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SUMMARY 
 

Background: The worldwide population will grow older in the upcoming years. 

Aging, even in the absence of pathological processes, is associated with decline in 

cognitive functioning. Age-related cognitive decline is not a uniform process affecting 

every function in the same way. Research should thus examine specific functions, such 

as episodic memory or executive functions differentially, especially in older samples. 

Neural correlates of these functions are well characterized in young adults. However, 

research on functional and structural neural substrates underlying specific cognitive 

functions in older adults is scarce, but needed for example to identify targets for 

noninvasive interventions against cognitive decline. Current advances in this field 

point towards the effectiveness of combined noninvasive interventions of cognitive 

training and transcranial direct current stimulation (tDCS). So far, evidence regarding 

such combined interventions in older adults is inconclusive and neural mechanisms 

of successful interventions are still unclear. This line of research could advance the 

development of noninvasive methods to modulate cognitive functions and therefore 

address the unmet need for treatment options against age-related cognitive decline.  

Aims: The main aims of the present thesis were (i) to characterize functional and 

structural neural network correlates of two cognitive functions with high relevance 

for daily living, namely working memory updating and value-based decision making, 

(ii) to map out interventions of combined cognitive training and tDCS to modulate 

these cognitive functions in healthy older adults and adults with prodromal AD and 

(iii) to assess behavioral and neural outcomes of combined cognitive training (of 

either executive functions or visuo-spatial memory) and tDCS interventions.  

Methods: In order to address these aims, the present thesis includes five papers. 

Paper I assessed functional and structural neural correlates of working memory 

updating and value-based decision-making performance in healthy older adults using 

functional magnetic resonance imaging and diffusion tensor imaging. Papers II and III 

comprise study protocols of a three-week cognitive training of working memory 

updating and value-based decision-making abilities with concurrent tDCS over the left 

dorsolateral prefrontal cortex in healthy older adults and adults with prodromal AD. 

Paper IV used mixed-model analysis to compute behavioral outcomes of this 

combined intervention in healthy older adults, including outcome measures of the 

trained tasks, measures of transfer to untrained tasks and assessment of long-term 
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effects at four weeks and half a year after the intervention. In paper V neural 

alterations after cognitive training of visuo-spatial memory and active stimulation 

compared to the training and sham (placebo) stimulation were assessed in older 

adults using measures of functional network centrality and diffusion tensor imaging-

derived measures of grey matter microstructure.  

Results: Analyses revealed distinct functional and structural connectivity correlates 

of performance on the two cognitive tasks assessing working memory updating and 

value-based decision-making (paper I). Moreover, results showed a combined 

contribution of a specific white matter pathway (cingulum bundle) and frontoparietal 

functional connectivity to working memory updating performance, thereby providing 

information on possible network targets for modulation of working memory updating 

and value-based decision-making. The combined modulatory intervention of 

cognitive training and tDCS (papers II and IV) did not demonstrate group differences 

between concurrent active tDCS over sham tDCS in the trained tasks. However, 

analysis of a working memory transfer task revealed a beneficial effect of training and 

active tDCS over training and sham tDCS at post intervention and follow-up. Findings 

from paper V showed reduced functional network centrality after visuo-spatial 

memory training and active tDCS compared to training and sham tDCS in the 

stimulated brain area and its contralateral homologue. Additionally, after the training, 

measures of grey matter microstructural plasticity in the stimulated brain area were 

associated with beneficial training outcomes for the active but not the sham 

stimulation group.  

Conclusion: Taken together, cognitive performance, functional and structural 

networks as well as the possibility of their modulation through combined cognitive 

training and tDCS interventions were investigated in older adults with and without 

cognitive impairment. The present thesis therefore contributes to the field of 

noninvasive neuromodulation in older adults by characterizing distinct neural 

correlates of two age-sensitive executive functions, which may be altered through 

modulatory interventions. Moreover, the present work shows that cognitive training 

with concurrent tDCS holds the potential to elicit transfer effects to untrained tasks 

and further may evoke neural plasticity on the functional and microstructural level. 

This work thus promotes the development of modulatory interventions against age-

associated cognitive decline and holds promising implications for translation to 

clinical application. 
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ZUSAMMENFASSUNG 

 

Theoretischer Hintergrund: In den kommenden Jahren wird die Weltbevölkerung 

immer älter werden. Auch wenn keine Erkrankung vorliegt, geht das Älterwerden mit 

einer Abnahme der kognitiven Funktionen einher. Dieser Abbau verläuft oft nicht 

gleichmäßig und betrifft nicht alle kognitiven Funktionen gleichermaßen. Folglich ist 

es in der Altersforschung besonders wichtig, spezifische kognitive Funktionen wie 

beispielsweise Gedächtnis- oder Exekutivfunktionen zu untersuchen. Bei jüngeren 

Erwachsenden sind die zugrundeliegenden neuronalen Korrelate schon gut erforscht. 

In älteren Stichproben mangelt es allerdings an Untersuchungen zu funktionellen und 

strukturellen neuronalen Substraten, die spezifischen kognitiven Funktionen 

zugrunde liegen. Solche Erkenntnisse werden beispielsweise benötigt, um 

Hirnregionen und -netzwerke zu identifizieren, die als Ansatzpunkte für nicht 

invasive (also nicht in den Organismus eingreifende) Interventionen dienen können. 

Die Kombination von kognitivem Training mit nicht invasiver transkranieller 

Gleichstromstimulation (engl. noninvasive transcranial direct current stimulation, 

tDCS) ist hierbei ein vielversprechender Ansatz. Allerdings ist die bisherige 

Ergebnislage zur Wirksamkeit von solch kombinierten Interventionen bei älteren 

Erwachsenen widersprüchlich und neuronale Mechanismen von einer erfolgreichen 

Intervention sind wenig untersucht. Weitere Forschung in diesem Bereich könnte also 

zur Entwicklung von dringend benötigten Behandlungsmöglichkeiten gegen 

altersassoziierten kognitiven Abbau beitragen. 

Ziele: Die Hauptziele der vorliegenden Arbeit waren (i) die Charakterisierung 

funktioneller und struktureller neuronaler Netzwerkkorrelate von zwei kognitiven 

Funktionen mit hoher Relevanz für das tägliche Leben, Arbeitsgedächtnis-

aktualisierung und wertbasiertes Entscheiden, (ii) die Ausarbeitung einer 

detaillierten Intervention aus kombiniertem kognitivem Training und tDCS zur 

Modulation dieser kognitiven Funktionen bei gesunden älteren Erwachsenen und 

Erwachsenen mit Vorstufen der Alzheimer Erkrankung und (iii) die Auswertung der 

verhaltensbezogenen und neuronalen Auswirkungen von kombiniertem kognitivem 

Training (von entweder Exekutivfunktionen oder visuo-räumlichem Gedächtnis) und 

tDCS. 
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Methoden: Zur Untersuchung dieser Ziele umfasst diese Doktorarbeit fünf 

wissenschaftliche Artikel (engl. Paper). In Paper I wurden funktionelle und 

strukturelle neuronale Korrelate von Arbeitsgedächtnisaktualisierungsfähigkeiten 

und wertbasiertem Entscheiden bei gesunden älteren Erwachsenen untersucht. 

Hierzu wurden mittels funktioneller Magnetresonanztomographie und Diffusions-

Tensor-Bildgebung erhobene Daten analysiert. Paper II und III beinhalten die 

Studienprotokolle einer dreiwöchigen Intervention aus kombiniertem kognitivem 

Training mit gleichzeitiger tDCS über dem linken dorsolateralen Präfrontalkortex. Die 

Intervention wurde bei gesunden älteren Erwachsenen sowie bei Erwachsenen mit 

Vorstufen der Alzheimer Erkrankung durchgeführt. In Paper IV wurden die 

Verhaltenseffekte dieser kombinierten Intervention bei gesunden älteren 

Erwachsenen ausgewertet. Hierzu wurden die trainierten Aufgaben, Daten zu 

Transfer zu untrainierten Aufgaben und mögliche Langzeiteffekte vier Wochen und 

ein halbes Jahr nach der Intervention betrachtet. In Papier V wurden schließlich die 

neuronalen Veränderungen nach einem kognitiven Training mit aktiver Stimulation 

im Vergleich zu dem Training mit Scheinstimulation (Placebo) analysiert. Hierbei 

wurden Maße der funktionellen Netzwerkzentralität und der Mikrostruktur von 

grauer Substanz betrachtet. 

Ergebnisse: Die Analysen ergaben spezifische Zusammenhänge der funktionellen 

und strukturellen neuronalen Konnektivität mit der Leistung in den beiden kognitiven 

Aufgaben zu Arbeitsgedächtnisaktualisierung und wertbasiertem Entscheiden (Paper 

I). Darüber hinaus ergab die Auswertung, dass es einen gemeinsamen Einfluss der 

Beschaffenheit eines bestimmten Fasertraktes (dem Cingulum) und der funktionellen 

Konnektivität frontoparietaler Regionen auf die Aktualisierungsleistung des 

Arbeitsgedächtnisses gibt. Daraus lassen sich mögliche Ansatzpunkte für eine spätere 

nicht invasive Modulation der kognitiven Leistung ableiten. Des Weiteren zeigte die 

Anwendung von kombiniertem kognitivem Training mit gleichzeitiger tDCS (Paper II 

und IV) keine Gruppenunterschiede zwischen der aktiven tDCS Bedingung und der 

Scheinstimulation in den trainierten Aufgaben. Allerdings ergab die Analyse einer 

Transferaufgabe für das Arbeitsgedächtnis einen positiven Effekt von Training und 

aktiver tDCS gegenüber Training und Schein-tDCS. In Beitrag V konnte eine reduzierte 

Netzwerkzentralität nach dem Training mit aktiver tDCS im Vergleich zu Training und 
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Schein-tDCS im stimulierten Hirnareal und demselben Areal auf der kontralateralen 

Seite gezeigt werden. Darüber hinaus ergab sich nach dem Training ein 

Zusammenhang von Maßen mikrostruktureller Plastizität in der grauen Substanz im 

stimulierten Hirnbereich mit positiven Trainingsergebnissen für die aktive tDCS 

Gruppe, nicht aber für die Scheinstimulationsgruppe. 

Schlussfolgerung: In dieser Arbeit wurden kognitive Leistung, funktionelle und 

strukturelle Hirnnetzwerke sowie die Möglichkeit ihrer Modulation durch die 

Kombination aus kognitivem Training und tDCS untersucht. Somit werden in dieser 

Arbeit Ansatzpunkte für Forschung zu nicht invasiver Neuromodulation bei älteren 

Erwachsenen präsentiert. Darüber hinaus zeigte diese Arbeit, dass kognitives 

Training mit gleichzeitiger tDCS das Potenzial hat, Transfereffekte auf nicht trainierte 

Aufgaben zu erzielen und neuronale Plastizität auf funktioneller und 

mikrostruktureller Ebene hervorzurufen. Die vorliegende Arbeit fördert somit die 

weitere Entwicklung modulierender Interventionen gegen den altersbedingten 

kognitiven Abbau und präsentiert vielversprechende Möglichkeiten für die künftige 

Umsetzung in die klinische Anwendung. 
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1 INTRODUCTION 

 

The process of aging affects everyone, and different parts of the human body are prone 

to age-related changes in different ways. In contrast to the aging of the skin for 

example, aging of the brain cannot be observed directly. Nevertheless, on the 

behavioral level we can often observe the ramifications of ongoing changes in the 

brain and modern imaging techniques such as functional magnetic resonance imaging 

(fMRI) and diffusion tensor imaging (DTI), allow for even closer examination of brain 

alterations (Eyler, Sherzai, Kaup, & Jeste, 2011; Sullivan & Pfefferbaum, 2006). 

Studying age-associated changes is especially relevant regarding the demographic 

changes our world is facing. According to data from the World Population Prospects 

of the United Nations, 16 % of the worldwide population will be aged 65 years or older 

by 2050 compared to 9 % in 2019 (United Nations, 2019). This worldwide change will 

strain society, social systems and every individual, as the rate of age-associated 

diseases such as Alzheimer’s disease (AD) will increase significantly (Rajan et al., 

2021). On the individual level, aging affects a variety of cognitive functions such as 

memory or executive abilities. Decline in cognitive functions profoundly impacts 

activities of daily living and quality of life, ultimately leading to a loss of autonomy and 

a need of care (Vaughan & Giovanello, 2010). Research concerned with the influence 

of aging on brain and behavior has therefore emerged in the fields of psychology and 

neuroscience. Additionally, interdisciplinary research translating to the field of 

medicine is investigating interventions and treatments to counteract the effects of age. 

 Using imaging methods, often comparing young and older adults cross-

sectionally, aging research has identified markers of brain aging such as decline in 

grey matter volumes or changes in white matter myelination. Research has also 

determined differences in brain activity during performance of cognitive tasks and at 

rest between young and older adults (see Grady, 2012 for review). Longitudinal 

studies have identified both increased and decreased activation with aging, depending 

on the brain region (Beason-Held, Kraut, & Resnick, 2008; Goh, An, & Resnick, 2012; 

Nyberg et al., 2010). While this important work has identified that older brains differ 

in many ways from younger brains and that age-associated alterations occur in older 

brains, research determining specific underlying correlates of relevant cognitive 

functions in older brains is lacking. Consequently, questions such as “Can specific 
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functional and structural brain markers be linked to cognitive performance levels in 

older adults? Is structural deterioration of the brain directly linked to functional 

impairments? Is there a way of effectively modulating cognition, especially when 

impaired?” arise. The good news is that the brain maintains a great protective and 

restorative function up to old age, namely plasticity. Plasticity can be defined as “the 

potential for flexible recruitment of the brain, reflecting structural and functional 

changes, sometimes as a response to learning and experiences” (Gutchess, 2014). 

Making use of neural plasticity, an important current challenge is to develop 

noninvasive interventions which counteract or even prevent cognitive decline to 

provide independence and preserve cognition in an ever-growing body of older 

adults.  

Therefore, the main aim of my dissertation is to characterize neural correlates 

of two specific executive functions with high daily relevance in older adults, to further 

provide an understanding on how noninvasive interventions can be administered to 

modulate cognitive functions in healthy and pathological aging and to delineate 

behavioral and neural effects of such interventions. To that end, I will first describe 

cognitive functions and their neural underpinnings in older age and thus present the 

rationale for my research on neural correlates of working memory updating and 

value-based decision-making abilities in a group of older adults using resting-state 

functional magnetic resonance imaging (rsfMRI) and diffusion tensor imaging (DTI, 

Chapter 2, paper I). Second, I will give an overview on cognitive training as a method 

to noninvasively modulate cognition and further focus on transcranial direct current 

stimulation (tDCS) as a method to support and boost training effects (Chapter 3). In 

doing so, I will present the research rationale for two clinical trials on a three-week 

combined cognitive training and tDCS intervention in older adults and patients with 

prodromal AD (papers II-IV). Moreover, I will present a study using data-driven 

analysis of resting-state functional networks and DTI-derived measures of grey 

matter microstructure to assess neural correlates of a combined training and tDCS 

intervention (paper V). An overview of the included papers will be given in in Chapter 

4. I will then summarize my findings and provide an integrative perspective on the 

research included in the present thesis. Finally, I will discuss possibilities for 

prospective adaptations of the presented intervention, thereby focusing on clinical 

implications and outlining possible future directions of this line of research 

(Chapter 5). 
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2 COGNITIVE FUNCTIONS IN AGING 

 

Age-related behavioral changes ultimately cause enormous burden on older 

individuals and society, particularly in cognitive functions crucial for day-to-day life 

(Sakai et al., 2012; Tomaszewski Farias et al., 2009; Vaughan & Giovanello, 2010). As 

there is high inter-individual variability in the degree of behavioral decline in older 

adults (de Frias, Dixon, & Strauss, 2009; Goh et al., 2012), and as the number of older 

adults will increase over the course of the next years (United Nations, 2019), the 

present work is directed at behavioral and neural facets of cognitive functions in older 

adults. In the present chapter the focus will lay primarily on executive functions, i.e., 

cognitive processes encompassing the abilities to plan, form strategies, make goal-

directed decisions, retrieve, maintain, manipulate, inhibit or update information. But 

why are executive functions of special relevance in older adults? Firstly, executive 

functions are amongst the first functions to decline as we age (see Reuter-Lorenz, 

Festini, & Jantz, 2016 for review). Secondly, executive functions are characterized by 

a higher-order role, exerting control over other cognitive functions (Miyake et al., 

2000). In older age this higher-level control function might be considered even more 

important, as executive functions serve to compensate for other cognitive deficits and 

thus fundamentally contribute to maintaining intact cognition (Reuter-Lorenz & Park, 

2014). In the present chapter, I will thus address underlying neural correlates of 

executive functions in the older adults’ brain and shortly present imaging methods to 

assess associated functional and structural neural networks. Subsequently, I will 

highlight two specific executive functions with crucial relevance to everyday life, 

introduce task paradigms for assessment of these functions and thus present a 

foundation for my scientific publications included in this thesis. 

 

2.1 NEURAL UNDERPINNINGS OF EXECUTIVE FUNCTIONS IN OLDER ADULTS 

Exceeding the historical view of “localism” (i.e., the localization of a certain function in 

a specific brain region), modern research rather assumes the brain to be organized in 

complex functional and structural networks (Nazarova & Blagovechtchenski, 2015). 

In the past years, several theoretical models focusing on network reorganization in 

older brains have emerged (Festini, Zahodne, & Reuter-Lorenz, 2018). For example, 
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age-related reductions in asymmetries of prefrontal activity during cognitive 

performance have been proposed to serve as compensatory mechanism for cognitive 

decline by the model of “hemispheric asymmetry reduction in older adults” (HAROLD, 

Cabeza, 2002). Suggesting functional reorganization to recoup for structural 

deterioration, the “scaffolding theory of aging and cognition” (STAC) proposes a 

framework for compensatory mechanisms to maintain a certain level of cognitive 

functioning (Park & Reuter-Lorenz, 2009; Reuter-Lorenz & Park, 2014). Other models 

of neural mechanisms for sustained cognitive performance in older age have suggested a “posterior-anterior shift in aging” (PASA), i.e. increased neural activity in 

frontal regions paralleled by reduced activity in posterior regions during task 

performance (Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008) or the “compensation-related utilization of neural circuits hypothesis” (CRUNCH), which comprises the idea 

of additional recruitment of brain areas to compensate for deficient network 

processes (Reuter-Lorenz & Cappell, 2008). In light of the network perspective 

described by these different models, I will focus on functional and structural 

connectivity in neural networks of older adults in the present thesis. 

 Co-activation of distinct brain areas during rest (i.e., in the absence of task 

performance), demonstrated by co-occurring low-frequency changes in the blood 

oxygenation-level dependent (BOLD) magnetic resonance imaging (MRI) signal, has 

become known as resting-state functional connectivity (RSFC, Biswal, Zerrin Yetkin, 

Haughton, & Hyde, 1995; Fox & Raichle, 2007; Greicius, Krasnow, Reiss, & Menon, 

2003). Such functionally connected brain areas form networks, which have been 

linked to task-based activation patterns (Biswal et al., 2010). Thus, the suggested 

common constellations of activation during rest and activity allow for investigation of 

cognition-relevant brain networks in the absence of task performance (Betzel et al., 

2014; Reineberg, Gustavson, Benca, Banich, & Friedman, 2018; van Dam, Decker, 

Durbin, Vendemia, & Desai, 2015; Yeo, Krienen, Chee, & Buckner, 2014). Indeed, well-

described resting-state networks have been introduced to be related to executive 

functions (Darki & Klingberg, 2015; Darki, Sauce, Klingberg, Pediatric Imaging, & 

Genetics, 2019; Hampson, Driesen, Skudlarski, Gore, & Constable, 2006; Nee & Brown, 

2013; Reineberg, Andrews-Hanna, Depue, Friedman, & Banich, 2015). For example, 

the frontoparietal network, often defined to include bilateral prefrontal cortex, 
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inferior parietal areas and sometimes medial regions such as anterior cingulate 

cortex, has been associated with executive performance (Darki & Klingberg, 2015; 

Vincent, Kahn, Snyder, Raichle, & Buckner, 2008). But can these findings obtained in 

young adults be applied to the older brain?  

From research comparing functional connectivity of young and older brains 

some features of older brains have become apparent. For example, compared to young 

adults, older adults exhibit less distinct network segregation and reduced local 

efficiency, pointing to less cost-efficient processing in the brain (Geerligs, Renken, 

Saliasi, Maurits, & Lorist, 2015; Grady, Sarraf, Saverino, & Campbell, 2016). Moreover, 

less flexibility in inter-network communication and decreased connectivity in 

networks shown to be involved in higher-order cognitive functions (i.e., the 

frontoparietal network) has been reported (Andrews-Hanna et al., 2007; Geerligs et 

al., 2015; Grady et al., 2016). Thus, the network architecture known in young adults is 

disrupted and reorganized in older brains. However, research on relations of 

connectivity in functional networks to executive performance in healthy older adults 

is scarce and results are inconclusive (Jockwitz et al., 2017; Salami et al., 2018). It is 

hence conceivable that there is a need to further investigate functional underpinnings 

of specific cognitive functions in older brains (Hausman et al., 2020). 

