainings.  

  Considering the relatively young age of the participants (average age 30 years) the 

generalization of our findings to an older population should be done with caution. Indeed, it 

has been described that resting state FC patterns between young and old adults differ 

following MSL (19). Similarly, a recent study showed increased resting state FC following a 

short-term motor practice in young adults, whereas decreased FC was found in older adults 

(55). For this reason, the results in this study cannot be generalized and future studies 

should investigate resting state FC changes following MSL and WM training in other age 

population, specifically old age.  

 

 5. Conclusion  
 To our best knowledge this is the first study that investigated the brain mechanisms 

at rest related to additive and interactive effects of MSL and WM trainings. The results 

showed distinct patterns of resting state FC modulation related to sequential and combined 

training programs suggesting a relevance of the order in which trainings are performed. 

These training-related FC modulations are supported by the absence of differences between 

the two pre-training sessions. Thus, the current study sheds light on the additive and 

interactive neuroplastic mechanisms induced by motor and cognitive trainings. Based on this 

observation, we think that rehabilitative programs may consider to take into account the 

sequential order of training administration, although further studies in pathological conditions 

are essential. 
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6 Discussion 

Although brain plasticity is a central concept for both recovery from brain damage in pathology and 

performance enhancement in health, insufficient investigation of underlying neural, cognitive or motor 

mechanisms limits the understanding of the extent of improvement on various functional domains. Three 

experimental studies conducted in the frame of this thesis aimed at studying neural and cognitive plasticity 

induced by interventions in order to understand their mechanisms at action from different perspectives. In 

study A), we investigated the neural and behavioral effects of a personalized, multidisciplinary 

rehabilitation program in MS using fMRI. Study B) targeted current challenges in cognitive training 
research by studying the comparative efficacy and task-related cognitive mechanisms of a model-based 

WM training in healthy old adults. In study C), additive and interactive effects of WM and motor training 

were investigated using fMRI in healthy young adults. All studies indicate plastic changes following the 

administered interventions on different levels. 

 The results of the first study indicate improved self-perceived fatigue, walking ability and health-

related quality of life following an inpatient personalized multidisciplinary rehabilitation program in people 

with MS. Additionally, participants showed improved accuracy on an untrained MSL task after the 
rehabilitation. On the neural level, task-fMRI indicated a reduced difference between the random and 

repeated condition of a MSL task in the left cerebellum and right prefrontal lobe after the rehabilitation in 

people with MS compared to healthy controls. According to neuroplasticity in the sense of map expansion, 

a decrease in activation may be the result of an initial task-related activation of the whole network until the 

representational region is selected (Grafman, 2000). Indeed, in cross-sectional studies it has been shown 

that people with MS display increased motor-task related activation in sensorimotor areas and cerebellum 

compared to healthy controls (De Giglio et al., 2016). Longitudinally, increased or decreased activation 

patterns following motor training have been reported (Dayan, E., & Cohen, 2011; De Giglio et al., 2018; 
Floyer-Lea & Matthews, 2005). The decreased activation following the rehabilitation in our study thus 

suggests a more effective recruitment of cerebellar and prefrontal regions in the sense of map expansion 

in people with MS. In extension to these previous findings, this study is amongst the first to describe 

clinical and neurofunctional plasticity following a clinically defined inpatient personalized multidisciplinary 

rehabilitation. Thus, our study supports activity-induced neuroplasticity as an interface to recovery (Horton 

et al., 2017) in the sense of a personalized multidisciplinary rehabilitation, a setting aiming at reducing the 

disease-related burden by taking the polysymptomatic presentation of MS into consideration. 