On the structural level, brain network architecture of white matter pathways 

interconnecting different brain regions can be assessed using DTI (Assaf & Pasternak, 

2008; Johansen-Berg & Behrens, 2009). This MRI method has evolved in the late 20th 

century (Basser, Mattiello, & LeBihan, 1994; Le Bihan et al., 1986) and has since 

become an important tool in neuroscientific and clinical research of brain 

functionality and pathology (Le Bihan & Johansen-Berg, 2012). In white matter, 

diffusion anisotropy, i.e., the directionality of water molecules’ motion, is higher along 
the fiber compared to the perpendicular direction (Basser et al., 1994; Basser & 

Pierpaoli, 1996). This feature is used to compute the measure of fractional anisotropy 

(FA), with lower values revealing more dissolved diffusion. Thus, decreased FA serves 

as a proxy for white matter degeneration by reflecting white matter features such as 

reduced tract density or degree of myelination (Grieve, Williams, Paul, Clark, & 

Gordon, 2007). In fact, in older adults, reduced integrity of white matter in frontal and 

parietal regions has previously been linked to declined cognition (Bettcher et al., 
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2016; Charlton, Barrick, Lawes, Markus, & Morris, 2010; Salat et al., 2005). 

Additionally, from studies investigating degenerative diseases such as AD or Parkinson’s disease, the importance of preserved white matter integrity for intact 

cognition has further become apparent (Deng et al., 2012; Kantarci et al., 2017; Zheng 

et al., 2014). However, only few studies have been investigating white matter 

pathways in relation to specific age sensitive executive functions (Ekman, Fiebach, 

Melzer, Tittgemeyer, & Derrfuss, 2016).  

In sum, while it is clear that fundamental changes on functional and structural 

levels occur from young to older age, the linkage of specific executive functions with 

detailed brain network characteristics in older adults is still insufficiently understood. 

Further, for a deeper understanding, multi-modal considerations combining findings 

from functional and structural connectivity in older adults are needed to further 

unravel the relationship of brain status and behavioral performance (Avelar-Pereira, 

Bäckman, Wåhlin, Nyberg, & Salami, 2017; Suárez, Markello, Betzel, & Misic, 2020). In 

order to meet these considerations, I here analyzed neural correlates of two executive 

functions in a well-characterized cohort of older adults (paper I). I selected resting-

state networks of interest in relation to chosen behavioral tasks and showed that 

functional connectivity was related to structural connectivity measures obtained from 

tractography of task-relevant white matter tracts. By delineating specific task-related 

network correlates, my work will in the future contribute to tailoring modulatory 

interventions to halt or restore decline in cognitive functions in older adults. 

 

2.2 WORKING MEMORY UPDATING AND REWARD-BASED DECISION MAKING - TWO AGE-

SENSITIVE EXECUTIVE FUNCTIONS 

As outlined in the previous section, age-associated brain alterations often involve 

prefrontal brain regions (and their interconnected areas), which comprise key regions 

of executive functions (Eyler et al., 2011; Rajah & D'Esposito, 2005). To investigate the 

impact of brain network alterations on the behavioral level, examination of specific 

executive functions, previously shown to be prone to age-related deterioration, thus 

might be highly suitable (cf. Salthouse, 2010). In the present section I will therefore 

characterize two executive functions with high relevance for further investigation in 

an older cohort – working memory updating and value-based decision making.  
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 Working memory updating is characterized by the ability to manipulate 

information currently held in working memory by overwriting the information 

entirely or updating parts of it (Miyake et al., 2000). It has been shown to be highly 

correlated with working memory capacity (Lehto, 1996) and is commonly assessed 

by so called running memory tasks (Morris & Jones, 1990). These tasks comprise 

subsequent presentation of lists of items to be remembered and at some point (priorly 

unknown to the participant), the participant is asked to recall the last items presented 

(usually the last four to six items, Dahlin, Neely, Larsson, Bäckman, & Nyberg, 2008; 

Morris & Jones, 1990; Van der Linden, Brédart, & Beerten, 1994). Successful task 

performance requires flexible information processing and a continuous shift of the 

attentional focus by keeping track of the most recent items presented and discarding 

former items from working memory. If this ability is impaired, for example in older 

populations, this profoundly impacts everyday life, as updating information in 

working memory is a basic executive function required for a lot of higher order 

processes (for example to cook a meal, one has to keep track of the already added 

ingredients and keep in mind which steps to carry out next). Indeed, cross-sectional 

comparisons of working memory updating performance in young and older adults 

have revealed poorer performance levels for older adults (Dahlin, Neely, et al., 2008; 

Van der Linden et al., 1994). Of note, Dahlin, Neely, et al. (2008) further demonstrated 

that working memory updating can be trained, because after five weeks of updating 

training, older adults exhibited similar performance levels as young adults. This 

promising finding thus suggests a high level of cognitive plasticity of the working 

memory updating function.  

 The ability to assess the outcomes of one’s actions and make decisions 

according to the anticipated consequences (for example when making financial 

decisions) is essential for human behavior (see Dixon & Christoff, 2014 for review). 

One form of assessing outcome-related decision making is by using a Markov decision 

making task, where an action not only affects immediate outcomes, but also has 

consequences on later outcomes (cf. Eppinger, Heekeren, & Li, 2015; Tanaka et al., 

2016; Wittkuhn et al., 2018). In detail, value-based decision making is assessed in two 

conditions: during the immediate reward condition each action (i.e., button press) 

results in an immediate monetary reward or loss, whereas in the delayed reward 
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condition, the sequential complex of actions over three stages determines whether 

participants receive an overall monetary gain or loss. This kind of task requires 

learning of action-outcome contingencies over several stages in the delayed reward 

condition, which might be thought of as an accurate proxy for real-life decision 

making. This task thus might probe an important ability for successful everyday life. 

Knowing the prefrontal cortex (PFC) to be impaired in older adults (Eyler et al., 2011; 

Rajah & D'Esposito, 2005), one might thus deduce an age-related impaired decision-

making ability. In fact, previous work has singled out that if decision outcomes are not 

deterministic (i.e., a certain action clearly leads to a specific outcome), but rely on 

underlying probabilities, older adults perform worse than young adults (Eppinger, 

Hämmerer, & Li, 2011; Eppinger et al., 2015). These effects were related to reduced 

PFC recruitment and altered activity in striatal areas and striato-frontal loops, all of 

which have been closely linked to reward learning (Eppinger et al., 2015; Tanaka et 

al., 2016). Moreover, in a study where involvement of the left dorsolateral prefrontal 

cortex (dlPFC) in complex decision making was probed through inhibition of this 

cortical area using repetitive transcranial magnetic stimulation (a noninvasive 

technique to induce brain stimulation through magnetic pulses), the importance of 

intact dlPFC function for successful value-based decision making could further be 

shown (Wittkuhn et al., 2018).  

 To summarize, working memory updating and value-based decision making 

are of high importance for intact cognitive functioning in older age. As described in 

the previous section, we therefore assessed neural correlates of both functions (paper 

I) with valuable implications for future research. With regard to clinical implications 

and therapeutic interventions, the question arises whether and in what way these 

functions with high potential for plasticity can be influenced through modulatory 

interventions. I will thus cover this matter of topical interest in the next chapter. 
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3 MODULATION OF COGNITIVE FUNCTIONS IN OLDER ADULTS 

 

Knowing the particularities of older brains, we can develop targeted approaches to 

modulate cognitive functions. Specifically, when focusing on neurodegenerative 

diseases, such as AD or its precursors mild cognitive impairment (MCI) and subjective 

cognitive decline (SCD), which are associated with decline in many cognitive 

functions, the identification of interventions to restore cognitive functions or halt 

further decline gains high clinical relevance. To date, the available AD treatment drugs 

fail to constrain disease progression and newer therapeutics, still in clinical trial phase 

(e.g., anti-amyloid-β agents), have not yet shown large benefits and potentially involve 

severe side-effects (Lozupone et al., 2020; Panza, Lozupone, Logroscino, & Imbimbo, 

2019). It is thus of crucial relevance to advance the multifaceted research of 

noninvasive methods for cognitive enhancement (Dresler et al., 2019). To that end, in 

the present chapter I will introduce cognitive training and brain stimulation as 

potential noninvasive methods with the aim to outline main principles, underlying 

neural correlates, and identify open research needs. 

 

3.1 COGNITIVE TRAINING IN OLDER AND CLINICAL POPULATIONS – CHALLENGES AND LIMITS 

One widely researched approach for noninvasive modulation of cognitive functions is 

cognitive training. This section will give a short introduction to cognitive training and 

its applications and will then focus on current debates and potential limits. 

 The aim of cognitive training is to ameliorate or even restore cognitive 

functions through recurring training sessions (often by performing the same task in 

each session, Jonides, 2004; Karbach & Verhaeghen, 2014). The basic idea is that 

repetitive performance of the same task elicits performance gains on the trained and 

in similar untrained tasks (Jonides, 2004; Willis & Warner Schaie, 2009) by evoking 

plasticity mechanisms (see Bherer, 2015 for review). The effects of cognitive training 

have been studied for a variety of cognitive functions such as episodic memory (Belleville et al., 2006; Rudebeck, Bor, Ormond, O’Reilly, & Lee, 2012) and various 

aspects of executive functions, i.e. attentional control, working memory or processing 

speed (Ball, Edwards, & Ross, 2007; Binder et al., 2016; Jaeggi, Buschkuehl, Jonides, & 

Perrig, 2008; Karbach & Kray, 2009). In a study by Dahlin and colleagues, for example, 



MODULATION OF COGNITIVE FUNCTIONS IN OLDER ADULTS 

 

 

10 

 

where participants trained working memory updating with a version of the letter 

updating task described above (in Chapter 2.2), young and older adults demonstrated 

substantial training benefits compared to a control group after five weeks of training 

(Dahlin, Nyberg, Bäckman, & Neely, 2008). Together with the result that these 

training-related gains persisted at 18 months after the training (Dahlin, Nyberg, et al., 

2008), this study demonstrates the occurrence of persistent cognitive plasticity after 

working memory updating training across the lifespan. This promising view of 

cognitive training is however hampered by heterogeneous results, lacking 

sustainability of the effects and scarce evidence for transmission of training effects to 

untrained domains (Bherer, 2015; Melby-Lervåg & Hulme, 2013; Nguyen, Murphy, & 

Andrews, 2019; Schwaighofer, Fischer, & Bühner, 2015). For example, a meta-analysis 

on working memory training with the n-back task (a commonly known working 

memory task, requiring maintenance and updating of information in short term 

memory), only found a small generalized transfer effect (Au et al., 2015). As “transfer of acquired skills is […] perhaps the ultimate goal of cognitive intervention” (Dahlin, 

Nyberg, et al., 2008), the development of cognitive training interventions evoking 

transfer effects and being suited for older adults with the potential for broad 

administration, e.g. in clinical practice, still remains a challenge.  

 Nevertheless, converging evidence suggests that cognitive training holds the 

potential to easily, cost-efficiently and above all, noninvasively, modulate cognition 

(cf. Klimova, 2016). Moreover, cognitive training may hold a protective function to 

prevent cognitive decline (Edwards et al., 2017), or even restore already impaired 

functions, e.g., in patients with prodromal AD (cf. Hill et al., 2017; Roheger, 

Hennersdorf, Riemann, Flöel, & Meinzer, 2021). Thus, the high clinical relevance of the 

method strongly suggests its further investigation (cf. Brooks, Mackenzie-Phelan, 

Tully, & Schioth, 2020). To boost training effects or induce longer-lasting, stable 

training outcomes, research has recently focused on combining cognitive training 

with other types of interventions such as physical exercise (Gavelin et al., 2020) or 

noninvasive brain stimulation (Elmasry, Loo, & Martin, 2015). Especially the latter 

might be a tool to directly induce neural plasticity. Combined training and brain 

stimulation approaches will therefore be covered in the next section. 
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3.2 RATIONALE FOR COMBINED INTERVENTIONS OF COGNITIVE TRAINING WITH CONCURRENT 

BRAIN STIMULATION 

New approaches make use of tDCS to enhance the effects of cognitive training. Via 

application of weak direct currents, tDCS allows for modulation of cortical excitability 

(see Polania, Nitsche, & Ruff, 2018 for review). As cognitive processes are elicited by 

alterations of cerebral activity and excitability on the physiological level, tDCS could 

be a suitable technique for modulation of cognitive functions (Kuo & Nitsche, 2012). 

In fact, studies using pharmacological agents to modulate neurotransmitter systems, 

have suggested a direct impact of tDCS on cortical excitability and neuroplasticity 

mechanisms (Liebetanz, Nitsche, Tergau, & Paulus, 2002; Nitsche, Grundey, et al., 

2004; Nitsche et al., 2003; Nitsche, Jaussi, et al., 2004). In addition, tDCS-induced 

cortical alterations were detectable up to several hours after stimulation (Nitsche et 

al., 2008; Nitsche et al., 2003; Nitsche & Paulus, 2000, 2001), thus suggesting 

modulatory effects on a longer term. These physiological mechanisms, known as long-

term potentiation or depression (LTP, LTD) present an essential foundation of neural 

plasticity (Rioult-Pedotti, Friedman, & Donoghue, 2000). Following this line of 

reasoning, additional administration of anodal tDCS over task-relevant brain regions 

during cognitive training might alter cortical excitability, facilitate synaptic 

transmission (Fritsch et al., 2010) and thus boost training-induced neural plasticity 

and amplify training gains (Monte-Silva et al., 2013).  

 So far, empirical studies testing this hypothesis have provided mixed evidence 

(see Elmasry et al., 2015; Goldthorpe, Rapley, & Violante, 2020 for reviews). For 

example, Ruf, Fallgatter, and Plewnia (2017) reported enhanced learning rates after 

three days of n-back training with concurrent anodal compared to sham (placebo) 

stimulation, which was still present at nine months after the training. They could 

further demonstrate transfer effects to a non-trained n-back version for anodal but 

not for sham tDCS (Ruf et al., 2017). Similarly, in other combined n-back training plus 

tDCS studies, beneficial training effects for concurrent anodal relative to sham 

stimulation have been shown, immediately after the training period on trained tasks 

(Au et al., 2016; Ke et al., 2019) and on untrained tasks (Nissim, O’Shea, et al., 2019) 

as well as at follow-up several weeks after the training (Au et al., 2016). Other training 

regimens, which found an advantage of training and anodal tDCS over training with 

sham tDCS, for example employed cognitive trainings of a Go/No-Go task (Dousset et 
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al., 2020), computer-assisted attention training (Park, Seo, Kim, & Ko, 2014) or 

visuospatial working memory and operation span training (Jones, Stephens, Alam, 

Bikson, & Berryhill, 2015). However, there is a series of studies which have failed to 

find clear beneficial effects of the combined intervention, challenging the prospective 

of therapeutic application. For instance, after five sessions of combined working 

memory training and tDCS over a set of different stimulation sites, tDCS was not 

beneficial over sham (Shires, Carrasco, & Berryhill, 2020), representing a failed 

replication of previous findings from the same workgroup (Jones, Peterson, Blacker, 

& Berryhill, 2017). Moreover, an n-back training over 20 sessions with combined 

stimulation did not exert differential effects of training, nor transfer for tDCS versus 

sham stimulation (Nilsson, Lebedev, Rydstrom, & Lovden, 2017). This is in accordance 

with other training studies in older adults which did not find immediate stimulation 

benefits (Stephens & Berryhill, 2016), nor transfer effects (Yu, Lam, Man, Shao, & Lee, 

2020). One study reported inconclusive results, as the authors found improved 

performance on the trained n-back task for tDCS over sham, but some of the study 

participants performed worse after the tDCS intervention, underscoring the 

heterogeneity and high inter-individual variability of multi-session tDCS effects 

(Talsma, Kroese, & Slagter, 2017). It is however important to acknowledge that these 

studies training executive functions and working memory were mostly performed in 

young adults and have provided equivocal evidence, especially when focusing on 

transfer effects (Jones et al., 2015; Park et al., 2014; Stephens & Berryhill, 2016; Yu et 

al., 2020). Thus, the variability in immediate and transfer effects and a lack of 

assessment of long-term effects raises the need for empirically tested multi-session 

combined stimulation and tDCS interventions in older adults.  

 A reason which might in part account for the highly variable study outcomes 

may lay in the high susceptibility of tDCS effects to a variety of intrinsic and external 

factors (Ridding & Ziemann, 2010). Factors that have been described to potentially 

influence effectiveness of tDCS include choice of stimulation parameters (such as 

stimulation duration, current density, stimulation site), genetic polymorphisms of 

certain neurotrophic gene expressions, brain-state, individual brain anatomy and 

degree of atrophy, timing of stimulation and cognitive task, as well as caffeine, nicotine 

and alcohol consumption (Antal et al., 2017; Elmasry et al., 2015; Lugon et al., 2017). 

This list of factors is of course not exhaustive, as many factors are still unknown. 
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Nonetheless known factors must be considered when interpreting study results and 

if possible controlled for (experimentally or statistically) when conducting tDCS 

experiments.  

 Taken together, clear deductions whether such combined interventions of 

training and tDCS exert stable beneficial effects on trained and untrained cognitive 

domains, especially in vulnerable populations, i.e., older adults and patients, cannot 

yet be drawn. Here, this research gap is addressed in research papers II-IV, which 

comprise detailed study protocols and behavioral results of a three-week combined 

executive functions training plus tDCS intervention in healthy older adults (papers II 

and IV) as well as in patients with SCD and MCI (paper III). Of note, the administered 

intervention was carefully designed to train two executive functions which are highly 

relevant for day-to-day life, and which are prone to decline early on in older age (as 

previously outlined in Chapter 2). The trained tasks were chosen based on their 

potential to be trained, their feasibility for older adults and their previously shown fit 

to assess performance deficits in older adults (Dahlin, Nyberg, et al., 2008; Eppinger 

et al., 2015). As we included a sham control group, controlled for possible confounding 

factors and included a long-term follow-up assessment after half a year, our work 

allows for detailed assessment of training plus tDCS effects in an older cohort with 

important implications for the development of new therapeutic interventions. The 

detailed planning and description of the projects, the registration in a clinical study 

database (ClinicalTrials.gov) and the publishing of a statistical analysis plan before 

data analysis are further distinguishing features of the papers II-IV. 

 

3.3 NEURAL FEATURES OF COGNITIVE TRAINING WITH CONCURRENT BRAIN STIMULATION 

In order to understand the impact of combined multi-session tDCS and training 

interventions, a special interest should further lie on neural effects of the approach 

(Abellaneda-Pérez, Vaqué-Alcázar, Solé-Padullés, & Bartrés-Faz, 2019; Nguyen et al., 

2019). In this section I will outline the reasons as to why neural underpinnings of 

multiple sessions of tDCS and cognitive training should be further investigated and 

provide current evidence in that matter. 

 Examination of combined cognitive training plus tDCS influence on the neural 

level is highly important as understanding neural effects of the intervention may help 

interpretation of behavioral effects. For example, the previously described training 
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study by Dahlin and colleagues (2008) found that after training, transfer occurred in 

an untrained working memory task, but not in an untrained inhibitory control task. 

By investigating neural underpinnings, the authors could elucidate that successful 

transfer occurred when transfer task and training task shared activation in similar 

brain regions (Dahlin, Neely, et al., 2008). In addition to the better understanding of 

behavioral findings, investigation of neural correlates also provides insight on how 

plasticity-inducing interventions impact the brain and thus contributes to the 

understanding of neurophysiological mechanisms of the intervention (Esmaeilpour et 

al., 2020; Venkatakrishnan & Sandrini, 2012). Another reason for using imaging 

methods to investigate the effects of modulatory interventions is that alterations in 

the brain often precede behavioral changes (Reuter-Lorenz et al., 2016). Specifically, 

alterations, that ultimately lead to behaviorally measurable cognitive decline, such as 

memory impairments, can be detected in earlier stages on the brain level (Burggren 

& Brown, 2014). One possible reason might be compensatory processes that recoup 

for deteriorated neural functioning and thus avert behavioral impairment, the so 

called cognitive reserve (Stern et al., 2020). Analysis of neural effects might therefore 

lead to insights on whether a certain intervention yields effects on the neural level and 

thus may inform future adaptations of the intervention to possibly elucidate larger 

effects which may translate to behavioral changes.  

Imaging studies implementing a single session of tDCS have suggested that the 

effects of tDCS are not spatially limited to the area underneath the electrode, but 

rather affect entire networks (Keeser et al., 2011; Martin et al., 2017; Meinzer et al., 

2012; Sehm et al., 2012). However, previous research analyzing neural networks in 

terms of the effects of multi-session tDCS interventions is scarce (Antonenko et al., 

2018; Moller, Nemmi, Karlsson, & Klingberg, 2017). For example, after multi-session 

visuo-spatial memory training with concurrent tDCS, resting-state functional 

connectivity within the task-relevant default-mode network was increased, 

suggesting occurrence of intervention-induced functional plasticity (Antonenko et al., 

2018). Of note, this change in functional connectivity was associated with behavioral 

training gains for young adults, which provides even stronger evidence for the 

plasticity effect of the intervention. The underlying mechanism is thought to be 

produced by the interaction of multi-session tDCS and cognitive training effects. 

Specifically, the plasticity evoking effect of tDCS seems to be especially effective in 
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combination with already activated brain networks, i.e., networks that are currently 

active because they are needed to process the behavioral task demand of the cognitive 

training (Monte-Silva et al., 2013; Nissim, O’Shea, et al., 2019; Passow, Thurm, & Li, 

2017). Moreover, recent research points to the possibility of using DTI-derived 

measures of grey matter microstructure to assess microstructural neuroplasticity 

(Blumenfeld-Katzir, Pasternak, Dagan, & Assaf, 2011; Perez-Alvarez, Navarrete, 

Covelo, Martin, & Araque, 2014; Theodosis, Poulain, & Oliet, 2008). This line of 

research has identified microstructural alterations in cortical and subcortical regions 

which have been associated with learning and memory formation (Brodt et al., 2018; 

Hofstetter, Friedmann, & Assaf, 2017; Sagi et al., 2012). Following this idea, grey 

matter microstructural alterations could also provide information about the 

plasticity-inducing effects of training and tDCS, although this has not yet been 

investigated. 

 As the effects of combined multi-session tDCS plus training interventions on 

functional and structural neural features are yet insufficiently understood, especially 

in older adults, this matter is here addressed by delineation of specific 

neuromodulatory effects of a combined tDCS and visuospatial memory training 

intervention (paper V). Visuospatial memory, i.e., the ability to mentally link specific 

objects to a certain location, is for example needed when one has to remember the location of one’s keys or on a larger scale the location of the doctor’s office in the city. 

Visuospatial memory is thus another cognitive function with high relevance to 

everyday life and has been shown to be impaired in older adults and patients with 

prodromal AD (Iachini, Iavarone, Senese, Ruotolo, & Ruggiero, 2009; Klencklen, 

Després, & Dufour, 2012). We used a graph-theoretical whole-brain approach for 

analysis of resting-state functional connectivity alterations after the training and tDCS 

intervention. With this data-driven approach, and by additionally including data on 

grey matter microstructural correlates, this work provides evidence for how 

combined interventions modulate neural networks and induce plasticity and will help 

the development of specific therapeutic interventions against age-associated 

cognitive decline. 
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4 OVERVIEW OF INCLUDED SCIENTIFIC PAPERS 

 

In the following, as the present thesis is written in a cumulative format, essential 

information on the scientific contributions included in this thesis is provided. Each 

paper will be introduced in the form of an abstract in the present chapter and will be 

included in its entirety in the Appendix. Further, the Appendix will include my 

individual scientific contributions to each paper. The present chapter will be followed 

by an integrative discussion of the whole body of work.  

 

4.1 PAPER I - NEURAL CORRELATES OF COGNITIVE FUNCTIONS IN OLDER ADULTS 

Thams, F., Li, S.-C., Flöel, A., Antonenko, D. Functional connectivity and microstructural 

network correlates of interindividual variability in distinct executive functions of 

healthy older adults. Neuroscience (under review).  

 

Executive functions are essential for daily life and are known to be impaired in older 

age, but the understanding of their neural correlates is still incomplete. We used 

multimodal imaging to characterize and delineate specific functional and structural 

brain network correlates of interindividual variability in two distinct executive 

functions in healthy older adults. We found functional connectivity and 

microstructural correlates in left-lateralized frontoparietal regions for working 

memory updating, whereas cortico-basal ganglia functional connectivity was linked 

to value-based decision-making. Additionally, better working memory updating 

performance was associated with higher integrity of task-relevant white matter tracts 

(cingulum bundle and superior longitudinal fasciculus). Exploratory analysis of 

significant resting-state and white matter predictors of letter updating performance 

revealed that cingulum bundle white matter integrity added a significant incremental 

contribution to the variance explained by frontoparietal functional connectivity alone. 

Our results thus suggest task-specific multi-modal network correlates in the 

frontoparietal, default mode and cortico-basal ganglia networks, paving the way for 

function-specific targeted modulation of these networks with interventions which 

may halt or restore cognitive decline.  
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4.2 PAPER II-III - RATIONALE AND METHODS FOR NONINVASIVE MODULATION OF COGNITION 

IN OLDER ADULTS AND PATIENTS 

Antonenko, D.*, Thams, F.*, Uhrich, J., Dix, A., Thurm, F., Li, S.-C., Grittner, U., Flöel, A. 

(2019). Effects of a Multi-Session Cognitive Training Combined With Brain 

Stimulation (TrainStim-Cog) on Age-Associated Cognitive Decline - Study Protocol for 

a Randomized Controlled Phase IIb (Monocenter) Trial. Front Aging Neurosci, 11, 200.  

*contributed equally 

 

Thams, F., Kuzmina, A., Backhaus, M., Li, S.-C., Grittner, U., Antonenko, D., Flöel, A. 

(2020). Cognitive training and brain stimulation in prodromal Alzheimer’s disease 
(AD-Stim)—study protocol for a double-blind randomized controlled phase IIb 

(monocenter) trial. Alzheimer's research & therapy, 12(1), 1-12.  

 

Executive functions are among the cognitive domains most often affected by healthy 

and pathological aging and previous studies have shown that multi-day training of a 

specific cognitive ability can enhance performance. However, most studies have been 

conducted in young adults. Only few studies have been published in vulnerable 

cohorts such as older adults or patients with prodromal stages of Alzheimer’s disease, 

with partially conflicting results. Thus, more systematic studies in these populations 

are needed, with detailed analyses of mechanisms underlying improvements. We here 

introduced two randomized controlled trials, one in healthy older adults (paper II, 

Antonenko et al., 2019) and a similar one in older adults with prodromal Alzheimer’s 
disease (paper III, Thams et al., 2020). We investigated the effects of a three-week 

cognitive training intervention in well-characterized healthy older adults and patients with prodromal Alzheimer’s disease, assessing direct effects on executive functions as 

well as effects of transfer to non-trained tasks and long-term maintenance of training 

effects. Participants attended the training intervention three days a week for three 

consecutive weeks. Training-related gains were measured directly after the 

intervention and at four weeks and seven months follow-up visits. Performance on 

transfer tasks was assessed before and after the intervention and at follow-ups. The 

aim of these trials is to determine if a 3-week combined cognitive training and tDCS 

approach may not only enhance trained functions, but also transfer to non-trained 
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tasks. Moreover, we will determine if effects are sustained over longer periods of time, 

and we will aim to identify predictors of response to the intervention on the individual 

level. Thus, our trials will contribute to the development of non-medical interventions 

in the field of age-associated cognitive decline. 

 

4.3 PAPER IV - BEHAVIORAL RESULTS OF A NONINVASIVE MODULATION STUDY 

Antonenko, D., Thams, F., Grittner, U., Uhrich, J., Thurm, F., Li, S.-C., Flöel, A. 

Randomized trial of cognitive training and brain stimulation in nondemented older 

adults. Alzheimer’s & Dementia: Translational Research & Clinical Interventions (under 

review). 

 

We tested the effect of a combined cognitive training of executive functions with left 

prefrontal anodal tDCS over multiple sessions in a group of older adults without 

cognitive impairment (see paper II). We assessed training and transfer effects directly 

after the intervention and one and seven months later. To our knowledge, our trial is 

the first randomized controlled trial of multi-session combined executive function 

training with concurrent tDCS in older adults with a study protocol and statistical 

analysis plan published prior to unblinding of data and data analyzed blinded to group 

allocation, to assure transparency of data acquisition and analysis. While results for 

the primary outcome suggest no direct benefit on the trained task, secondary analyses 

of near-transfer task showed exploratory evidence for sustained transfer effects on 

working memory. Our study therefore provides new insights on prospective 

interventions against cognitive decline in older adults. 

 

4.4 PAPER V - NEURAL CORRELATES OF NONINVASIVE MODULATION 

Thams, F., Külzow, N., Flöel, A., Antonenko, D. Modulation of network centrality and 

grey matter microstructure using multi-session brain stimulation and memory 

training. Human brain mapping (under review). 

 

Multiple sessions of tDCS combined with cognitive training have been shown to elicit 

behavioral improvement, however underlying neural mechanisms are yet unclear. We 

used functional magnetic resonance imaging and diffusion tensor imaging data from 
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older adults who participated in a three-day visuospatial memory training with 

concurrent anodal tDCS over the right temporo-occipital cortex. Behavioral data from 

that study were previously reported and showed a minor beneficial effect of active 

tDCS over sham for initially low-performing participants (de Sousa, Grittner, Rujescu, 

Külzow, & Floel, 2020). We now analyzed intervention-induced neural alterations in 

whole-brain functional network architecture, using eigenvector centrality mapping, a 

data-driven approach. Network centrality in the bilateral posterior temporooccipital 

cortex was reduced after anodal compared to sham stimulation. By examining grey 

matter microstructural alterations, we further explored this focal effect in the brain 

region underneath the anodal electrode and its left-hemispheric homologue. Results 

showed an interaction between stimulation condition and training success, indicating 

microstructural alterations in a right lateral temporooccipital cluster, the stimulated 

region, in individuals who showed superior behavioral training benefits. We show for 

the first time that grey matter microstructural plasticity may be involved in tDCS-

enhanced cognitive training. Increased knowledge on how combined interventions 

modulate neural networks in older adults will help the development of specific 

therapeutic interventions against age-associated cognitive decline. 
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5 DISCUSSION 

 

The present thesis focused on multi-modal neural underpinnings of two specific 

executive functions in older age (paper I), introduced an extensive intervention to test 

noninvasive modulation of cognitive functions in healthy older adults and patients 

with prodromal AD (papers II-III), demonstrated behavioral results of this multi-

session combined cognitive training and noninvasive brain stimulation intervention 

(paper IV) and finally assessed neural correlates of such a combined multi-session 

intervention (paper V).  

 In the following I will concatenate the findings obtained from the five papers 

included in this cumulative thesis. I will additionally deduct and critically discuss 

clinical implications and future directions of this work.  

 

5.1 SUMMARY AND INTEGRATION OF THE EMPIRICAL FINDINGS 

By using resting-state functional connectivity analysis and DTI-derived measures of 

white matter tract integrity in an older cohort, paper I set out to characterize specific 

functional and structural network correlates of two age-sensitive executive functions – working memory updating and value-based decision making. In short, functional 

connectivity between prefrontal, medio-frontal and posterior brain regions as well as 

cortico-hippocampal areas was related to working memory updating performance. 

Integrity of two white matter tracts associated with the frontoparietal network and 

default mode network, was related to better updating performance. For one of the 

tracts, the cingulum bundle, we further found an additional contribution of tract 

integrity to the variance explained by fronto-posterior functional connectivity alone. 

Moreover, functional connectivity of basal ganglia and right posterior regions was 

correlated with value-based decision-making performance. These findings contribute 

in multiple ways to the existing literature and encompass several important 

deductions: for instance, the present results add to previous literature by indicating a 

positive relationship of functional connectivity of regions of the executive control 

network and working memory updating abilities in older adults (Heinzel, Lorenz, 

Duong, Rapp, & Deserno, 2017). Moreover, the results stress the role of striatal 

involvement and cortico-subcortical connections in decision making abilities 
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(Eppinger et al., 2015). Besides the beneficial association of fronto-posterior network 

synchronization and working memory updating performance, we observed a reverse 

relationship of medial prefrontal and lateral posterior functional connectivity, which 

might be indicative of a more segregated communication between these areas, 

allowing for specific processing of task-relevant operations (Geerligs et al., 2015). 

With the finding of an incremental contribution of preserved cingulum bundle 

microstructure to functional connectivity of involved brain areas, our work points to 

the importance of considering multi-modal imaging measures, e.g., functional 

connectivity and white matter microstructural integrity, for extensive understanding 

of cognitive functions in older brains (Hedden et al., 2016). Taken together, the age-

specific investigation of brain networks and two specific executive functions led to an 

enhanced understanding of distinct neural correlates which may serve as foundation 

for the development of targeted plasticity-inducing modulatory interventions and 

help the informed interpretation of behavioral results of such interventions.  

 Paper II-IV dealt with such modulatory interventions. In detail, we developed 

an extensive cognitive training program comprising training of working memory 

updating and value-based decision-making with concurrent electrical stimulation 

over the left dlPFC for healthy older adults (paper II) and adults in prodromal stages 

of AD (paper III). Implementing pre-specified mixed-model analyses, behavioral 

results in healthy older adults were not indicative of a stimulation effect in both 

trained tasks after nine sessions of the combined intervention (paper IV). Importantly, 

analysis of performance on an untrained working memory task revealed superior 

working memory performance after training and active stimulation compared to 

training and sham stimulation. This transfer effect persisted at follow-up. While not 

providing evidence for an immediate training effect of the combined intervention, our 

work importantly reveals the possibility of cognitive training with concurrent tDCS to 

induce transfer, probably by mechanisms of neural plasticity (Monte-Silva et al., 2013; 

Nissim, O'Shea, et al., 2019). Taking the results of paper I into consideration, the 

stimulation site over the left dlPFC was possibly fitting to modulate the fronto-

posterior network associated with working memory updating. In fact, in paper IV 

post-hoc examination of the individually induced electric field strength in the dlPFC 

region was related to performance increase on the untrained working memory task. 

For targeted modulation of decision-making abilities, a more posterior stimulation 
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site triggering plasticity in a cortico-basal ganglia network might prospectively 

support effects of decision-making training. In sum, our combined multi-session 

training and tDCS intervention did not prove effective to elicit direct training effects 

but suggested the possibility of near transfer. Implications from our work for future 

research will be discussed in the next section. 

 Paper V was set out to delineate the neural changes induced by a combined 

training plus tDCS intervention, as neural mechanisms of modulatory interventions 

are yet inconclusively understood (Berryhill & Martin, 2018; Horne et al., 2020). Using 

a data-driven whole brain approach on resting-state fMRI data, we identified two 

clusters in bilateral posterior temporooccipital regions, which exhibited reduced 

network centrality (a measure of interconnectedness of nodes in brain networks) 

after combined training and active stimulation compared to training and sham 

stimulation. Additional analyses of grey matter microstructure in these areas suggest 

a plasticity-inducing effect of training plus tDCS in individuals who show behavioral 

training benefits. Thus, our findings show that the combined intervention might lead 

to more effective processing in task-relevant areas and demonstrate for the first time 

a microstructural correlate of training plus tDCS-induced behavioral alterations. 

 Reviewing the insights gained from all five papers included in this thesis, my 

work contributes extensively to the understanding of behavioral and neural features 

of the older brain and advances knowledge on combined modulatory interventions 

and underlying neural correlates. The valuable implications for translation into 

clinical context and possible future directions of this work will be outlined in the next 

section.  

 

5.2 CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS 

There are several implications for future research and clinical application that can be 

drawn from the present thesis. The knowledge gained through paper I, i.e., which 

networks underlie cognitive tasks for training, can inform prospective combined 

training and brain stimulation studies, as suggested in the previous section. Extending 

this thought, the neural correlates found could be tested in terms of whether they 

serve as predictors for successful modulatory interventions in the future. To specify, 

previous research on cognitive training has identified two opposing concepts on the 

question of who benefits most from cognitive training: Following the idea of 
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magnification, already high performing individuals with higher cognitive potential are 

the ones to benefit most from training regimens. In contrast, the idea of compensation 

states that for individuals with higher capacities for improvement, i.e., lower 

performing individuals, training proves to be most beneficial (Lövdén, Brehmer, Li, & 

Lindenberger, 2012). Baseline task-related neural characteristics might be an 

important factor that could contribute to untangling this supposed contradiction 

specifically with regard to combined training plus tDCS interventions (Abellaneda-

Pérez et al., 2019). 

 From the findings of papers IV & V we know that a combined training and tDCS 

intervention can evoke behavioral effects (i.e., transfer effects) and on the neural level 

is able to modulate specific task-associated brain networks. Moreover, by 

identification of grey matter microstructural correlates (as a proxy for tissue density), 

we could for the first time demonstrate that such a combined modulatory intervention 

may induce neural plasticity in older adults’ brains (paper V). A next step would be to 

further adapt the training regimen according to the gained knowledge. 

Implementation of an adaptive training task would for example allow to meet 

individual behavioral levels and adapt to individual performance during training, 

which might result in higher training benefits (Bahar-Fuchs et al., 2017; Shin, Lee, Yoo, 

& Chong, 2015; Smith et al., 2009). Another prospective step might include adaptation 

or individualization of the stimulation parameters. Neural underpinnings of the 

training tasks in the target cohort (cf. paper I) might be consulted to adapt stimulation 

parameters to target the specific task-relevant brain regions and networks. Another 

possibility for adaptation of the stimulation lies in the calculation of individual electric 

field strengths, as done post-hoc in paper IV. Estimation of electric field strengths 

already before the intervention is an emerging method to individualize electrode 

placement and current intensities, as individual factors such as anatomical differences 

or varying degrees of brain atrophy heavily influence the current densities reaching 

the cortex (Antonenko et al., 2021; Indahlastari et al., 2020). Further, the pending 

results of our combined training and tDCS intervention in patients with prodromal AD 

will provide information on the effectiveness in patients with already impaired 

cognition or strong worries about and subjective perception of memory impairments 

and allow for carving out possible neural factors of maintenance or resilience.  
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 Thus, through consideration of individual performance levels by using 

adaptive training tasks, through individual stimulation parameters obtained from 

calculation of electric field strengths and through consideration of possible neural 

predictors of pathological aging, future work might provide highly individualized 

interventions. This work will reflect current developments of personalized medicine 

and individualized treatments, which aim at providing the best treatment option for 

every patient (Goetz & Schork, 2018). Additionally, the implementation of other 

methods for representation of neural modalities (e.g., functional near infrared 

spectroscopy, cf. Schommartz, Dix, Passow, & Li, 2021) might advance our knowledge 

on brain-cognition relationships and the influence of modulatory interventions in the 

healthy and pathological older brain. Moreover, studying vascular effects of 

modulatory interventions might be of great interest as a recent review pointed out the 

potential of neurovascular modulation through transcranial electrical stimulation 

(Bahr-Hosseini & Bikson, 2021). This might be especially relevant in the context of 

pathological aging where vascular alterations have been described (Girouard & 

Iadecola, 2006; Kisler, Nelson, Montagne, & Zlokovic, 2017). 

 A crucial step in research is translation of results or methods from the lab to 

the field. A clear aim for combined training and tDCS interventions is to make the 

intervention accessible for many patients. Multi-session interventions require 

frequent visits to the facility, a high amount of trained staff and amongst others the 

ability of patients to visit the facility (which requires a certain degree of mobility). 

Therefore, the intervention could currently not be administered to all prospective 

patients. To reduce the time patients would have to spend at the facility, home-based 

approaches where patients are trained to administer the intervention themselves in 

their own home are currently being developed (Thams et al., in prep.; Palm et al., 

2018). This line of feasibility research opens a new perspective on the intervention, 

as older patients are often new to handling technical devices and will have to be 

trained accordingly. Paralleling the advancement and individualization of the 

combined intervention itself, as discussed earlier, and the validation of a home-based 

version of the intervention, will contribute to the development of a widely available 

therapy option against cognitive decline in healthy aging and clinical populations. 
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6 CONCLUSION 
 

 

An increasing number of people will reach older age. It is therefore in society's interest 

to understand the limitations associated with older age more precisely and, if possible, 

to influence them positively. We will probably not be able to stop the negative effects 

of aging completely in the near future. Nevertheless, with this work I will contribute 

to recent advances in the field: The present thesis has focused on behavioral and 

neural correlates of cognitive functions in older adults and their modulation through 

combined cognitive training and noninvasive brain stimulation. By uncovering 

specific functional and structural neural features of two executive functions relevant 

for everyday life, this thesis contributes to the identification of neural targets for 

targeted brain stimulation interventions. Even though this work showed that a 

combined multi-session cognitive training and brain stimulation intervention in older 

adults failed to elicit immediate training effects on the group level, it indicated the 

possibility of transfer to an untrained task. Results from the analysis of neural 

alterations after a combined training and tDCS intervention further revealed an effect 

on the functional network architecture of older adults. Additionally, the results 

showed the potential of multi-session tDCS to induce microstructural plasticity, when 

combined with successful behavioral training. This work thus provides an important 

contribution to the understanding of underlying mechanisms and advances the 

development of noninvasive interventions in the field of cognitive decline. By 

additionally pointing out future directions with direct practical and clinical 

implications, the present thesis makes an important contribution for prospective 

research to noninvasively counteract cognitive decline. 
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Abstract 38 

Executive functions, essential for daily life, are known to be impaired in older age. Some executive 39 

functions, including working memory updating and value-based decision-making, are specifically 40 

sensitive to age-related deterioration. While their neural correlates in young adults are well-41 

described, a comprehensive delineation of the underlying brain substrates in older populations, 42 

relevant to identify targets for modulation against cognitive decline, is missing. Here, we assessed 43 

letter updating and Markov decision-making task performance to operationalize these trainable 44 

functions in 48 older adults. Resting-state functional magnetic resonance imaging was acquired to 45 

quantify functional connectivity (FC) in task-relevant frontoparietal and default mode networks. 46 

Microstructure in white matter pathways mediating executive functions was assessed with diffusion 47 

tensor imaging and quantified by tract-based fractional anisotropy (FA). Superior letter updating 48 

performance correlated with higher FC between dorsolateral prefrontal cortex and left frontoparietal 49 

and hippocampal areas, while superior Markov decision-making performance correlated with 50 

decreased FC between basal ganglia and right angular gyrus. Furthermore, better working memory 51 

updating performance was related to higher FA in the cingulum bundle and the superior longitudinal 52 

fasciculus. Stepwise linear regression showed that cingulum bundle FA added significant incremental 53 

contribution to the variance explained by fronto-angular FC alone. Our findings provide a 54 

characterization of distinct functional and structural connectivity correlates associated with 55 

performance of specific executive functions. Thereby, this study contributes to the understanding of 56 

the neural correlates of updating and decision-making functions in older adults, paving the way for 57 

targeted modulation of specific networks by modulatory techniques such as behavioral interventions 58 

and non-invasive brain stimulation. 59 

 60 

Keywords: working memory updating, decision-making, resting-state fMRI, diffusion tensor imaging 61 
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Introduction 63 

Executive functions, such as the abilities to update information in working memory (Bledowski et al., 64 

2009; Dahlin et al., 2008b; Friedman and Miyake, 2017; Miyake et al., 2000) or to make goal-directed 65 

decisions (Dixon and Christoff, 2014; Eppinger et al., 2015; Rangel et al., 2008) are especially age-66 

sensitive. These functions are highly relevant in daily living (Salthouse, 2004; Vaughan and 67 

Giovanello, 2010) and susceptible to modulatory behavioral interventions (Constantinidis and 68 

Klingberg, 2016; Dahlin et al., 2008b).  To develop targeted interventions like non-invasive brain 69 

stimulation (Meinzer et al., 2013; Polania et al., 2018), knowledge of the precise underlying brain 70 

networks is mandatory. 71 

Distinct networks have been proposed to be involved in executive functions in healthy young adults 72 