 The results of this first study are limited in the sense that the described neuroplastic changes 
cannot be generalized to cognitive functions. This is related to the fact that the investigated inpatient 

multidisciplinary rehabilitation focused on motor functions. After reviewing the patient-specific rehabilitative 

therapies in our study, 1±1.7 hours were dedicated to cognitive rehabilitation of memory, attention and 

executive functions compared to on average 32.8±8.6 hours dedicated to physiotherapy. Interestingly, this 

observation diverges from the literature, which shows that cognitive rehabilitation is broadly investigated 

and indicates positive effects on cognitive functions in people with MS (Mitolo, Venneri, Wilkinson, & 

Sharrack, 2015). Hence, this observation indicates a mismatch between research on cognitive 
rehabilitation and its actual translation into the clinical setting. First, this mismatch may be explained in the 
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inconclusive and conflicting evidence regarding the efficacy of cognitive rehabilitation to improve cognition 

in patients with MS, which can be attributed to the variability of rehabilitative approaches as well as 

methodological considerations (Mitolo et al., 2015). In light of the supply-demand model of plasticity, 
variable input is required in order to increase the mismatch between supply and demand and thus induce 

plasticity. However, the variability needs to be understood in the context of using multiple tasks that target 

one single cognitive process (Lövdén et al., 2010). Indeed, the current focus of cognitive rehabilitation 

programs for MS lays in targeting executive control processes or WM (Mitolo et al., 2015).  

 A second explanation may be found in the current challenges of cognitive training in healthy 

adults. In order to understand how plasticity can be induced with cognitive rehabilitation programs, 

underlying mechanisms of cognitive interventions need further clarification and studies on their 

comparative efficacy are required. On this ground, developing theory-driven training interventions that are 
first tested in healthy people is unavoidable in order to understand the efficacy and underlying 

mechanisms which may then be translated into the clinical setting. The two studies conducted within this 

thesis may have the potential to give insight in challenges that occur in the investigation of cognitive 

trainings, which may form the basis for cognitive rehabilitation strategies. We first aimed at an in-depth 

investigation of the mechanism of action as well as the comparative efficacy of a newly developed model-

based WM training in healthy older adults (B) and second targeted the additive and interactive neural and 

behavioral effects of WM and motor training in healthy young adults (C).  
 With study B), we addressed two main challenges in cognitive training research simultaneously. 

We developed a theory-driven WM training based on the multicomponent model (Baddeley, 2012) and 

experimentally manipulated the inclusion of distractor inhibition as a possible task-related process. This 

approach allows to draw conclusion on the trained cognitive construct and to investigate if task-related 

process may render the improvement on the trained cognitive function (Katz et al., 2017; Morrison & 

Chein, 2011). Further, we tested the comparative efficacy of the model-based WM trainings with and 

without distractor inhibition to a dual-n-back training (Jaeggi et al., 2008) and an active control group in a 

parallel group, double-baseline, randomized, controlled clinical. Comparing the trainings further allowed to 
investigate if potential transfer is paradigm specific. The results revealed improved WM capacity in healthy 

old adults only following the model-based WM training with distractor inhibition, specifically in comparison 

to the same training without distractor inhibition. Although no far transfer effects were detected following 

the completion of all trainings, small near transfer of the dual-n-back paradigm to an untrained n-back task 

as well as to visuospatial learning following the model-based training with distractor inhibition was found. 

While the results regarding the n-back training indicate paradigm-specific improvements (Holmes et al., 

2019), the distractor inhibition within a model-based WM training indicates a relevant task-related process 

of WM with the possibility to improve performance on untrained WM capacity tasks in healthy old adults.  
 Despite the limitations due to early termination of the study, the double baseline approach allows 

to exclude that the described training gains were primarily based on practice effects and to attribute the 

detected near transfer post-training to the training itself. Thus, the model-based WM training with 

distractor inhibition has the potential to increase the supply-demand mismatch required to successfully 

induce cognitive plasticity (Lövdén et al., 2010). Although no far transfer was detected, the near transfer to 

WM capacity could not only be relevant in healthy participants, but also for a clinical population. The 
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model-based approach offers one training task for each WM component separately which enables the 

possibility to train the specific needs of patients based on their individual WM impairment by selecting the 

appropriate task. While the results cannot be generalized to a clinical population yet, testing the model-
based WM training in clinical conditions such as MS in future studies could display the basis of an 

effective, evidence-based personalized cognitive rehabilitation approach for WM.  