(Darki and Klingberg, 2015; Darki et al., 2019; Hampson et al., 2006; Nee and Brown, 2013; Reineberg 73 

et al., 2015). Specifically, frontoparietal and striatal resting-state functional connectivity (rsFC) has 74 

been associated with working memory, inhibition, and set-shifting abilities (Darki et al., 2019) as well 75 

as value-based decision-making abilities that require the updating of choice-outcome associations 76 

and reward processing (Cardinal et al., 2002; Dixon and Christoff, 2014; Eppinger et al., 2015; Rangel 77 

et al., 2008; Samanez-Larkin and Knutson, 2015).  The FC between default mode network (DMN) 78 

regions has been associated with working memory abilities (Hampson et al., 2006).  79 

These results might however not be transferable to the aging brain, since connectivity patterns of 80 

functional networks differ substantially from the younger brain (Avelar-Pereira et al., 2017; 81 

Damoiseaux, 2017; Geerligs et al., 2015; Huang et al., 2015; Jockwitz et al., 2017; Sala-Llonch et al., 82 

2015). Only few studies reported relations of connectivity in functional networks to executive 83 

performance in healthy older adults, using different working memory tasks. Prior studies in older 84 

adults have suggested a central role of frontoparietal (Grady et al., 2016; Salami et al., 2018), default 85 

mode, salience (Hafkemeijer et al., 2012; La Corte et al., 2016), and cortico-striatal networks (Salami 86 

et al., 2018). For example, higher connectivity in frontoparietal and cortico-striatal networks was 87 

related to better performance on a numerical n-back task in healthy older adults (Salami et al., 2018), 88 

possibly indicating more intact network architecture that results in better performance. In another 89 

study, though, higher rsFC of the frontoparietal network was associated with lower overall working 90 

memory performance (Jockwitz et al., 2017), suggesting a compensatory mechanism through 91 

increased network recruitment. Overall, results have been inconsistent, probably because most of 92 

the studies have summed up different tasks under an overall working memory variable without 93 

delineating specific components. Thus, it remains unclear which functional networks are involved in 94 

working memory updating and value-based decision-making in older adults.  95 
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On the structural level, pathways connecting frontoparietal, temporo-parietal, and subcortical 96 

regions, such as the cingulum bundle and superior longitudinal fasciculus (SLF), have been linked to 97 

executive performance in young adults (Bubb et al., 2018; Burzynska et al., 2011). Looking at specific 98 

functions, performance in working memory tasks with and without updating components was 99 

positively associated with connectivity between prefrontal and posterior parietal brain regions. In 100 

addition, better updating capability has particularly been associated with pathways connecting 101 

frontal and parietal cortices via the basal ganglia (Ekman et al., 2016), suggesting efficient signalling 102 

relevant for working memory processes occurring through these pathways. Similar associations of 103 

frontoparietal white matter integrity and task performance in older adults have also been observed 104 

for executive functions in general, and decision-making abilities in particular (Bettcher et al., 2016; 105 

Charlton et al., 2010; Timpe et al., 2011). Together these findings possibly indicate that intact white 106 

matter microstructural properties such as tract density or myelination are an important contributing 107 

factor to preserved cognition (Timpe et al., 2011). It remains unresolved whether connectivity in 108 

specific frontoparietal pathways is also linked to particular executive functions such as working 109 

memory updating or value-based decision-making in older adults. 110 

In sum, the linkage of these specific executive functions with functional and structural brain network 111 

characteristics in older adults is still insufficiently understood and previous studies have provided 112 

inconsistent results. In the present study, we aimed to delineate functional and structural brain 113 

correlates of working memory updating and decision-making in older adults. We acquired rs-fMRI 114 

and DTI scans in 48 cognitively well-characterized healthy older adults, to relate network connectivity 115 

with performance on a letter updating and on a value-based decision-making task with the aim to 116 

characterize and delineate specific executive networks in older adults. In the future, these findings 117 

may contribute to tailor modulatory interventions and help to halt or restore decline in executive 118 

functions in older adults. 119 

 120 

Experimental Procedures 121 

Experimental Design 122 

Participants and Procedure 123 

Fifty-one healthy older adults (33 females; mean age = 69.6, SD = 3.9) participated in a cognitive 124 

testing session and a separate MRI acquisition session. The data are part of a multi-session cognitive 125 

training plus transcranial direct current stimulation clinical study, thus behavioral tasks were chosen 126 

with regard to the planned intervention (see Antonenko et al. (2019) for study protocol, 127 
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clinicaltrials.gov identifier NCT03838211). The interventional outcome of the trial will be reported 128 

elsewhere. All participants were right-handed, native German speakers, had no history of 129 

neurological or severe psychiatric diseases, and did not take any central nervous system active 130 

medication.  Participants gave written informed consent and performed within the age- and 131 

education-adjusted normative range in neuropsychological screening (Consortium to Establish a 132 

Registry for Alzheimer’s Disease, CERAD-Plus Test Battery, https://www.memoryclinic.ch). 133 

Demographic and neuropsychological sample characteristics are displayed in Table 1. The study was 134 

approved by the ethics committee of the University Medicine Greifswald and conducted in 135 

accordance with the Helsinki Declaration. 136 

Table 1. Baseline characteristics of the study sample. 

Demographic & Neuropsychological measures N = 51 

 

Age (years) 69.6 (3.9) 

Gender (n, % female) 33 (64.7) 

Education (years) 15.4 (2.2) 

Geriatric depression scale 1.1 (1.2) 

Semantic fluency (animals) 25.6 (5.1) 

Boston Naming Test (max. 15) 14.7 (0.4) 

Mini-Mental State Examination (max. 30) 29.3 (0.6) 

Word list learning 

 Total (max. 30) 

 Trial 1 (max. 10) 

 Trial 2 (max. 10) 

 Trial 3 (max. 10) 

 

22.4 (2.2) 

6.1 (1.3) 

7.8 (1.0) 

8.5 (1.1) 

Word list retrieval (max. 10) 8.2 (1.4) 

Word list intrusions 0.5 (1.0) 

Figure copying (max. 11) 10.9 (0.4) 

Figure retrieval (max. 11) 10.3 (1.2) 

Phonematic fluency (s-words) 15.0 (4.2) 

Trail-making test 

 Part A (sec) 

 Part B (sec) 

 

39.1 (12.0) 

77.4 (21.2) 

Digit-span 

 Forward 

 Backward 

 

7.24 (1.86) 

5.88 (1.44) 

Identical pictures 

 Accuracy 

 RT (ms) 

 

97.6 (4.0) 

3416.2 (577.3) 

Spot-a-word 

 Accuracy 

 RT (ms) 

 

80.1 (8.1) 

6235.3 (3060.7) 

Data are shown as the mean (SD) or n (%). RT, reaction time. 

 

 137 

 138 
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Behavioral tasks 139 

First, participants performed a letter updating task on a tablet computer (Dahlin et al., 2008b; 140 

Miyake et al., 2000). After a four-list practice trial, different lists of letters A to D (with varying 141 

lengths of 5, 7, 9, 11, or 13 letters, three times each, total of 15 lists) were presented in random 142 

order, one letter at a time (presentation duration: 2000 ms, ISI 500 ms). After each list, participants 143 

were asked to recall the last four letters presented by entering their answer on the touchscreen. 144 

Performance on the letter updating task was quantified by number of correctly recalled lists (i.e. 145 

correct recall of the last four letters) over all 15 trials. 146 

Subsequently, in a three-stage Markov decision-making task (Eppinger et al., 2015; Tanaka et al., 147 

2016; Wittkuhn et al., 2018) pictures of 3D characters were presented on a laptop computer. For 148 

each picture, i.e. stage in the task, participants were instructed to choose between two actions, 149 

pressure of a left or right key, which resulted in an action-related outcome (either in terms of 150 

monetary gain or loss). Hence, participants had to learn to choose the optimal sequence of actions to 151 

maximize their overall gains and minimize overall losses. In the here reported delayed-reward 152 

condition, action-outcome associations varied over the three stages. The optimal action choice was 153 

associated with a small loss (- €0.05) in the first two stages and rewarded with a large gain (+ €0.25) 154 

in the third stage. A suboptimal chain of action choices was however associated with a small gain (+ 155 

€0.05) in the first two stages and a large loss (- €0.25) in the third stage. Task performance was 156 

quantified by the percentage of optimal action choices taken along the three stages of the task 157 

across blocks. 158 

MRI acquisition 159 

MRI acquisition was conducted at the Baltic Imaging Center (Center for Diagnostic Radiology and 160 

Neuroradiology, University Medicine Greifswald) on a 3 Tesla scanner (Siemens Verio) using a 32-161 

channel head coil. Since MRI could not be acquired in three participants due to MRI contraindication 162 

MRI data was analyzed from n = 48 participants. For resting-state analyses an additional participant 163 

had to be excluded due to extensive motion artifacts.  Resting-state fMRI scans were acquired using 164 

an echo-planar-imaging sequence (3 x 3 x 3 mm³ voxel size, repetition time (TR) = 2000 ms, echo time 165 

(TE) = 30 ms, flip angle = 90 °, 34 slices, descending acquisition, field of view 192 x 192 mm², 176 166 

volumes, TA = 6.00 min). Participants were instructed to keep their eyes closed, to not think of 167 

anything in particular, and to try not to fall asleep. For functional-structural image registration and 168 

volumetric analyses, high-resolution anatomical images were acquired using a three-dimensional T1-169 

weighted magnetization prepared rapid gradient echo imaging (1 mm³ isotropic voxel, TR = 2300 ms, 170 

TE = 2.96 ms, inversion time = 900 ms, flip angle = 9°, 256 x 240 x 192 mm³ matrix). Further, a 171 
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diffusion-weighted spin-echo echo-planar imaging sequence was acquired (1.8 x 1.8 x 2.0 mm³ voxel 172 

size, TR = 11100 ms, TE = 107 ms, 70 slices, 64 directions (b = 1000 s/mm²), 1 b0). 173 

MRI and statistical analysis rs-fMRI 174 

 FC analyses were performed using CONN-toolbox version 18b (www.nitrc.org/projects/conn, 175 

Whitfield-Gabrieli and Nieto-Castanon, 2012). The default data-preprocessing pipeline was applied, 176 

i.e. functional realignment, slice-time correction, structural segmentation and normalization to the 177 

Montreal Neurological Institute (MNI) template, functional segmentation and normalization and 178 

smoothing (6 mm Gaussian kernel). Using the CompCor method (Behzadi et al., 2007) implemented 179 

in the toolbox, denoising of the blood oxygenation level-dependent (BOLD) signal from physiological 180 

and other sources of noise was performed. Outliers were defined as follows: global mean signal 181 

intensity exceeded 5 standard deviations or slice to slice movement exceeded 0.9 mm, 182 

corresponding to the intermediate motion thresholds in the CONN toolbox (Whitfield-Gabrieli and 183 

Nieto-Castanon, 2012, Table 2). Scrubbing was implemented as part of the CONN preprocessing 184 

pipeline through the Artifact detection toolbox (ART, 190 185 

http://www.nitrc.org/projects/artifact_detect/) by regressing noise components for outlier scans 186 

from the BOLD signal as part of denoising (Power et al., 2014). Specifically, denoising was applied by 187 

regressing out white matter and cerebrospinal fluid components as well as a realignment confound. 188 

The latter was obtained from the estimated motion parameters (consisting of six rigid-body 189 

dimensions plus their six first-order temporal derivatives obtained from ART. The residual BOLD time 190 

series were then high pass filtered at 0.01 Hz.  Participants with an amount of detected outlier scans 191 

exceeding 3 SD of the sample mean number of outlier scans (mean 3.10 / SD 13.49) were excluded 192 

from statistical analysis. As a result, data of one participant with 94 detected outlier scans 193 

(corresponding to 53 % of acquired volumes) was excluded. All segmentation, normalization and 194 

registration steps were visually inspected and were deemed appropriate for analysis.  195 

Table 2. Motion parameter of rs-fMRI and DTI analyses 

  

Resting-state 

mean FD (mm) 

Resting-state 

max FD (mm) 
DTI mean 

translation  

DTI mean 

rotation 

Anatomical 

SNR 

Mean (SD) 0.23 (0.08) 0.69 (0.37) 1.19 (0.11) 0.004 (0.001) 14.86 (1.05) 

Min / Max 0.12 / 0.49 0.28 / 2.12 0.99 / 1.42 0.002 / 0.008 13.07 / 15.93 

DTI, diffusion tensor imaging. FD, framewise displacement in millimeter. rs-fMRI, resting-state 

functional magnetic resonance imaging. SNR, Anatomical signal-to-noise ratio in white matter. 

 196 

First-level (within-subjects) seed-to-voxel correlation maps were calculated for regions of interest 197 

(ROIs), i.e. Pearson’s r was calculated between the residual BOLD time series of the seed region and 198 
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the time course of all other voxels in the brain. The following seed ROIs were chosen from atlas- and 199 

network-based regions provided by the CONN toolbox: bilateral dorsolateral prefrontal cortex 200 

(DLPFC, left -43 33 28; right 41 38 30) for frontoparietal network, medial prefrontal cortex and 201 

posterior cingulate cortex (PCC)  for DMN (MPFC 01 55 -03; PCC 01 -61 38), bilateral putamen (left -202 

25 00 01, right 25 02 00), pallidum (left -19 -05 -01, right 20 -04 -02) caudate nucleus (left -13 09 10, 203 

right 13 10 10) for subcortical basal ganglia network. ROIs of frontoparietal network and DMN were 204 

selected for analysis because of the networks’ crucial involvement in functions tapped by both of our 205 

executive tasks (Darki et al., 2019; Dixon and Christoff, 2014; Hampson et al., 2006). Subcortical ROIs 206 

involving striatal structures were selected since decision-making abilities and working memory 207 

functions have been shown to be mediated by these regions (Dahlin et al., 2008a; Darki et al., 2019; 208 

Eppinger et al., 2015; Rangel et al., 2008).  After using Fisher’s r-to-z transformation on correlation 209 

coefficients, second-level (between-subjects) general linear model analyses were performed. In 210 

detail, to examine the association of the seed ROIs with task performance, the first-level connectivity 211 

maps for each participant were entered into a whole-brain regression analysis with task performance 212 

as variable of interest. For each set of network-defining ROIs (i.e. frontoparietal network ROIs, 213 

default mode network ROIs, basal-ganglia ROIs) the respective seed-ROIs (i.e., left and right DLPFC) 214 

were entered simultaneously in the model as F-contrast. This procedure allows for analysis using F-215 

statistical parameter maps since the analysis of covariance model (ANCOVA) jointly evaluates effects 216 

across any of the seeds in one model and thus takes multiple comparisons into account (Nieto-217 

Castanon, 2020). For the frontoparietal network we included both frontal seeds simultaneously, as 218 

we did not have a prior hypothesis about laterality. A height threshold of uncorrected p < 0.005 and 219 

an extent threshold of FDR-corrected p < 0.05 at the cluster level was applied.  220 

Volumetric analyses 221 

We used the T1-weighted images for individual volumetric segmentation with FreeSurfer version 6.0 222 

(http://surfer.nmr.mgh.harvard.edu/) (Fischl, 2012). Specifically, preprocessing of T1-weighted 223 

images included intensity normalization, skull stripping, and automated topology correction using a 224 

watershed algorithm (Fischl et al., 2002). Quality assessments involved visual control of successful 225 

normalization, skull stripping and cortical and subcortical reconstructions and calculation of 226 

anatomical signal to noise ratios using Freesurfer QATools (Koh et al., 2017, Table 2). Considering 227 

visual inspection and quantified quality parameters in conjunction, all structural data were deemed 228 

appropriate for analysis. Then, fully automated cortical and subcortical reconstructions and 229 

volumetric segmentations were performed, and total intracranial volume (ICV) and regional grey 230 

matter volume measures were obtained. Next, regional volumes were extracted for areas matching 231 

rsFC analyses seeds. Thus, grey matter volumes were obtained for frontoparietal network seeds 232 
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(bilateral rostral middle frontal gyrus), DMN seeds (bilateral rostral anterior cingulate gyrus, bilateral 233 

precuneus) and basal ganglia seeds (caudate nucleus, putamen, pallidum).  Regional volumes were 234 

adjusted for ICV using the residual-method (Kerti et al., 2013; Kobe et al., 2017; Sanfilipo et al., 235 

2004). Correlation analyses of global grey matter volume and task performance were performed 236 

using Pearson’s correlation coefficients. To explore the influence of regional grey matter atrophy on 237 

executive performance, we performed multiple linear regression analyses with regional grey matter 238 

volumes of frontoparietal, DMN and basal ganglia networks as predictors and task performance in 239 

both executive tasks, respectively, as dependent variable.  240 

DTI 241 

Automated global probabilistic tractography with anatomical priors was carried out for analyses of 242 

DTI data, using the tracts constrained by underlying anatomy (TRACULA) tool within FreeSurfer 243 

version 6.0 (http://surfer.nmr.mgh.harvard.edu/) (Yendiki et al., 2011). All processing steps were 244 

conducted using default parameters.  Preprocessing included correction for eddy currents and simple 245 

head motion. Then, intra- and inter-subject registration was performed using bbregister (Greve and 246 

Fischl, 2009) and FSL’s flirt  for affine registration to the MNI template (Jenkinson et al., 2002; 247 

Jenkinson and Smith, 2001), respectively. Pathways priors were estimated based on training subjects’ 248 

atlas data combined with the individual participant’s anatomical segmentation data. Then, a 249 

posteriori probability distributions for each pathway and each individual were estimated consisting 250 

of a likelihood term estimated from the ball-and-stick model of diffusion and a term including the 251 

estimated pathway priors. We visually inspected all DTI images, FA maps and tractography 252 

reconstructions. To quantify head motion in each scan, average volume-by-volume translation, 253 

average volume-by-volume rotation, percentage of slices with signal drop-out and signal drop-out 254 

severity were obtained for quality control (Yendiki et al., 2014, Table 2). Considering visual inspection 255 

and quantified motion parameters in conjunction, all data were deemed appropriate for analysis. 256 

Finally, fractional anisotropy (FA) values were calculated by averaging the individual voxel values 257 

along the tracts of interest. Bilateral cingulum bundle and superior longitudinal fasciculus (SLF) were 258 

selected as tracts of interest from the 18 tracts provided by the TRACULA tool. The cingulum bundle 259 

connects frontal, parietal and medial-temporal regions, and the SLF is linking frontal and posterior 260 

parietal brain regions (Bettcher et al., 2016; Bubb et al., 2018; Charlton et al., 2010). As individual 261 

differences in FA assessed for the left and right tract were highly co-linear, disentangling the 262 

lateralized contribution of these two tracts would be difficult. Therefore, to explore the association 263 

of DTI measures with performance, we computed separate regression models for the cingulum 264 

bundle and SLF, respectively, with mean tract FA (averaging left and right FA) as predictor variable 265 

(Lebel et al., 2012; Smolker et al., 2015). 266 
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Results 267 

Behavioral results 268 

In the letter updating task, performance of the participants ranged between 0 and 10 lists recalled 269 

correctly (mean = 3.7, SD = 2.0). In the Markov task, performance ranged between 25.0 % and 89.0 % 270 

optimal actions (mean = 52.3 %, SD = 13.6). There was no association between letter updating and 271 

Markov task performance (r = 0.08, p = 0.602). Performance on both tasks was not associated with 272 

age in our sample of older adults (for letter updating: r = - 0.21, p = 0.133, for Markov r = 0.02, p = 273 

0.911). According to previous studies (Beyer et al., 2019; Zhang et al., 2018), we calculated three 274 

composite scores from the neuropsychological measures of the CERAD test battery for executive 275 

function [Z executive = z(number of Animals VF) + z(number of S-words VF) - z(TMT(part B - part 276 

A)/part A)/3], memory [Z memory = (z(number of learned words) + z(number of recalled words) + 277 

z(number of recognized words)/3] and processing speed [Z processing = -z(TMT part A)]. No 278 

significant correlations of the three compound scores with letter updating (for executive: r = 0.11, p = 279 

0.441, for memory: r = -0.16, p = 0.267, for processing speed: r = 0.26, p = 0.063) and Markov task 280 

(for executive: r = 0.13, p = 0.352, for memory: r = -0.09, p = 0.552, for processing speed: r = -0.02, p 281 

= 0.866) were found.  282 

 283 

Functional connectivity and task performance 284 

Letter updating task. For the frontoparietal network, rsFC analysis revealed that letter updating 285 

performance was significantly associated with rsFC between the DLPFC seeds and lateral, medial 286 

cortical, as well as subcortical regions (F(2, 90) > 5.62, Table 3, Figure 1). Superior letter updating 287 

performance was associated with higher connectivity between the left DLPFC seed and ipsilateral 288 

middle prefrontal and parietal clusters. In the default-mode network, superior letter updating 289 

performance was significantly associated with lower rsFC between PCC and the right angular gyrus 290 

(F(2,90) > 5.62, Table 3, Figure 2). For the association of letter updating performance with rsFC of the 291 

basal-ganglia network, no clusters were significant. 292 
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 293 

Figure 1. Seed-to-voxel functional connectivity (FC) associations with letter updating performance for frontoparietal 

network seeds (F-contrast). A height threshold of uncorrected p < 0.005 and an extent threshold of FDR-corrected p < 

0.05 at the cluster level was applied. A. shows the seed-to-voxel clusters for whole brain FC associations with letter 

updating performance. The LPFC seed ROIs are shown in turquoise (left) and blue (right). B. displays the respective 

effects for both seeds and the respective significant clusters. Turquoise bars indicate the left LPFC seed, blue bars the 

right LPFC seed. Fisher-transformed correlation coefficients are entered on the Y-axis. Error bars reflect parameter 

estimate 90% confidence intervals (CIs). MNI coordinates of the cluster maxima spatial location for each significant seed-

to-voxel cluster are given below each set of bars. C. Scatterplot of letter updating performance and FC association for the 

cluster at -50 -72 +40 for left LPFC seed ROI. Dots indicate individual values, the shaded area marks 95% CI. 

LH, left hemisphere. LPFC, left prefrontal cortex. LU, letter updating task. RH, right hemisphere. cereb., cerebellum. ROI, 

region of interest. rsFC, resting-state functional connectivity. 
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 295 

Markov decision-making task. We did not identify any significant clusters for the association of 296 

Markov task performance and rsFC in the frontoparietal and DMN. In the basal-ganglia network, 297 

superior Markov task performance was significantly associated with lower rsFC between basal 298 

ganglia and right angular gyrus (F(6,270) > 3.18, Table 3, Figure 3).  299 

 300 

 301 

 302 

 303 

Figure 2.  Seed-to-voxel functional connectivity (FC) associations with LU task performance for DMN seeds (F-contrast). A 

height threshold of uncorrected p < 0.005 and an extent threshold of FDR-corrected p < 0.05 at the cluster level was 

applied. A. reflects the DMN seed ROI locations (MPFC turquoise, posterior cingulate cortex (PCC) blue) and the significant 

seed-to-voxel cluster for whole brain FC associations with LU task performance. B. displays the respective effects for both 

seeds and the significant cluster. Turquoise bars indicate the MPFC seed, blue bars the PCC seed. Fisher-transformed 

correlation coefficients are entered on the Y-axis. Error bars reflect parameter estimate 90% confidence intervals (CIs). MNI 

coordinates of the cluster maximum spatial location of the significant seed-to-voxel cluster are given below the set of bars. 

C. Scatterplot of LU task performance and FC association for the significant cluster for MPFC seed ROI. Dots indicate 

individual values, the shaded area marks 95% CIs.  

LU, letter updating task. MPFC, medial prefrontal cortex. PCC, posterior cingulate cortex. ROI, region of interest. rsFC, 

resting-state functional connectivity. 

Paper I



13 

 

 304 

 305 

 306 

Grey matter volumes and task performance 307 

To explore the impact of age-related grey matter atrophy in regions involved in the task-relevant 308 

networks, we extracted regional volumes from the FC seed regions.  309 

Table 3. Seed-to-voxel functional connectivity statistics for the significant clusters. 

Network seed regions Task 

covariate 

Cluster location MNI Coordinates 

  x           y            z 

Cluster 

size  

Local max 

Z score 

Frontoparietal: dorsolateral 

PFC 
 

LU task angular gyrus l, lateral 

occipital cortex l * 

-50 +72 +40 472 4.29 

 middle frontal gyrus l* -28 +06 +66 211 5.06 

 medial frontal cortex * +00 +42 -28 125 4.23 

 hippocampus l  -28 -20 -16 124 3.92 
 

lingual gyrus r, cerebellum r * +10 -64 -12 120 4.27 

DMN: medial PFC, posterior 

cingulate cortex 

LU task angular gyrus r, lateral 

occipital cortex r  

+38 -68 +40 178 3.50 

Basal ganglia: pallidum, 

putamen, caudate nucleus 

Mk task angular gyrus r * +36 -56 +46 138 4.05 

MNI, Montreal Neurological Institute. df, degrees of freedom. PFC, prefrontal cortex. DMN, default mode network. LU 

task, letter updating task. Mk task, Markov task. l, left. r, right. Height threshold of uncorrected p < 0.005 and extent 

threshold of FDR-corrected p < 0.05 at the cluster level for all clusters. *These effects remained significant at height 

threshold of uncorrected p < 0.001 and extent threshold of FDR-corrected p < 0.05 at the cluster level. 

Figure 3.  Seed-to-voxel functional connectivity (FC) associations with Markov task performance for Basal-ganglia seeds (F-

contrast). A height threshold of uncorrected p < 0.005 and an extent threshold of FDR-corrected p < 0.05 at the cluster level 

was applied. A. reflects the significant seed-to-voxel cluster for whole brain FC associations with Markov task performance. 

B. displays the respective effects for bilateral basal ganglia seeds and the significant cluster. Different shades of blue 

indicate seed ROIs. Fisher-transformed correlation coefficients are entered on the Y-axis. Error bars reflect parameter 

estimate 90% CIs.  C. Scatterplot of Markov task performance and FC association. 

LU, letter updating task. ROI, region of interest. rsFC, resting-state functional connectivity. 
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Letter updating task. Superior performance was associated with higher volume in medial frontal and 310 

PCC (i.e. DMN volume, Beta = 0.36, p = 0.028, Table 4). To explore the influence of the DMN grey 311 

matter volume on the rsFC DMN result, we entered letter updating performance and DMN grey 312 

matter volume as predictors into two multiple regression models with DMN rsFC for the MPFC and 313 

PCC seeds respectively as dependent variables. DMN volume did not significantly explain rsFC 314 

variance (for MPFC Beta < 0.01, p = 0.897, for PCC Beta < 0.01, p = 0.782), whereas letter updating 315 

performance was still significantly associated with DMN rsFC (for MPFC Beta = - 0.055,  p  < 0.001, for 316 

PCC Beta = - 0.034, p = 0.005).   317 

Markov decision-making task. Multiple linear regression of regional grey matter volumes on Markov 318 

task performance did not reveal any significant correlation (F(3,44) = 0.38, p = 0.769). 319 

 320 

Table 4. Multiple linear regression models estimating the effect of regional grey matter volumes on 

letter updating and Markov task performance, respectively. 

Dependent Predictors Coefficient Beta p 95 % CI 

Letter updating 

 

FPNW vol -0.00004 -0.05 0.727-   -0.0003, 0.0002 

DMN vol 0.0004 0.36 0.028* 0.00005, 0.0008 

BG vol 0.0001 0.06 0.665- -0.0004, 0.0006 

constant -6.48  0.234- -17.10, 4.35 

R² 0.137    

Markov FPNW vol -0.000006 -0.11 0.511- -0.00002, 0.00001 

 DMN vol 0.00001 0.17 0.322- -0.00001, 0.00004 

 BG vol -0.000008 -0.07 0.637- -0.00004, 0.00003 

 constant 0.540  0.136- -0.18, 1.26 

 R² 0.025    

Coefficients, p-values and 95 % confidence intervals for unstandardized coefficients are given. 

Significant predictors are marked by asterisk (* p < 0.05). FPNW, frontoparietal network. DMN, 

default mode network. BG, basal ganglia. vol, volume.  

 Structural connectivity and task performance 321 

 322 

Letter updating task. Letter updating performance was significantly associated with tract FA of the 323 

cingulum bundle (β = 0.369, p = 0.010, R² = 0.136) and the SLF (0.290, p = 0.046, R² = 0.084). 324 

Scatterplots of tract FA over task performance showing descriptive associations for left and right 325 

tracts separately are depicted in Figure 4. 326 

Markov decision-making task. There was no significant relationship between Markov task 327 

performance and tract FA (for cingulum bundle β = 0.082, p = 0.579, R² = 0.007; for SLF β = 0.064, p = 328 

0.665, R² = 0.004). 329 

 330 
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 332 

Integration of functional and structural connectivity 333 

As functional and structural connectivity analyses revealed significant frontoparietal associations 334 

with letter updating performance, we sought to evaluate their combined explanatory value. We 335 

conducted explorative stepwise multiple linear regression analyses with letter updating performance 336 

as dependent variable and fronto-angular FC (as defined by connectivity values between left FPN 337 

seed and the left angular cluster) and tract FA as predictors. We chose fronto-angular FC as a 338 

representative measure of frontoparietal FC for this explorative analysis. Stepwise regression 339 

identified FC and cingulum bundle FA as relevant predictors of letter updating performance. The 340 

results showed that 34 % of the variance in letter updating performance could be explained through 341 

fronto-angular FC when entered as first-step predictor. The cingulum bundle FA explained an 342 

additional 6 % of variance when entered at the second step in the model. In contrast, SLF FA was not 343 

identified as relevant predictor when entered together with fronto-angular FC (Table 5).  344 

Figure 4. Scatterplots of LU task performance (x -axis) and tract FA (y-axis) for A. cingulum bundle and B. superior 

longitudinal fasciculus (SLF). Left tracts (dashed lines, circles) and right tracts (solid lines, filled dots) are displayed 

separately for descriptive purposes, analyses were conducted with mean left and right tract FA. Shaded area represents 

95 % CI. Sagittal slices display path reconstruction in one subject of cingulum bundle (A) and SLF (B). 

Paper I



16 

 

Table 5. Stepwise multiple linear regression models estimating the effect of structural and functional 

frontoparietal connectivity on letter updating task performance. 

Dependent Predictors Coefficient Beta p 95 % CI R² Δ R² 

Letter updating        

Model 1 Fronto-angular FC l 14.28 0.59 <0.001*  8.35, 20.21   

 constant 2.85  <0.001* 2.27, 3.44 0.343 0.343 

Model 2a Fronto-angular FC l 12.48 0.51 <0.001* 6.49, 18.47   

 Cingulum bundle FA 17.82 0.25 0.044* 0.48, 35.15   

 Constant -6.15  0.165 -14.93, 

2.63 

0.401 0.058 

Model 2b Fronto-angular FC l 14.28 0.59 <0.001*  8.35, 20.21   

 Constant 2.85    <0.001* 2.27, 3.44 0.343 0.343 

 Excluded: SLF FA  0.22 0.076    

Coefficients, p-values and 95 % confidence intervals for unstandardized coefficients are given. Significant 

predictors are marked by asterisk (* p < 0.05). FA, fractional anisotropy.  

 345 

Discussion 346 

In the present study, we examined the linkage between performances in two age-sensitive executive 347 

tasks with functional and structural connectivity in healthy older adults. We aimed to characterize 348 

involved neuronal networks, and to delineate possible targets for modulation. FC analyses revealed a 349 

relation of working memory updating performance with FC between dorsolateral prefrontal and left 350 

frontal, angular and hippocampal areas as well as between medial DMN hubs and right angular gyrus. 351 

For value-based decision-making performance, we observed an association of higher performance 352 

with lower cortico-striatal FC. Higher integrity of white matter microstructure in cingulum bundle and 353 

SLF was linked to better working memory updating but not value-based decision-making 354 

performance. Subsequent exploratory conjoint analysis of significant resting-state and white matter 355 

predictors of letter updating performance revealed that together with fronto-angular FC, cingulum 356 

bundle microstructure explained 40 % of variance in updating performance.  357 

 358 

Functional network characteristics of working memory updating and decision-making 359 

We found a linkage of superior updating performance with higher rsFC between prefrontal regions 360 

and left middle frontal as well as left angular gyri. These results suggest that higher executive control 361 

network connectivity, contributes to better working memory updating functions in older adults. This 362 

finding corroborates results from a study investigating effective connectivity measures during 363 

performance of an intra-scanner n-back task in both young and older adults (Heinzel et al., 2017). 364 

Here, the authors found higher frontoparietal connectivity to be associated with better working 365 

memory abilities. Our resting-state fMRI data support this finding, further providing evidence for the 366 
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beneficial relationship between fronto-posterior network synchronization and working memory 367 

updating in older adults. Together with the results of Heinzel et al. our data suggest that the neural 368 

correlates may be specific for updating processes. For verbal working memory, a study in a group of 369 

adults with an age range between 21 and 77 years found an association between rs-derived FC of 370 

frontoparietal regions (DLPFC and superior parietal lobule) (van Dam et al., 2015). While a 371 

characterization over a broad age range is also important, we want to emphasize that FC patterns 372 

change in older age (Damoiseaux, 2017; Geerligs et al., 2015; Huang et al., 2015), thus requiring an 373 

age-group specific investigation of brain-behavior relationships (Antonenko et al., 2013; Spreng et al., 374 

2016). While our results are in line with previous literature showing a positive association of working 375 

memory and frontoparietal rsFC (Heinzel et al., 2017; Liu et al., 2017; van Dam et al., 2015), other 376 

studies also observed potentially contradictory associations (Jockwitz et al., 2017; Reineberg et al., 377 

2018). In fact, most studies have examined composite scores representing more general overall 378 

executive abilities (Darki et al., 2019; Jockwitz et al., 2017; Reineberg et al., 2018). Based on the unity 379 

and diversity model (Friedman and Miyake, 2017; Miyake et al., 2000), there is a common share 380 

among executive functions, but the individual subfunctions can still be separated and thus may 381 

underlie different neuronal mechanisms. In support of this model, performance in the two executive 382 

tasks in fact were not correlated in our sample of older adults. Working memory updating is relevant 383 

for active manipulation of information held in working memory while maintaining other information 384 

(Friedman and Miyake, 2017; Miyake et al., 2000; Morris and Jones, 1990), whereas value-based 385 

decision-making helps us to take experience-based decisions to reach a certain goal through learning 386 

of action-outcome associations (Eppinger et al., 2015; Tannou et al., 2020). Our finding of a 387 

separation of the two subfunctions on the behavioral level corroborates our findings of potentially 388 

different neural correlates. Thus, our results further stress the relevance of function-specific network 389 

characterizations, and the importance to delineate rsFC correlates of specific executive functions to 390 

target these networks with modulatory interventions during specific tasks.  391 

We further observed an inverse link between updating performance and medial prefrontal-angular 392 

FC, potentially reflecting that less pronounced coupling between medial prefrontal and posterior 393 

regions with angular gyrus may be beneficial. Our findings indicate a mediating role of connectivity 394 

between frontoparietal lateral and medial regions for executive functioning in older adults. This 395 

corroborates previous findings reporting involvement of angular gyri in working memory processes 396 

(see Seghier, 2013 for review). Our analyses indicate that a more segregated communication of these 397 

areas allows for specific processing of task-relevant operations. Opposite to our observation, data 398 

obtained from task fMRI showed that higher connectivity of both angular gyri with medial cortical 399 

regions was linked to superior performance during an n-back task (Vatansever et al., 2017). Inferring 400 
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directionality is difficult from our data and future studies investigating causal relationships will 401 

advance the understanding of the link between functional coupling of brain sites and superior 402 

cognitive functioning (Chai et al., 2012; Chang and Glover, 2009). 403 

In addition to the impact of connectivity between cortical network nodes, subcortical areas have 404 

been implicated in executive functions (Grahn et al., 2008; McNab and Klingberg, 2008). We 405 

identified an association of performance and rsFC between prefrontal regions and the left 406 

hippocampal area, which might indicate a mediating role of cortico-subcortical connections in 407 

working memory updating functions, complementing findings of cortico-hippocampal rsFC 408 

underlying memory processes such as episodic and working memory (Kluen et al., 2019; Salami et al., 409 

2014). Kluen et al. suggested that the DLPFC is signaling information to hippocampal areas on storage 410 

and integration of the updated memory content. Supporting this notion, our results indicate that 411 

stronger DLPFC-hippocampus connectivity might facilitate working memory updating related 412 

processes through hippocampal involvement. 413 

Superior decision-making performance was associated with decreased rsFC between basal ganglia 414 

and right angular gyrus, indicating an involvement of cortico-basal ganglia connections in value-based 415 

decision-making abilities. Striatal involvement in decision-making abilities was also shown in a 416 

previous study where young and older adults performed the same task during fMRI acquisition and 417 

striatal areas were activated in the older group, with increased activity correlating with better 418 

performance (Eppinger et al., 2015). Our findings complement these results from task fMRI by 419 

suggesting more segregated cortico-basal ganglia functional connections to underlie superior value-420 

based decision-making processes in older adults. Recently it has been shown that dopamine 421 

genotype modulates age-related differences in rsFC of the DMN (Baeuchl et al., 2019). Further, 422 

involvement of basal ganglia in complex executive functions was shown in computational modelling 423 

studies (Frank et al., 2001; Hazy et al., 2007; O'Reilly and Frank, 2006). Together, these findings 424 

suggest a basal ganglia gating function of signal processing and information selection, which 425 

underlies successful decision making and is likely mediated through dopamine.  426 

In sum, our findings indicate that working memory updating involves FC between lateral and lateral 427 

and medial frontal and parietal areas as well as cortico-hippocampal connectivity. Value-based 428 

decision-making, was correlated to FC between basal ganglia and right angular gyrus. Rs-fMRI is a 429 

prominent tool to investigate brain network connectivity which allows for assessing brain-behavior 430 

relationships in the absence of task-related brain activity (Smitha et al., 2017). Future studies may 431 

add to our findings by using task-related fMRI, as results obtained with different imaging methods 432 

(i.e., rsfMRI, DTI, structural MRI) can valuably complement each other (Rykhlevskaia et al., 2008). 433 

Paper I



19 

 

Moreover, longitudinal data would extend our cross-sectional results by covering intra-individual 434 

changes in brain-behavior relations (cf. Malagurski et al., 2020). 435 

 436 

Structural network characteristics of working memory updating and decision-making 437 

We found a positive association between superior updating performance and higher FA of the 438 

cingulum bundle and SLF. In previous studies, white matter integrity in the cingulum bundle and SLF 439 

had been linked to overall executive functions in young adults (Burzynska et al., 2011; Charlton et al., 440 

2010). In older adults, age-related decrease of whole brain white matter FA and white matter FA of 441 

the frontal, parietal and temporal lobes was linked to poorer overall executive performance (Fjell et 442 

al., 2011; Grieve et al., 2007). Our findings are in line with these results for executive functions at 443 

large, and additionally provide specific information on selected white matter tracts and specific 444 

executive functions. Moreover, our results are comparable to what was found in similar cognitive 445 

domains, i. e., higher integrity of frontoparietal white matter was associated with better processing 446 

speed and verbal and spatial working memory (Kennedy and Raz, 2009; Rizio and Diaz, 2016).  447 

Further, the association of tract microstructure and behavior can be interpreted as supporting 448 

evidence for our FC results: The SLF connects lateral frontoparietal regions (Wang et al., 2016). The 449 

cingulum bundle has previously been described as an underlying structural correlate of the DMN and 450 

it has been shown to innervate frontoparietal regions via distinct fiber connections, which might 451 

determine its involvement in executive functions (Bettcher et al., 2016; Bubb et al., 2018; Greicius et 452 

al., 2009). Thus, integrity of white matter pathways related to the frontoparietal network and DMN 453 

was associated with better updating ability, but not decision-making. Of note, the two tracts of 454 

interest were individually reconstructed due to their relevance for executive functions, as shown in 455 

prior studies (Bubb et al., 2018; Burzynska et al., 2010). This approach holds the advantage of 456 

investigating pre-defined, well-characterized pathways. Another methodologcial choice could be to 457 

examine white matter connecting the ROIs used in functional connectivity analyses. Future studies 458 

might also implement a ROI-based approach using network-wide white matter masks to obtain 459 

microstructural information on a more general level (Brown et al., 2018; Brown et al., 2019). Our 460 

results nevertheless indicate that function-specific associations with white matter microstructure of 461 

the frontoparietal network and the DMN are linked to updating, but not to decision-making 462 

performance. 463 

 464 

 465 
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Integration of functional and structural network connectivity 466 

We found that fronto-angular FC and cingulum bundle FA together explained 40 % of variance in 467 

letter updating performance, indicating complementary roles of both modalities for executive 468 

functioning in older adults. Moreover, these results indicate that the cingulum bundle FA adds a 469 

further contribution to the variance explained by individual differences in fronto-angular FC alone. 470 

Thus, our result suggests an incremental contribution of preserved white matter tract microstructure 471 

(i.e., density or intact myelination) to functional coupling between involved brain areas (i.e., 472 

temporal co-activation of spatially distinct areas) alone. As the cingulum bundle connects 473 

frontoparietal lateral as well as medial and temporal areas (Bubb et al., 2018), our findings may 474 

indicate a key role of large-scale cortico-subcortical connections for preserved executive functioning 475 

in older adults.  476 

Moreover, recent evidence suggests that preserved functional coupling between brain sites and 477 

microstructure of white matter pathways may predict not only behavioral variability, but also the 478 

effects of modulatory interventions (Antonenko et al., 2017; Hordacre et al., 2017; Li et al., 2019a). 479 

Our findings can inform future studies targeting modulation of task-relevant brain networks (e.g., 480 

through combined cognitive training and transcranial direct current stimulation (Berryhill, 2017; 481 

Horne et al., 2020)). More specifically, fronto-angular FC may be enhanced after letter updating 482 

training while striatal-angular FC may be reduced after decision-making training, reflecting the 483 

respective beneficial network modulations. Further, cingulum bundle microstructure might predict 484 

successful behavioral enhancement, or more vulnerable brains with deteriorated or lesioned white 485 

matter microstructure (e.g., in patients with prodromal AD or traumatic brain injury) might have 486 

higher potential for improvement through interventional treatments targeting related functional 487 

networks (Li et al., 2019b). Consequently, considering microstructural properties might help to 488 

explain the determinants of responsiveness to modulatory neuroenhancement approaches 489 

(Lindenberg et al., 2013).  490 

 491 

Limitations 492 

Several limitations should be considered when interpreting our findings. First, we obtained FC 493 

measures from resting-state fMRI, which has been discussed with regards to reliability and 494 

replicability (He et al., 2020; King et al., 2019; Zuo and Xing, 2014). To improve reliability, prolonging 495 

resting-state runs from the “usual” 5-6 min (as also used in our study) to 9-13 min was suggested 496 

(Zuo and Xing, 2014). However, six minutes of resting-state data have been shown to produce robust 497 

results (Van Dijk et al., 2009; Zuo et al., 2013) and a recent systematic review confirmed high test-498 
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retest reliability of FC measures of our two networks of interest (frontoparietal and default mode 499 

network) in comparison to other resting-state networks (Noble et al., 2019). Second, interpretation 500 

of lateralized effects in the resting-state analysis is difficult as possible collinearity of the functional 501 

time series might hamper interpretation of the lateralized connectivity of each of the two seeds 502 

separately. Nevertheless, we are confident that our results present viable information on the entire 503 

network (cf. Anteraper et al., 2020; Anteraper et al., 2013; Lenka et al., 2017; Muller and Meyer, 504 

2014) and future studies could investigate hypotheses with regards to laterality. Third, measures 505 

derived from white matter tractography approaches have some technical limitations, since issues 506 

such as bundle coverage of non-existing connections may occur (Schilling et al., 2019a). In the future, 507 

more advanced technologies could produce more clinically informative measures, but the diagnostic 508 

value of new methods has yet to be determined (Maier-Hein et al., 2017; Schilling et al., 2019). For 509 

now, the method of automated probabilistic tractography, as used in our study, increases reliability 510 

due to manual ROI or endpoint definition by implementing anatomical priors compared to manual 511 

tractography (Yendiki et al., 2011b; Schilling et al., 2019a).  512 

 513 

Conclusion 514 

In sum, this study provides novel insights into functional and structural neural networks underlying 515 

age-sensitive executive functions in an older sample. While for a comprehensive understanding of 516 

age-related decline in these functions a longitudinal design would be necessary (Fjell et al., 2017), 517 

our results point toward distinct functional correlates for working memory updating and value-based 518 

decision-making in healthy older adults, which may serve as starting point for modulatory 519 

interventions . In particular, our results provide information on the underlying network correlates of 520 

these executive functions and therefore pave the way for development of interventions that 521 

specifically target these networks, e.g. during task-specific training. In fact, tDCS techniques might 522 

modulate connectivity in neural networks by up- or downregulation of cortical excitability (Polania et 523 

al., 2018; Stagg and Nitsche, 2011) and can be a promising means to counteract cognitive decline, 524 

especially in combination with cognitive training (Bikson and Rahman, 2013; Fritsch et al., 2010).  525 

Furthermore, knowledge on the underlying network correlates of working memory updating and 526 

value-based decision-making helps the interpretation of possible effects of such modulatory 527 

interventions contributes to the understanding of underlying mechanisms in future studies 528 

(Antonenko et al., 2019; Thams et al., 2020).  529 

 530 
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Background: With increasing aging populations worldwide, developing interventions

against age-associated cognitive decline is particularly important. Evidence suggests

that combination of brain stimulation with cognitive training intervention may enhance

training effects in terms of performance gain or transfer to untrained domains. This

protocol describes a Phase IIb clinical trial that investigates the intervention effects of

training combined with brain stimulation in older adults.