 The last study presented within this thesis (C) showed increased resting state FC in the right 

angular gyrus, the bank of the left superior temporal sulcus, the right superior parietal gyrus, the middle 

temporal gyrus bilaterally and the left precentral gyrus after a WM and motor training in healthy young 

adults. The resting state FC in those regions was modulated by the order in which trainings were 

performed, with highest effect sizes in the group that performed motor before WM training, followed by the 

group that did both trainings combined. On the behavioral level, results showed increased processing 
speed and verbal WM following the trainings, specifically in the group that performed motor before WM 

training. While supporting the previously suggested shared neural and behavioral mechanisms between 

WM and motor learning (Marvel et al., 2019), these results are the first to reveal a relevance of the order 

in which motor and cognitive training is performed on the resulting cognitive and neural plasticity. We 

brought together two previous observations. First, it has been suggested that offline processing of newly 

learned motor skills as resting state FC changes in sensorimotor and frontoparietal networks takes place 

after motor training (Mary et al., 2017). Second, the motor-cognitive interdependence has been described 
to result in active rehearsal processes through internally generated motor sequence traces that are 

actively recreated at will (Marvel et al., 2019). Thus, completing motor training before or combined with 

WM training may act as a boost for WM and processing speed since offline processing of motor skills may 

induce motor sequence traces that could facilitate active rehearsal of the WM input.  

 This study is limited due to its low generalizability to other study populations, since resting state 

FC patterns following motor training may differ in older adults or because of pathological conditions (De 

Giglio et al., 2018; Solesio-Jofre et al., 2018). Nevertheless, the high flexibility of the human motor system 

and its continuous interaction with cognitive processes (Horton et al., 2017) combined with our findings 
highlights the potential of the motor-cognitive interaction for recovery after brain damage. The 

administration of a motor training before or in combination with cognitive rehabilitation may be more 

successful in improving cognitive impairment in patients than completing cognitive rehabilitation alone. 

Thus, the role of sequential order of WM and motor training administration gives valuable insight on 

neuroplastic changes, which may be crucial in the planning and designing of effective rehabilitative 

programs for people with pathological conditions.  

 In summary, the three studies presented within this thesis give insight on brain plasticity in health 

and pathology from various perspectives by applying behavioral and functional imaging methods. 
Following the current focus in rehabilitation and cognitive enhancement research, the importance of 

comprehensive examination of underlying neural and cognitive mechanisms of intervention induced 

plasticity was demonstrated. We showed that inpatient personalized multidisciplinary rehabilitation 

program in people with MS induces not only improvement in highly impacting symptoms but also 

neuroplastic changes. Further, we identified distractor inhibition as a task-related process of WM training 

in order to induce cognitive plasticity in healthy older adults and revealed neural and behavioral effects 
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related to the order in which motor and cognitive trainings are performed in healthy young adults. Our 

findings in the healthy population provide a starting point for effective cognitive trainings that could 

eventually be translated into rehabilitative strategies addressing individual WM impairment. Indeed, 
cognitive impairment is amongst the symptoms occurring in the first year after disease onset in patients 

with MS (Kister et al., 2013), which highlights the importance of rehabilitative strategies to improve 

cognition in patients early on. Due to the polysymptomatic clinical presentation of MS, it has been argued 

that therapeutic interventions should be developed in order to allow a personalized rehabilitative care 

program (Amatya et al., 2019). Future studies should therefore evaluate if the model-based WM tasks 

may improve WM capacity in a clinical sample and if distractor inhibition further displays a task-relevant 

process for WM improvement in patients suffering from WM impairment. Based on the previously 

described differences of brain activity between healthy adults and patients with MS (De Giglio et al., 
2018), it would be interesting to see if the modulation in brain activity according to the order of motor and 

cognitive training administration can further be replicated in a clinical sample.  

 In conclusion, it is demonstrated that brain plasticity following interventions in health and 

pathology is the result of an interplay between various behavioral and functional mechanisms. Identifying 

processes of cognitive trainings based on well-established theoretical models answers if and more 

importantly how transfer effects can occur. Furthermore, future empirical studies should continue to 

evaluate additive and interactive effects of different functional domains and their potential in inducing brain 
plasticity in healthy people. Such studies form the basis for developing successful rehabilitative strategies 

and have the power to bridge between basic neuroscientific and interventional research towards the 

translation into the clinical setting.   
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