Methods: The TrainStim-Cog study is a monocentric, randomized, single-blind,

placebo-controlled intervention. The study will investigate cognitive training with

concurrent anodal transcranial direct current stimulation (tDCS) over the left dorsolateral

prefrontal cortex (target intervention) compared to cognitive training with sham

stimulation (control intervention) over nine sessions in 3 weeks, consisting of a letter

updating task, and a three-stage Markov decision-making task. Fifty-six older adults

will be recruited from the general population. Baseline assessment will be performed

including neuropsychological screening and performance on training tasks. Participants

will be allocated to one of the two study arms using block-wise randomization stratified

by age and baseline performance with a 1:1 allocation ratio. Primary outcome is

performance in the letter updating task after training under anodal tDCS compared to

sham stimulation. Secondary outcomes include performance changes in the decision-

making task and transfer tasks, as well as brain structure and functional networks

assessed by structural, and functional magnetic resonance imaging (MRI) that are

acquired pre- and post-intervention.
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Significance: The main aim of the TrainStim-Cog study is to provide evidence

for behavioral and neuronal effects of tDCS-accompanied cognitive training and to

elucidate the underlying mechanisms in older adults. Our findings will contribute toward

developing efficient interventions for age-associated cognitive decline.

Trial registration: This trial was retrospectively registered at Clinicaltrials.gov Identifier:

NCT03838211 at February 12, 2019, https://clinicaltrials.gov/ct2/show/NCT03838211.

Protocol version: Based on BB 004/18 version 1.2 (May 17, 2019).

Keywords: transcranial direct current stimulation, aging, cognitive training, working memory, decision-making,

spatial learning, transfer

INTRODUCTION

Given the worldwide increase of the proportion of older adults,
the development of interventions against age-related cognitive
declines are of great scientific and public interest (United
Nations, 2015). Cognitive fitness and preserved everyday life
abilities in advanced age is considered one of the most desirable
conditions for individual well-being (Woods et al., 2013; Yam and
Marsiske, 2013; Yam et al., 2014).

The combination of brain stimulation and multi-session
cognitive training may counteract and delay the onset of age-
related impairments (Mameli et al., 2014; Perceval et al., 2016).
Concurrent application of transcranial direct current stimulation
(tDCS) over relevant brain regions during task practice has the
potential to improve task performance and induce sustained
effects (Kuo and Nitsche, 2012; Mameli et al., 2014; Woods
et al., 2016; Au et al., 2017; Berryhill, 2017; Antonenko et al.,
2018). Studies that applied anodal tDCS over frontal brain
regions during working memory practice in healthy older adults
have shown maintained benefits for trained and untrained
visuospatial memory abilities and everyday life-relevant tasks
(Jones et al., 2015; Stephens and Berryhill, 2016). Even if
immediately measurable effects are absent (Nilsson et al., 2017),
this intervention holds promise to exert long-lasting benefits by
increasing neural plasticity (Jones et al., 2015). Therefore, clinical
trials in older adults have to assess multiple cognitive outcomes,
including those relevant for activities of daily living, and cover
multiple time points, including long-term follow-up-assessment.

Modulation of brain network functioning has been suggested
as potential underlying mechanism of behavioral improvement
through tDCS (Meinzer et al., 2012; Hunter et al., 2013; Elmasry
et al., 2015). Effects of tDCS-assisted multi-session cognitive
training on structural and functional brain plasticity, and their
relation to changes in cognitive scores, are however, largely
unknown. In a recent study, we found increased functional
coupling in the default mode network in older adults that
was associated with immediate episodic memory training gains
(Antonenko et al., 2018). Individual microstructural properties
of white matter pathways may mediate neural and behavioral
plasticity induced by tDCS (Lindenberg et al., 2013; Bachtiar
et al., 2018). Thus, augmented neural network functioning may
result in functional effects.

However, evidence for cognitive benefits, maintenance, and
transfer of practice effects to untrained abilities is still mixed

with high variability among older adults and research studies
(Horvath et al., 2015; Antonenko et al., 2017; Kulzow et al.,
2017; Nilsson et al., 2017; Passow et al., 2017). To be able to
draw firm conclusions about the efficiency of these combined
interventions, well-controlled randomized clinical trials in older
adults with age-associated cognitive decline are required. In
addition, investigations with cognitively impaired older adults
can be based on results from studies in healthy adults (Perceval
et al., 2016; Summers et al., 2016).

In the TrainStim-Cog study, we will conduct a randomized
clinical trial implementing a multi-session working memory
training in older adults (n = 56). Anodal tDCS over the
dorsolateral prefrontal cortex (DLPFC) will be applied during
task practice in half of the participants while the other half will
receive sham stimulation. Stratified randomization will assure
that the two groups are comparable regarding their age and
baseline performance on the trained memory updating task.
Effects on performance in trained and non-trained abilities as
well as on brain function and structure will be assessed at
multiple time-points. The current protocol describes the design
and methods implemented in the TrainStim-Cog study. This
protocol was prepared in accordance with the SPIRIT guidelines
(Chan et al., 2013a,b).

METHODS: PARTICIPANTS,
INTERVENTION, AND OUTCOMES

Design and Setting
This is a monocentric, randomized, single-blind, placebo-
controlled study, including a nine-session cognitive training
intervention in 3 weeks, accompanied by anodal tDCS over the
left DLPFC compared to sham tDCS. Subjects will participate
altogether in 14 sessions with pre- and post-intervention
assessments that include magnetic resonance imaging (MRI),
taking place at University Medicine Greifswald. Two follow-up
sessions (at one and 7 months post-training) will be performed to
also assess possible maintenance effects. A flow chart of the study
is shown in Figure 1.

Eligibility Criteria
Before randomization, participants eligible for the study must
meet all following criteria:
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FIGURE 1 | TrainStim-Cog study flowchart. tDCS, transcranial direct current stimulation; MRI, magnetic resonance imaging.

(1) Age: 65–80 years.
(2) Right-handedness.
(3) Performance in neuropsychological screening at

baseline within normal range (defined as performance
of each subtest within −1.5 standard deviations (SD)
from the normative sample’s mean).

In case one or more of the following criteria are present at
randomization, potential participants will be excluded:

(1) Mild cognitive impairment (MCI), subjective cognitive
decline (SCD), or dementia (participants reporting
decline in cognitive functions or performing below
−1.5 SD in any neuropsychological screening subtest
will be excluded).

(2) Other neurodegenerative neurological disorders;
epilepsy or history of seizures; close relatives with
epilepsy or history of seizures; previous stroke.

(3) Severe and untreated medical conditions that preclude
participation in the training, as determined by
responsible physician.

(4) History of severe alcoholism or use of drugs.
(5) Severe psychiatric disorders such as depression (if not in

remission) or psychosis.
(6) Contraindication to MRI (claustrophobia, metallic

implants, ferromagnetic metals in the body, disorders
of thermoregulation, and pregnant women) and tDCS
(cf. Antal et al., 2017).

If all eligibility criteria are met and participants
provide written informed consent, they will be included in
the study sample.

Intervention
In each of the nine training sessions, participants will receive
either anodal or sham tDCS while performing two cognitive
training tasks, which are displayed in Figure 2A. Before starting
the two training tasks, tDCS set-up will be mounted and
stimulation will be started.

First, participants are presented with a letter updating task
(cf. Dahlin et al., 2008) on a tablet computer, which will train
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FIGURE 2 | Task overview. (A) Training tasks performed at each session. (B) Transfer tasks performed at pre-, post-, and follow-up-assessments. AVLT, auditory

verbal learning test (Helmstaedter et al., 2001). WMT-2, Wiener matrices test (Formann et al., 2011).

updating of information stored in working memory. Lists of
letters A to D (with lengths of 5, 7, 9, 11, 13, or 15 letters; three
times each; total of 18 lists) will be presented in random order,
one letter at a time (presentation duration: 2000 ms, ISI 500 ms).
After each list, participants will be asked to recall the last four
letters that were presented.

The second training task will be a three-stage Markov
decision-making task (Eppinger et al., 2015; cf. Tanaka et al.,
2016; Wittkuhn et al., 2018), presented on a laptop computer.
Participants will be instructed to choose between two actions,
i.e., pressure of left or right key, which results in an action-
related reward (monetary gain or loss). Participants will have
to learn to choose the optimal sequence of action to maximize
overall gains and minimize overall losses. Markov probability
refers to the fact that a decision at a given stage not only
determines reward, but also the transition into the next stage (out
of three stages) of stimulus choice decision. Therefore, choosing
the optimal sequence of action will result in continuously
transitioning through all three stages. The task will consist of two
different learning conditions. In the immediate reward condition,
the optimal action choice will consistently be rewarded with a
gain (+€0.05). Choosing the other alternative will be punished
(−€0.05), meaning that action-outcome associations will be equal
for all three stages. In the delayed reward condition, optimal
action choice will be associated with a small loss (−€0.05) in
the first two stages and a large gain (+€0.25) in the third stage.
Suboptimal action choice however, will be associated with a small
gain (+€0.05) in the first two stages and a large loss (−€0.25) in
the third stage. Thus, action-outcome associations will vary over
the three stages in the delayed reward condition.

Transcranial direct current stimulation will be administered
via a battery-operated stimulator (Neuroelectrics Starstim Home
Research Kit, Barcelona, Spain). Direct current will be delivered
with 1mA intensity via two round saline-soaked synthetic sponge
electrodes (5 cm diameter), connected to the stimulator and
mounted in a neoprene head cap using the 10–20 EEG-system
grid. Stimulation will consist of 20 min of continuous stimulation
with ten additional seconds of ramping at the beginning and end
of stimulation, respectively. The anodal electrode will be placed
over left DLPFC (F3). Placement of the cathodal electrode is
the contralateral supraorbital cortex (Fp2). In the sham tDCS
group, the same electrode montage and ramp-time will be used,
but current will only be applied for 30 s to elicit the typical
tingling sensation of stimulation on the scalp and to blind
participants regarding the stimulation condition (see section
“Blinding”). Stimulation will be started simultaneously with
the letter updating task and run during its entire length and
approximately the first half of the Markov task. After every third
session, participants will fill out an adverse-events questionnaire
(Antal et al., 2017). Participants will be instructed to avoid
excessive alcohol consumption or smoking on the day of the
study, to adhere to their usual sleep duration, and to avoid
drinking caffeine 90 min prior to the training sessions.

Outcome Measures
Outcome measures for the training tasks will be acquired
at each session. At pre-, post- and follow-up-assessments,
additional outcome measures targeting transfer effects
(see Figure 2B for an overview), will be assessed. All
measures and time points of acquisition are listed
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in Table 1. Each outcome measure will be analyzed
regarding potential differences between intervention groups
(anodal vs. sham tDCS).

Primary Outcomes

Primary outcome measure will be working memory performance
at post-assessment, operationalized by number of correctly
recalled lists in the letter updating task.

Secondary Outcomes

Secondary outcome will be performance in decision-based
learning at post-assessment, as measured by proportion of
optimal actions in the Markov decision-making task.

Additionally, performance at follow-up-assessments will be
analyzed for the main measures of both training tasks (number of
correctly recalled lists in the letter updating task and proportion
of optimal actions in the Markov decision-making task). Further,
online and offline effects of the intervention will be assessed for
the main measures of both training tasks. Online effects will be
defined as within session performance changes, whereas changes
in performance from the last trial of the previous visit to the first
trial of the next visit will be considered as offline effects (Reis et al.,
2009). The total direct effects of the intervention will be assessed
by analyzing learning curves (change from first to last training
session) for both training tasks measures.

Further secondary outcomes will be assessed at pre-, post-, and
follow-up-assessments and include:

(a) Transfer tasks encompassing working memory
performance, as assessed by performance in a numeric
n-back task (% correct, d-prime); episodic memory
performance, as measured by performance in the German
version of the auditory verbal learning test (Helmstaedter
et al., 2001; Lezak et al., 2004) (total amount of words
learned, number of recalled words at delayed recall),
reasoning ability, as assessed by the Wiener matrices
test (WMT-2) (Formann et al., 2011) (% correct), spatial
memory ability, as measured by a virtual reality maze task
(Hartley et al., 2003) (number of items found on a previous
encoded route). All transfer measures will be corrected for
performance at pre-assessment.

(b) Structural and functional neural correlates (assessed at pre-,
post-, and 7-months follow-up-assessments), as measured
by structural and functional MRI.

Exploratory Analyses

Exploratory analyses will be conducted for more detailed
outcomes of the two training tasks (e.g., outcomes
dependent on list length in the letter updating task,
parameters from a drift diffusion model for the Markov
decision-making task). Additionally, measures of cognitive
reserve such as education, baseline cognitive ability or
neuropsychological status will be analyzed for identifying
potential predictors of training task performance, and
responsiveness to the intervention. Genetic polymorphisms
such as ApoE, COMT and BDNF, derived from analysis
of blood samples and related to cognition, will be

included as potential modulators of response to tDCS
(Fritsch et al., 2010).

Participant Timeline
Participants will adhere to 14 sessions with three additional MRI
sessions, taking place at the University Medicine Greifswald.
After completion of baseline assessment (V0), participants will
successively be invited to start the training sessions (V2–V10),
which will take place during three consecutive weeks on 3 days
a week. Three days before and after training sessions, pre- and
post-assessments (V1 and V11) will be conducted. Four weeks
after post-assessment a first follow-up session (V12) will be
administered; second follow-up (V13) will be 7 months after
post-assessment. MRI will be measured directly before and after
the training (V1 and V11) and at second follow-up (V13).
An overview of all visits and outcome measures is provided
in Table 1.

Baseline Measures

At baseline assessment (V0), participants will give written
informed consent, and participate in a demographic interview.
Depression screening and handedness questionnaire will be
administered. Furthermore, performance in several cognitive
domains will be tested (Table 1). Afterward, participants will
perform the two training tasks as described above, except that
at baseline, the letter updating task will consist of one practice
trial with 4 lists and one actual trial with 15 lists (compared
to one trial of 18 lists in the training). Baseline visit will take
approximately 3 h.

Pre-, Post-, and Follow-Up-Assessments

All four sessions will comprise the same procedure. Initially,
self-reported well-being, quality, and duration of sleep as well
as potential stressors 2 h prior to the session are assessed by
the investigator in a semi-structured interview. After having
performed the two training tasks, participants will accomplish
several transfer tasks, testing multiple memory functions, and
reasoning ability. The 7-months follow-up-assessment will
provide the possibility for assessing the maintenance of training
and transfer effects.

Sample Size
Based on recent studies in the field using multi-session
application of anodal tDCS during cognitive training compared
to training with sham tDCS (Park et al., 2014; Jones et al., 2015;
Antonenko et al., 2018), we estimated an effect size of 0.85. To
demonstrate an effect in the primary outcome, 46 participants
(23 per group) need to be included in the analysis with an
independent t-test using a two-sided significance level of 0.05
and a power of 80%. This conservative approach using a t-test
was chosen, even though we intend to analyze the primary
outcome conducting analysis of covariance (ANCOVA) models
(Borm et al., 2007). Assuming a drop-out rate of about 20%
due to a high number of planned visits and considerably high
demands put upon participants (e.g., performing challenging
memory tasks and attending three sessions of 45 min MRI
scans), 28 participants should be included in each tDCS group.
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TABLE 1 | TrainStim-Cog outcome measures.

Post-allocation

Base line Pre T1–T9 (3 weeks) Post (3 days) FU (1 month) FU (7 months)

∼2 h ∼3 h ∼1 h ∼3 h ∼3 h ∼3 h

Time point Measurement Mode V0 V1 V2–V10 V11 V12 V13

Enrollment

Eligibility screening Paper ×

Informed consent Paper ×

Neuro

psycho-logical

screening

Demographic data Paper ×

Geriatric depression scale

(Brink et al., 2013)

Paper ×

Oldfield handedness inventory

(Oldfield, 1971)

Paper ×

CERAD (memoryclinic.ch1) Paper ×

Digit span (Lezak et al., 2004) Paper ×

Identical pictures (Lindenberger

and Baltes, 1997)

Spot-a-word (Lehrl, 1977)

Computer ×

Intervention

Training tasks Letter updating (Dahlin et al.,

2008)

Tablet-PC × x x x x x

Markov decision-making

(Eppinger et al., 2015; Wittkuhn

et al., 2018)

Computer × x x x x x

Brain stimulation tDCS (anodal vs. sham) Device x

Questionnaires Self-reported well-being Paper x x x x x

PANAS (Watson et al., 1988) Paper x

Adverse events questionnaire∗

(Antal et al., 2017)

Paper x

Additional assessments

Transfer tasks n-back Computer x x x x

AVLT (Helmstaedter et al.,

2001; Lezak et al., 2004)

Paper x x x x

Wiener matrices test (Formann

et al., 2011)

Paper x x x x

Virtual reality task (Hartley et al.,

2003)

Computer x x x x

Physical measures MRI x x x

Blood draw Once at any of these sessions

T1–T9, training 1–9; FU, follow-up-assessment; V0–V13, visits 0–13; CERAD, the consortium to establish a registry for Alzheimer’s Disease, neuropsychological battery.

PANAS, positive and negative affect schedule; AVLT, German version of the auditory verbal learning test; tDCS, transcranial direct current stimulation; MRI, magnetic

resonance imaging. All measures were acquired on site, except for screening, which was done via telephone. ∗ assessed only at the end of each training week

(V4, 7, and 10). 1http://www.memoryclinic.ch/de/main-navigation/neuropsychologen/cerad-plus/.

Sample size estimation was conducted using G∗Power 3.1
(Faul et al., 2007).

Recruitment
Participants will be recruited through advertisements in the
local newspapers and distribution of flyers in local senior
citizen clubs. Telephone screenings will be conducted with all
potential participants and study information will be provided.
Eligible candidates will be invited for baseline assessment.
Following baseline assessment (V0) participants will be included
if neuropsychological testing is unobtrusive.

METHODS: ASSIGNMENT OF
INTERVENTIONS

We will first complete recruitment and baseline measurement
of all subjects before allocating participants to the groups and
starting the training sessions. Allocation will be performed by
a researcher not involved in baseline assessments. Participants
will be randomly allocated in 1:1 ratio to the experimental
groups (anodal vs. sham tDCS), using age and initial performance
in the letter updating task as strata. First, all participants
that successfully completed telephone screening and baseline
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assessments will be divided into four groups by median
split: (1) age ≤ median and LU performance ≤ median, (2)
age ≤ median and LU performance > median, (3) age > median
and LU performance ≤ median, and (4) age > median and LU
performance > median. Second, equal numbers of participants
of each group will be randomly assigned to anodal and sham
tDCS group, respectively, using the blockrand package in
R1,2,3. Allocation concealment will be ensured, since decision
about in- or exclusion will already be made, before allocating
participants to the groups.

Blinding
This is a single-blind trial, participants will be blind to the
stimulation condition. In the sham tDCS group, current will
be applied for 30 s to elicit the typical tingling sensation of
stimulation on the scalp and to blind participants regarding
the stimulation condition. Previous research showed that sham
tDCS is a safe and valid method of blinding participants
(Schlaug and Renga, 2008; Floel and Cohen, 2010). After
the last training session, participants will be asked to state
whether they believed they received anodal or sham tDCS.
Note that in our single-blind design, implicit bias of the
investigators during data collection cannot be completely
excluded. However, to minimize bias in the analysis, data will be
entered electronically, and will be analyzed, by a member of the
research team blinded to the stimulation condition, according to
the statistical analysis plan.

METHODS: DATA COLLECTION,
MANAGEMENT, AND ANALYSIS

Data Collection Methods
Neuropsychological, behavioral andMRI data and blood samples
will be collected from each participant. Study assessors will be
thoroughly trained in administering the assessments. Time points
of data collection are shown in Table 1.

Neuropsychological and Behavioral Assessment

Neuropsychological tests at baseline visit (V0) comprise
paper-pencil as well as computer-based assessments.
Geriatric Depression Scale (Brink et al., 2013) and the
Edinburgh Handedness Inventory (Oldfield, 1971) will be
administered. Performance in several cognitive domains
will be tested with CERAD-Plus test battery4 (Morris et al.,
1989), digit span test (Lezak et al., 2004), identical-pictures
task (Lindenberger and Baltes, 1997), and spot-a-word task
(Lehrl, 1977).

Training- and transfer tasks include paper-pencil and
computer-based assessments. Detailed description of the two
training tasks is provided in the interventions section. In

1http://www.R-project.org
2http://www.rstudio.com
3https://CRAN.R-project.org/package=blockrand
4http://www.memoryclinic.ch/de/main-navigation/neuropsychologen/cerad-
plus/

pre-, post- and follow-up sessions (V1, V11–V13), transfer
tasks will be administered: Participants will perform a numeric
n-back task (1 and 2 back) and the German version of
the auditory verbal learning test (Helmstaedter et al., 2001;
Lezak et al., 2004). In the 30 min interval to assess long-
term memory, participants will perform the Wiener matrices
test (WMT-2) (Formann et al., 2011). Then, a virtual reality
navigation task will be presented (Hartley et al., 2003).
Here, during encoding, participants will be instructed to
memorize a route with several targets (e.g., butcher, doctor’s
office, and grocery store); during subsequent recall, the
participants will be asked to navigate the shortest route
to given targets.

Magnetic Resonance Imaging

Magnetic resonance imaging will be assessed at the Baltic
Imaging Center (Center for Diagnostic Radiology and
Neuroradiology, Universitätsmedizin Greifswald) with a 3
Tesla scanner (Siemens Verio) using a 32-channel head coil,
1 day prior to and 2 days as well as 7 months after training
(see Table 2 for neuroimaging data acquisition parameters).
A T1-weighted 3D sequence, a 3D FLAIR, a diffusion tensor
imaging (DTI) and a resting-state fMRI sequence will be
assessed. At the end of the MRI assessment, additional T1-
and T2-weighted structural images will be acquired with
parameters optimized for computational modeling to calculate
electric field distributions5 [(Windhoff et al., 2013; Thielscher
et al., 2015), see Figure 3 for sample modeling analysis].
Detailed information about MRI sequences is provided in
Table 2. Pipelines from MATLAB-based toolboxes such as SPM
(Wellcome Department of Imaging Neuroscience, London,
United Kingdom6), CONN toolbox7 (Whitfield-Gabrieli and
Nieto-Castanon, 2012), or FSL (Analysis Group, FMRIB, Oxford,
United Kingdom8) (Jenkinson et al., 2012) and Freesurfer9

will be used for analysis of structural and functional MRI
data. To assess volume of cortical and subcortical gray matter,
structural segmentation will be performed on T1-weighted
scans (Dahlin et al., 2008; Filmer et al., 2019). White matter
microstructure in main white matter tracts will be extracted
from diffusion-weighted images using common tractography
methods (Charlton et al., 2010; Metzler-Baddeley et al.,
2011, 2017, Le Bihan and Johansen-Berg, 2012). Functional
resting-state fMRI scans will be used to assess functional
connectivity within and between large-scale networks that
mediate cognitive functions (Darki and Klingberg, 2015;
Antonenko et al., 2018, 2019a).

Blood Draw

At one of the sessions, a blood sample for conducting genetic
analyses will be collected, preprocessed, and stored at the
Neuroimmunology Lab of University Medicine Greifswald,
using cryo-preservation method. Genetic polymorphisms

5http://simnibs.org
6www.fil.ion.ucl.ac.uk/spm/
7www.nitrc.org/projects/conn
8http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
9http://surfer.nmr.mgh.harvard.edu/
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TABLE 2 | Neuroimaging data acquisition parameters.

Sequence Main parameters

Resting-state

fMRI

TR = 2000 ms, TE = 30 ms, FOV 192 × 192 mm2, 34 slices,

176 volumes, descending acquisition, 3.0 × 3.0 × 3.0 mm3, flip angle 90◦

T1 MPRAGE TR = 2300 ms, TE = 2.96 ms, TI = 900 ms, 192 slices, 1.0 × 1.0 × 1.0 mm3, flip angle 9◦

DTI TR = 11100 ms, TE = 107 ms, 70 slices, 1.8 × 1.8 × 2.0 mm3, 64 directions (b = 1000 s/mm2)

FLAIR TR = 5000 ms, TE = 388 ms, 160 slices, 1.0 × 1.0 × 1.0 mm3

T1w TR = 1690 ms, TE = 2.52 ms, TI = 900 ms, 176 slices, 1.0 × 1.0 × 1.0 mm3, flip angle 9◦, using

selective water excitation for fat suppression

T2w TR = 12770 ms, TE = 86.0 ms, 96 slices, 1.0 × 1.0 × 1.0 mm3, flip angle 111◦

TR, repetition time; TE, echo time; TI, inversion time; FOV, field of view; fMRI, functional magnetic resonance imaging; DTI, diffusion tensor imaging; FLAIR, fluid attenuated

inversion recovery; MPRAGE, magnetization prepared rapid acquisition gradient echo.

FIGURE 3 | Positioning of the electrodes (anode, red; cathode, blue) and electric field distribution derived from computation modeling using SimNIBS [simnibs.org,

(Windhoff et al., 2013; Thielscher et al., 2015)], for one example participant (f, 69 years).

relevant for learning (such as ApoE, COMT, and BDNF)
(Antal et al., 2010; Freitas et al., 2011; Witte et al., 2012; Plewnia
et al., 2013) will be analyzed at the Department of Psychiatry,
Psychotherapy and Psychosomatic, University Medicine,
Halle/Saale, Germany.

Retention and Adherence

To maximize retention throughout the entire study period,
participants will be provided with information about their
appointments via telephone, and e-mail. A few days prior
to starting the 3-weeks training period, participants will be
contacted via telephone as a reminder of the upcoming
appointments, and to clarify potential open questions. On
pre-assessment, they will receive a printout of all study
sessions. Additionally, time and date of the next session will
be discussed at each visit. Participants will be encouraged
to leave a message on the study site’s 24/7 answering
machine, if they have any concerns about not being able
to attend a visit or wanting to change the time. They will
then be contacted to discuss alternative scheduling. At the
end of the study, participants receive a reasonable financial
reimbursement (approximately 10 € per hour), the results of
their neuropsychological screening, and structural MRI images
on a compact disc. If complete adherence to the protocol is not
possible, any effort to collect as much data as feasible from the
participant will be made.

Data Management and Monitoring
All data collected will be pseudonymized. Files containing
personal data of the participants will be saved with a password,
solely known by staff involved in the project. Data acquired
on paper will be entered electronically by research staff. To
prevent erroneous entries, data will be entered by one person,
and double-checked by another. Progress of data entry and
checking procedures will be documented. Folders containing
forms and questionnaires of each subject will be stored securely
and sorted by participant ID number for easy access at each
stage of the study. Forms containing names and personal data of
participants will be stored separately in a lockable cabinet. Digital
data, such as output files from computer-based tasks, will be
stored on a secure file server directly after acquisition. Protocols
of the tDCS setup of each participant and session will also be
stored on the file server. MRI data will be pseudonymized before
analysis. Following good scientific practice, data will be stored for
at least 10 years.

Adverse Events Monitoring
Potential adverse events (AEs) occurring throughout the
course of the study will be monitored via an adverse events
questionnaire (Antal et al., 2017), administered after each third
stimulation session. We will refrain from administering the
AEs-questionnaire at each stimulation session, since this might
unnecessarily draw the participant’s attention tominor sensations
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during stimulation, and therefore serve as an unintentional
distractor from the tasks. Generally, the risk of health damage
due to anodal tDCS can be expected to be minimal. Known
AEs with the study parameters (20 min, 1 mA) are tingling
at the electrode sites, skin reddening under the electrode and,
less frequently, a mild headache (Antal et al., 2017). Study
assessors will be instructed to monitor AEs and serious AEs
(SAEs) throughout the trial and document all detected AEs and
SAEs. Participants will be informed at baseline visit about all
possible risks and can withdraw consent at any time without
providing reasons. In case an SAE occurs, the study physician
will first make an assessment as to whether a causal relationship
with the intervention is considered possible. If more than three
of the enrolled participants suffer from SAEs that are likely to
be associated with the intervention (as assessed by the study
physician), the trial will be discontinued.

Statistical Methods
Statistical analyses of the primary and secondary outcome
measures will be reported in detail in the statistical analysis
plan, to be written and registered before data analyzes. Data
from all participants included at randomization will be analyzed
using intention to treat analyses (ITT). In case of missing values
and under the assumption of missing at random we will use
multiple imputation methods to estimate treatment effects.
Additionally, a “per protocol” analysis will be conducted as
sensitivity analysis, including only those participants, who
completed all visits, and finished post-assessment. Focusing
on the primary outcome, we will conduct an ANCOVA
with the post-assessment working memory score (number of
correctly recalled lists in the letter updating task) as dependent
variable, stimulation group (anodal, sham) as factor, and
working memory performance at pre-assessment as well as
age as covariates. Secondary outcomes will be analyzed using
similar statistical methods. For instance, an ANCOVA with
performance in the Markov decision-making task at post-
assessment (proportion of optimal actions) as dependent
variable, stimulation group (anodal, sham) as factor, and
performance in the Markov decision-making task at pre-
assessment as well as age as covariates will be conducted. We
will furthermore analyze secondary outcome measures and
their interactions, using linear mixed models with time-point
(e.g., training days 1–9) as within-subject factor and stimulation
group (anodal, sham) as between-subject factor. Changes in
structural and functional neural parameters will be analyzed on
whole-brain level, using general linear models, implemented
in the analysis software. To assess brain-behavior associations,
correlations between behavioral and neuronal parameters,
will be calculated. In case of violation of requirements
for parametric methods, appropriate non-parametric tests
will be conducted. Data analysis will be conducted using
IBM SPSS Statistics for Windows (IBM Corp., Armonk,
NY, United States), MatLab (The Mathworks Inc., 2016),
and R software10.

10https://www.R-project.org

ETHICS AND DISSEMINATION

The study was approved by the ethics committee of the
University Medicine Greifswald and will be conducted in
accordance with the Helsinki Declaration. All data collected will
by pseudonymized. Imaging data will be made publicly available
to the general academic community at https://openneuro.org.
Results of the study will be made accessible to scientific
researchers and health care professionals via publications in
peer reviewed journals and presentations at national and
international conferences. Furthermore, the scientific and lay
public can access the study results on the ClinicalTrials.gov
website (Identifier: NCT03838211).

DISCUSSION

This randomized controlled trial will determine the impact of
a multi-session memory training combined with anodal tDCS
on trained and untrained functions as well as functional and
structural neural parameters in cognitively intact older adults. In
the target group, anodal tDCS (1mA, 20min) will be applied over
the DLPFC (with the cathode over the contralateral supraorbital
cortex) during task practice while the control group will receive
sham tDCS (1 mA, 30 s). Findings of this study will contribute
to the understanding of immediate and delayed behavioral and
neural effects, as well as the underlying mechanisms of tDCS-
plus-training effects in the aged brain.

Older adults constitute the target group of this trial as we
aim to exert beneficial effects on age-related cognitive decline.
We opted to elucidate the effects and underlying mechanisms
in a population that serves as baseline for future trials targeting
cognitively impaired older patients, for exampleMCI or dementia
due to Alzheimer’s disease (Perceval et al., 2016).

All participants will undergo extensive baseline assessment to
obtain detailed participant characteristics and to assure cognitive
functioning within age- and education-related norms. Stratified
randomization will be performed to match anodal and sham
groups for age and baseline performance in the training task. We
argue that this is important to exclude chance age and baseline
differences that impact tDCS-induced modulation and hamper
the interpretation of effects (Martin et al., 2013; Antonenko et al.,
2017, 2018). Furthermore, as tDCS may potentially exert long-
term effects, even in the absence of immediate training gains,
we will invite participants to two follow-up sessions one and
7 months after training (Jones et al., 2015; Berryhill, 2017).

We designed a cognitive training with two cognitive tasks that
are mediated by the prefrontal cortex, vulnerable to the effects of
aging, and well suited to examine effects of practice over multiple
sessions in older adults (Dahlin et al., 2008; Eppinger et al.,
2015; Wittkuhn et al., 2018). The primary task (letter updating)
has shown good applicability and training-induced plasticity
in older adults (Dahlin et al., 2008). To study near and far
transfer of training, we chose tasks which measure working and
episodicmemory, reasoning and visuospatial abilities. Altogether,
we aimed to design a comprehensive assessment of multiple
task domains at multiple time points avoiding floor or ceiling
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effects, which is also not too long or too exhausting for
older participants. This multimodal testing, including paper-
pencil, computer- and tablet-based tasks will not only provide
reliable data on training and transfer effects, but also be
attractive to the participants, assuring their compliance, and
motivation. Stimulation parameters were chosen accordingly
to induce plasticity in the prefrontal cortex and modulate
performance in training tasks, as shown in previous studies of
our group, and others (Martin et al., 2013; Meinzer et al., 2013;
Wittkuhn et al., 2018).

Multimodal imaging will allow us to examine neural
effects through several neural interdependent but also discrete
parameters. Resting-state fMRI will allow quantification of
functional connectivity in cortical and subcortical networks
mediating memory functions such as the fronto-parietal, default
mode, and salience network. DTI will allow individual fiber
tractography of white matter pathways within these networks
and their macro- and microstructural properties. T1-weighted
images will allow cortical and subcortical segmentation and
volumentry and FLAIR images the identification of white matter
hyperintensities. These sequences will determine predictors of
response on an individual level, but will also be examined at
multiple time points (pre-, post-, and follow-up sessions) in order
to scrutinize intervention-induced modulation. In addition, T1-
and T2-weighted structural sequences will be optimized for
the purpose of computational modeling in order to allow
accurate simulations of the current flow on an individual basis
(Antonenko et al., in press). Blood samples will be collected
in order to examine if individual responsiveness to tDCS
is modulated by genetic polymorphisms that have previously
been shown to modulate neural plasticity and learning ability
in several domains (Antal et al., 2010; Freitas et al., 2011;
Witte et al., 2012; Plewnia et al., 2013; Stephens et al., 2017).
Assessment of daily health conditions, potential pre-session
stressors, mood and perceived tDCS-related adverse events will
complete the assessment of performance and help to identify
potential sources of variability.

Taken together, our Phase IIb clinical trial will provide
comprehensive evidence for the effects of a tDCS-plus-
training approach in age-associated cognitive decline and

thus contribute to the understanding of plasticity-inducing
interventions in aging, and informing the development of
efficient interventions in the future.
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Abstract

Background: Given the growing older population worldwide, and the associated increase in age-related diseases,

such as Alzheimer’s disease (AD), investigating non-invasive methods to ameliorate or even prevent cognitive

decline in prodromal AD is highly relevant. Previous studies suggest transcranial direct current stimulation (tDCS) to

be an effective method to boost cognitive performance, especially when applied in combination with cognitive

training in healthy older adults. So far, no studies combining tDCS concurrent with an intense multi-session

cognitive training in prodromal AD populations have been conducted.

Methods: The AD-Stim trial is a monocentric, randomized, double-blind, placebo-controlled study, including a

3-week tDCS-assisted cognitive training with anodal tDCS over left DLPFC (target intervention), compared to

cognitive training plus sham (control intervention). The cognitive training encompasses a letter updating task and

a three-stage Markov decision-making task. Forty-six participants with subjective cognitive decline (SCD) or mild

cognitive impairment (MCI) will be randomized block-wise to either target or control intervention group and

participate in nine interventional visits with additional pre- and post-intervention assessments. Performance in the

letter updating task after training and anodal tDCS compared to sham stimulation will be analyzed as primary

outcome. Further, performance on the second training task and transfer tasks will be investigated. Two follow-up

visits (at 1 and 7 months post-training) will be performed to assess possible maintenance effects. Structural and

functional magnetic resonance imaging (MRI) will be applied before the intervention and at the 7-month follow-up

to identify possible neural predictors for successful intervention.
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Significance: With this trial, we aim to provide evidence for tDCS-induced improvements of multi-session cognitive

training in participants with SCD and MCI. An improved understanding of tDCS effects on cognitive training

performance and neural predictors may help to develop novel approaches to counteract cognitive decline

in participants with prodromal AD.

Trial registration: ClinicalTrials.gov, NCT04265378. Registered on 07 February 2020. Retrospectively registered.

Protocol version: Based on BB 004/18 version 1.2 (May 17, 2019).

Sponsor: University Medicine Greifswald.

Keywords: Transcranial direct current stimulation, Aging, Subjective cognitive decline, Mild cognitive impairment,

Working memory, Decision-making, Transfer

Background
Prodromal Alzheimer’s disease (AD) starts several

years before the clinical diagnosis of dementia and

can be subdivided into at least two stages. Partici-

pants with subjective cognitive decline (SCD) experi-

ence cognitive impairments, which are not yet evident

in neuropsychological measures [1]. In participants

with mild cognitive impairment (MCI), subjective cog-

nitive decline as well as first objective cognitive im-

pairments on neuropsychological testing are evident.

Application of non-pharmacological therapeutic inter-

ventions during these prodromal stages of AD may

halt or at least decelerate the neurodegenerative pro-

gress, thus preserve clinically unobtrusive stages for

as long as possible [2, 3]. Previous studies investigat-

ing single session non-invasive brain stimulation

(NIBS) influence on cognitive task performance have

shown beneficial effects on cognition in healthy older

adults [4] as well as in SCD [5] and MCI [6–8]. NIBS

may ameliorate brain network deficiencies [7] and

possibly delay the neuropathological disease progres-

sion by increasing the release of brain-derived neuro-

trophic factor or boosting β-amyloid clearance from

the brain [9, 10].

Multi-session study designs, implementing concur-

rent application of transcranial direct current stimula-

tion (tDCS) and multi-day cognitive training, yielded

promising results with regard to improved perform-

ance in samples of healthy older adults [11–14]. An-

odal tDCS is thought to facilitate cortical excitability

by changing the resting membrane potential towards

depolarization [15, 16]. Immediate effects influence

voltage-dependent ion channels, whereas longer

stimulation is thought to elicit long-term potentiation

mechanisms [17]. These alterations are particularly ef-

fective in already activated functionally connected re-

gions. tDCS may therefore support the effects of

cognitive training by facilitating ongoing cognitive

processes [9, 18]. Evidence with regard to sustained

benefits of the intervention or transfer to non-trained

cognitive domains has not been unequivocal so far

[19–22].

In the AD-Stim study, we will assess in a double-blind

randomized controlled phase IIb clinical trial if such a

combined multi-session training plus tDCS intervention

yields substantial long-term benefits and transfer effects

in a prodromal AD population.

We will administer a multi-session combined cogni-

tive training and tDCS intervention in participants

with prodromal AD (N = 46). Half of the sample will

receive anodal tDCS over the left dorsolateral pre-

frontal cortex (DLPFC) while performing the cognitive

training, whereas the other half will undergo sham

stimulation during training. Left DLPFC was chosen

as a stimulation target because of its involvement in

executive functions [23]. Moreover, left DLPFC has been

shown to be under-recruited during the performance of

executive tasks in older compared to younger adults [24].

Previous studies using anodal tDCS over this area demon-

strated beneficial effects on executive performance in

non-clinical populations [13, 25, 26]. We will allocate par-

ticipants to anodal and sham tDCS groups using stratified

block randomization with a 1:1 ratio (strata: age and base-

line performance in the trained updating task). We will as-

sess behavioral outcome measures, such as direct training

effects, transfer to non-trained domains, and long-term ef-

fects at multiple time points. We will further elucidate

neural predictors of interventional success before the

intervention and assess neural correlates at long term.

This protocol, describing the design and methods of the

AD-Stim study, was prepared in accordance with the SPIR

IT guidelines [27, 28].

Methods: participants, intervention, and
outcomes
Design and setting

This is a monocentric, randomized, double-blind,

placebo-controlled study, including a 3-week electrical

brain stimulation-assisted cognitive training with an-
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odal tDCS over the left DLPFC, compared to cogni-

tive training plus sham, a study design similar to our

current trial in healthy older adults [29]. Participants

with prodromal AD will participate in nine interven-

tional visits with additional pre- and post-intervention

visits, taking place at University Medicine Greifswald.

Two follow-up visits (at 1 and 7 months post-

training) will be performed to also assess possible

maintenance effects. Magnetic resonance imaging

(MRI) will be performed before the intervention and

at the 7-month follow-up. A flowchart of the study is

shown in Fig. 1.

Eligibility criteria

Before randomization, participants eligible for the study

must meet all the following criteria:

1. Age, 60–80 years

2. Right-handedness

3. Presence of either SCD or MCI as defined by self-

perceived cognitive decline, unrelated to an acute

event and persistent over at least 6 months; worry-

ing about this decline and report of having attended

or being willing to attend a physician about it and

performance in neuropsychological screening at

baseline either within (SCD) or below (MCI) nor-

mal range (normal range defined as performance on

each subtest within − 1.5 SD from the normative

sample’s mean) [1, 30].

Additionally, alternative etiologies of cognitive

decline will be excluded by medical history or, if

appropriate, by serum analyses (metabolic,

inflammatory, and vitamin deficiency), and

cerebral MRI (brain tumor, stroke), and

questionnaires on quality and duration of sleep,

and current medication (severe sleep

disturbances, current medication interfering with

cognitive performance, including sedative and

psychotropic medication).

Fig. 1 AD-Stim study flowchart. tDCS, transcranial direct current stimulation; MRI, magnetic resonance imaging
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In case one or more of the following criteria are

present at randomization, potential participants will be

excluded:

1. Dementia or other neurodegenerative neurological

disorders, epilepsy or history of seizures, close

relatives with epilepsy or history of seizures, and

previous stroke

2. Severe and untreated medical conditions that

preclude participation in the training, as determined

by the responsible physician

3. History of severe alcoholism or use of drugs

4. Severe psychiatric disorders such as psychosis or

depression (if not in remission).

Note that contraindication to MRI will not be treated

as exclusion criteria as participants will still be included

in the study sample, but no MRI scans will be performed

in these individuals. Further, smoking will not be an ex-

clusion criterion. Participants will however be instructed

to follow their usual smoking habits to avoid

deprivation-induced plasticity decline [31, 32], which will

be assessed by questionnaires at each session. If all eligi-

bility criteria are met and participants provide written

informed consent, they will be included in the study

sample.

Intervention

Each of the nine training visits comprises two cognitive

training tasks (Fig. 2), being performed by the partici-

pants, concurrently receiving either anodal or sham

tDCS. Before beginning with the training, the stimula-

tion set-up will be mounted.

The first training task will be a letter updating task (cf.

[19]), presented on a tablet computer, and training up-

dating of information stored in working memory. Lists

of letters A to D (with lengths of 5, 7, 9, 11, or 13 letters;

three times each; a total of 15 lists) will be presented in

random order, one letter at a time (presentation dur-

ation 2000ms, inter-stimulus interval 500 ms). After

each list, participants will have to recall the last four let-

ters that were presented.

Second, participants will be presented with a three-

stage Markov decision-making task on a laptop com-

puter (cf. [24, 35, 36]), where they have to choose

between two actions, i.e., pressure of left or right key,

which results in an action-related reward (monetary

gain or loss). The underlying Markov probability de-

fines that a decision at a given state determines not

only the reward, but also the transition into the next

out of three decisional stages. This requires the par-

ticipants to learn choosing the optimal sequence of

action to maximize overall gains, minimize overall

Fig. 2 Task overview. a Training tasks performed at each visit. b Transfer tasks performed at pre-, post-, and follow-up assessments. AVLT, auditory

verbal learning test [33]; WMT-2, Wiener matrices test [34]
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losses, and thus continuously transition through all

three stages. There will be two different learning con-

ditions. In the immediate reward condition, the

action-outcome associations will be equal for all three

stages. Here, the optimal choice is always associated

with a gain (+ €0.05), whereas choosing the other al-

ternative results in a loss (− €0.05). In the delayed re-

ward condition, the action-outcome associations will

vary over the three stages. An optimal action choice

will be related to a small loss (− €0.05) in the first

two stages and a larger gain (+ €0.25) in the third

stage. A chain of suboptimal action choices however

will result in a small gain (+ €0.05) in the first two

stages and a large loss (− €0.25) in the third stage.

TDCS will be delivered using a neuroConn DC-

Stimulator Plus (neuroCARE Group GmbH, Munich,

Germany). Direct current will be delivered via two

rectangular saline-soaked synthetic sponge electrodes

(size 5 × 7 cm) connected to the stimulator and cen-

tered over the left DLPFC (anode, F3) with the longi-

tudinal edge horizontally aligned and right

supraorbital cortex (cathode, Fp2) with the transverse

edge horizontally aligned. The anodal tDCS group will

receive stimulation for 20 min and the sham tDCS

group will receive stimulation for 30 s to elicit similar

tingling sensations and blind participants for stimula-

tion conditions (current intensity 1 mA, 10 s fade in

and out) [37, 38].

Stimulation will be started simultaneously with the

first training task. Participants will be instructed to avoid

excessive alcohol consumption or smoking on the day of

the study, to adhere to their usual sleep duration, and to

avoid drinking caffeine 90min prior to the training

visits. Adverse events will be assessed via a questionnaire

every third training visit [39].

Outcome measures

At each visit, outcome measures for the training tasks

will be acquired. Additional outcomes for possible trans-

fer effects will be acquired at pre-, post-, and follow-up

assessments (see Fig. 2). Table 1 displays all assessment

time points and acquired measures. Analyses for each

measure will compare potential differences between

anodal and sham tDCS groups (Table 1).

Primary outcomes

The primary outcome measure will be working memory

performance at post-assessment, as measured by the

number of correctly recalled lists in the letter updating

task.

Secondary outcomes

The secondary outcome will be performance in decision-

based learning at post-assessment, operationalized by the

proportion of optimal actions in the Markov decision-

making task.

Additionally, for the main measures of the training

tasks (number of correctly recalled lists in the letter

updating task and proportion of optimal actions in

the Markov decision-making task), analyses of per-

formance at follow-up assessments will be conducted

and learning curves as well as online and offline ef-

fects of the intervention, i.e., within-session perform-

ance and performance changes from the last trial of

the previous visit to the first trial of the next visit,

will be assessed.

Further secondary outcomes will be assessed at pre-,

post-, and follow-up assessments and include:

a) Transfer tasks encompassing working memory

performance, as assessed by performance in a

numeric n-back task (% correct, d-prime); episodic

memory performance, as measured by performance

in the German version of the auditory verbal learn-

ing test [33, 42] (total number of words learned,

number of recalled words at delayed recall); and

reasoning ability, as assessed by the Wiener matri-

ces test (WMT2) [34] (% correct). All transfer mea-

sures will be corrected for performance at pre-

assessment.

b) Structural and functional neural correlates (assessed

at pre- and 7-month follow-up assessments), as

measured by structural and functional MRI.

Exploratory analyses

To assess outcomes of the two training tasks in more

detail, exploratory analyses of further measures of the

two training tasks will be conducted (e.g., outcomes

dependent on list length in the letter updating task,

parameters from a drift diffusion model for the Markov

decision-making task). Moreover, to identify characteris-

tics associated with training and tDCS effects, measures

of cognitive reserve (e.g., education, baseline cognitive

ability, or neuropsychological status) will be analyzed.

Lastly, genetic polymorphisms such as ApoE, COMT,

and BDNF, derived from the analysis of blood samples

and related to cognition, will be included as potential

modulators of response to tDCS [9].

Participant timeline

Individuals will participate in 14 visits with two add-

itional MRI sessions, taking place at the University

Medicine Greifswald. After inclusion at the baseline visit

(V0), participants will attend the pre-assessment visit

(V1) before starting the nine training visits during three

consecutive weeks on 3 days a week (V2–V10). After the

training, post-assessment (V11) will be conducted, and

4 weeks later, a first follow-up visit (V12) will be
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Table 1 AD-Stim outcome measures

Abbreviations: T1–T9 training 1–9; FU follow-up assessment; V0–V13 visits 0–13; CERAD The Consortium to Establish a Registry for Alzheimer’s Disease,

neuropsychological battery; Fragebogen zur Ausgangslage questionnaire about the current state; PANAS positive and negative affect schedule [45]; AVLT German

version of the auditory verbal learning test; tDCS transcranial direct current stimulation; MRI magnetic resonance imaging. All measures were acquired on site,

except for screening, which was done via telephone. *Assessed only at the end of each training week (V4, 7, and 10)
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administered; a second follow-up (V13) visit will be

7 months after post-visit. MRI will be acquired before

pre-assessment (V1) and at the second follow-up (V13).

Baseline measures

After providing informed consent and participating in a

demographic interview, depression screening and hand-

edness questionnaire will be administered at the baseline

visit (V0). We will then assess performance in various

cognitive domains (Table 1). Furthermore, the two train-

ing tasks will be performed as described above, except

that at baseline, the letter updating task starts with one

practice trial with 4 lists. The baseline visit will take

approximately 3 h.

Pre-, post-, and follow-up assessments

At pre-, post-, and follow-up visits, the investigator will

perform a semi-structured interview on the self-reported

well-being of the participant, quality and duration of

sleep, and potential stressors 2 h prior to the visit. Then,

the training and transfer tasks will be performed.

Sample size

Power calculation is based on recent studies using

multi-session application of anodal tDCS during cogni-

tive training compared to training with sham tDCS on

immediate performance in the trained task (primary out-

come) [11, 46, 47]. Based on these data, we estimated an

effect size of 0.85. To demonstrate an effect in the pri-

mary outcome (number of correctly recalled lists in the

letter updating task) with an independent t test using a

two-sided significance level of 0.05 and a power of 80%,

46 participants (23 per group) need to be included. This

conservative approach using a t test was chosen, even

though we intend to analyze the primary outcome con-

ducting analysis of covariance (ANCOVA) models [48].

Sample size estimation was conducted using nQuery

Advisor 8.5.1 [49].

Recruitment

Participants will be recruited from neurological depart-

ments of local clinics and doctors’ offices as well as

through newspaper advertisements in the local newspa-

pers and distribution of flyers in local senior citizen

clubs. Telephone screenings will be conducted with all

potential participants, and study information will be pro-

vided. Eligible candidates will be invited for the baseline

visit. Following the baseline visit (V0), participants will

be included if eligibility criteria are met.

Methods: assignment of interventions
Allocation to anodal and sham tDCS groups will be per-

formed using stratified block randomization. Participants

will be randomly allocated by a researcher not involved

in assessments. Allocation to the experimental groups

(anodal vs. sham) will be performed with a 1:1 ratio with

age (two age strata) and baseline and performance in the

letter updating task (two performance strata) as strata.

We chose cut-offs of 70 years and 2 lists correct in the

letter updating task. Randomization blocks with varying

block sizes will be generated for each of the four groups,

using R software (http://www.R-project.org) and the

blockrand package (https://CRAN.R-project.org/pack-

age=blockrand). Participants will then be allocated to

the anodal or sham tDCS group, based on the

generated randomization sequences within each block

and stratum.

Blinding

This is a double-blind trial, where blinding of study asses-

sors is ensured by using the study mode of the DC stimu-

lator. The researcher performing randomization will

provide the study assessors with a code per participant to

be entered into the device to start the stimulation. Asses-

sors will be unaware of whether the code starts anodal or

sham tDCS. To blind participants to the experimental

conditions, in the sham tDCS group, current will be

applied for 30 s to elicit the typical tingling sensation of

stimulation on the scalp. Previous research showed that

sham tDCS is a safe and valid method of blinding study

participants [37, 38]. After the last training visit, partici-

pants will be asked to state whether they believed they

received anodal or sham tDCS.

Methods: data collection, management, and analysis
Data collection methods

Neuropsychological and behavioral data and blood sam-

ples will be collected from each participant. MRI data

will be collected, unless there are contraindications to

MRI scanning. Furthermore, we will collect information

on cerebrospinal fluid (CSF) biomarkers (T-tau, P-tau181,

Aβ1–42, or Aβ1–42/Aβ1–40) from clinical files, if

available. Study assessors will be thoroughly trained in

administering the assessments. In Table 1, time points of

data collection are shown.

Neuropsychological and behavioral assessment

Neuropsychological testing at the baseline visit (V0)

comprises paper-pencil as well as computer-based as-

sessments. Geriatric Depression Scale [40] and the

Edinburgh Handedness Inventory [41] will be admin-

istered. Performance in several cognitive domains will

be tested with CERAD-Plus test battery (memorycli-

nic.ch, [50]), digit span test [42], identical pictures

task [43], and spot-a-word task [44].

The two training tasks will be performed at every

visit and are descripted in detail in the “Interven-

tion” section. Encompassing paper-pencil and
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computer-based assessments, the transfer tasks will

be administered at pre-, post-, and follow-up visits

(V1, V11–13). First, participants will perform a nu-

meric n-back task (1 and 2 back) and the German

version of the auditory verbal learning test [33, 42].

Then, participants will perform the Wiener matrices

test (WMT2) in the 30-min interval to assess long-

term memory [34].

Magnetic resonance imaging

MRI will be acquired at the Baltic Imaging Center

(Center for Diagnostic Radiology and Neuroradiology,

Universitätsmedizin Greifswald) with a 3-Tesla scanner

(Siemens Verio) using a 32-channel head coil, prior to

the training intervention and at 7-month follow-up. A

T1-weighted 3D sequence, a 3D FLAIR, a diffusion ten-

sor imaging (DTI), and a resting-state fMRI sequence

will be recorded; detailed information on all MRI

sequences is provided in Table 2. Additional T1- and

T2-weighted structural images will be acquired with pa-

rameters optimized for computational modeling to cal-

culate electric field distributions (simnibs.org, [51, 52]).

Seed-based resting-state functional connectivity within

and between large-scale task-relevant networks (e.g.,

frontoparietal and default mode network) will be per-

formed [11, 53, 54] using the CONN toolbox (www.

nitrc.org/projects/conn, [55]). White-matter pathways

will be reconstructed from diffusion-weighted images

using TRACULA pipeline [56] in Freesurfer (http://

surfer.nmr.mgh.harvard.edu/), in order to extract tract

fractional anisotropy and mean diffusivity [57–60].

Changes in FA and MD on whole-brain level will be an-

alyzed using FSL’s tract-based spatial statistics (TBSS,

www.fmrib.ox.ac.uk/fsl, [61, 62]). MD in gray matter will

also be explored for examination of intervention-

induced microstructural gray matter change [63].

Segmentation on high-resolution T1 scans will be per-

formed to assess the volume of cortical and subcortical

gray matter [19, 64] using the computational anatomy

toolbox (CAT12, http://www.neuro.unijena.de/cat/) and

Freesurfer (http://surfer.nmr.mgh.harvard.edu/).

Blood draw

A blood sample for conducting genetic analyses will be

collected from all participants, preprocessed, and stored

at the Neuroimmunology Lab of the University Medicine

Greifswald, using the cryo-preservation method. Having

collected the full sample, genetic polymorphisms rele-

vant for learning (ApoE, COMT, and BDNF) [65–68]

will be analyzed at the Department of Psychiatry,

Psychotherapy and Psychosomatic, University Medicine,

Halle/Saale, Germany.

Retention and adherence

To ensure retention throughout the study, participants

will be provided with information about their appoint-

ments via telephone. A letter with detailed study infor-

mation and a printout of all study sessions will be sent

to all participants. If applicable, the participants’ relatives

will also be informed about the study and the upcoming

appointments. Additionally, time and date of the next

visit will be discussed at each visit. In case of not being

able to attend a visit or wanting to reschedule, partici-

pants will be encouraged to leave a message on the study

site’s 24/7 answering machine and will then be contacted

by the study team. All study participants will receive a

reasonable financial reimbursement (approximately 10 €

per hour), the results of their neuropsychological

screening, and, if they underwent MRI scanning, their

structural MRI images on a compact disc.

Any effort to collect as much data as feasible from the

participant will be made, if complete adherence to the

protocol is not possible.

Data management and monitoring

All participant data will be pseudonymized, and spread-

sheets containing participant IDs as well as personal data

will be secured with a password, solely known by study

staff. Digital data, i.e., output files from computer-based

tasks, will be stored on a secure file server directly after

acquisition. Non-digitally acquired data will be manually

digitalized by a member of the research staff and

double-checked by another member. Progress of data

Table 2 Neuroimaging data acquisition parameters

Sequence Main parameters

Resting-state fMRI TR = 2000 ms, TE = 30 ms, FOV 192 × 192 mm2, 34 slices, 176 volumes, descending acquisition, 3.0 × 3.0 × 3.0 mm3, flip angle 90°

T1 MPRAGE TR = 2300 ms, TE =2.96 ms, TI = 900ms, 192 slices, 1.0 × 1.0 × 1.0 mm3, flip angle 9°

DTI TR = 11,100 ms, TE = 107ms, 70 slices, 1.8 × 1.8 × 2.0mm3, 64 directions (b = 1000 s/mm2)

FLAIR TR = 5000 ms, TE = 388ms, 160 slices, 1.0 × 1.0 × 1.0 mm3

T1w TR = 1690 ms, TE = 2.52 ms, TI = 900ms, 176 slices, 1.0 × 1.0 × 1.0 mm3, flip angle 9°, using selective water excitation for fat
suppression

T2w TR = 12,770 ms, TE = 86.0 ms, 96 slices, 1.0 × 1.0 × 1.0 mm3, flip angle 111°

Abbreviations: TR repetition time, TE echo time, TI inversion time, FOV field of view, fMRI functional magnetic resonance imaging, DTI diffusion tensor imaging, FLAI

R fluid-attenuated inversion recovery, MPRAGE magnetization prepared rapid acquisition gradient echo
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entry and checking procedures will be documented. Files

containing subject records will be sorted by participant

ID for easy access and stored securely. Sensitive data,

such as names and medical records, will be stored separ-

ately in a lockable cabinet. All digitally acquired data,

e.g., output files from computer-based tasks, will be

stored on a secure file server, and MRI data will be pseu-

donymized before analysis. Following good scientific

practice, data will be stored for at least 10 years.

Adverse event monitoring

The risk of health damage through anodal tDCS is ex-

pected to be minimal, and known adverse events (AEs)

associated with the method and the study parameters

(20 min, 1 mA) are restricted to tingling at the electrode

sites, skin reddening under the electrode, and, less fre-

quently, a mild headache [39]. Participants will be in-

formed about all possible risks and about their right to

withdraw consent at any time without providing cause.

An adverse event questionnaire [39] will be implemented

at the end of every third stimulation visit (V4, V7, V10),

to monitor possible AEs at a reasonable frequency, with-

out drawing the participant’s attention too much to

stimulation-induced sensations and cause distractions

from the tasks. Further, study assessors will monitor and

document possible incidence of AEs and serious AEs

(SAEs). In case an SAE occurs, the study physician will

first make an assessment as to whether or not a causal

relationship with the intervention is considered possible.

If more than three of the enrolled participants suffer

from SAEs that are likely to be associated with the inter-

vention (as assessed by the study physician), the trial will

be discontinued.

Statistical analysis

Detailed analyses of primary and secondary outcomes will

be reported in the statistical analysis plan to be written and

registered before unblinding of investigators performing

the analyses. Confirmatory analysis of treatment effects will

be conducted within an intention to treat (ITT) framework

with multiple imputed data sets in case of missing data

(under the assumption of missing completely at random or

missing at random). Further as sensitivity analyses, we

will perform “per protocol” analyses, including only

those participants who finished post-assessment.

Statistical analyses will be divided to analyze:

1. Immediate treatment effects by including all

measures including V11 (post-assessment)

2. Long-term treatment effects by focusing on V12

(1-month follow-up) and V13 (7-month follow-up).

Using linear mixed models, the measures of the letter

updating task over the study period including V11 (post-

assessment) will be used as dependent variable, the

stimulation group (tDCS, sham) as factor, and letter up-

dating performance at pre-assessment as well as age as

covariates. The primary outcome (letter updating task

score at post-assessment) will be evaluated between

treatment groups based on this regression model via

marginal means. We will use random intercept models

that account for the clustering of measures within indi-

viduals. Secondary outcomes, i.e., performance on the

second training task (Markov decision-making task) and

on the transfer tasks, will be analyzed using similar stat-

istical models. All models will be corrected for perform-

ance at pre-assessment. Structural and functional neural

data will be analyzed on the whole-brain level, using

general linear models, implemented in the analysis soft-

ware. To assess brain-behavior associations, correlations

between behavioral and neuronal parameters will be cal-

culated. In case of violation of requirements for para-

metric methods, data will be transformed before analysis

or appropriate non-parametric tests will be conducted.

Data analysis will be conducted using IBM SPSS Statis-

tics for Windows (IBM Corp., Armonk, NY), MatLab

(The Mathworks Inc., 2016), and R software (https://

www.R-project.org).

Ethics and dissemination
The study was approved by the ethics committee of the

University Medicine Greifswald and will be conducted in

accordance with the Helsinki Declaration. All data col-

lected will be pseudonymized. The results of the study

will be made accessible to scientific researchers and

health care professionals via publications in peer-

reviewed journals and presentations at national and

international conferences. Furthermore, the scientific

and lay public can access the study results on the

ClinicalTrials.gov website (identifier: NCT04265378).

Discussion
This randomized controlled double-blind trial will inves-

tigate the effects of a combined multi-session cognitive

training and tDCS intervention in participants with SCD

and MCI on trained and untrained cognitive functions.

Anodal tDCS will be administered over the left DLPFC

(with the cathode over the contralateral supraorbital cor-

tex) while participants perform two consecutive cogni-

tive training tasks. The control group will receive sham

tDCS during performance on the same tasks.

In sum, we will elucidate the cognitive impact and its

underlying mechanisms and determinants of combined

training and tDCS effects. Thus, the results of this trial

will contribute to developing novel interventions for the

improvement of cognitive functions in prodromal AD.

This trial will include a sample of well-characterized

older adults with MCI or SCD as carefully characterized

Thams et al. Alzheimer's Research & Therapy          (2020) 12:142 Page 9 of 12

Paper III

https://www.r-project.org
https://www.r-project.org
http://clinicaltrials.gov


by clinical assessments, structured interviews, question-

naires, and neuropsychological testing at baseline visit.

Available information on CSF biomarkers will be re-

trieved from clinical files to complement behavioral as-

sessments. In order to be able to draw firm conclusions

about the effectiveness of the intervention, participants

will be randomized into anodal and sham tDCS groups,

stratified by age and initial performance on the working

memory training task. Consequently, both interventional

groups will be comparable for baseline performance and

age. Further, as cognitive impairments in prodromal AD

progress over time [69] and tDCS effects may not be evi-

dent directly after stimulation, but only on long-term

follow-up [47, 70], participants will be invited for follow-

up visits at 4 weeks and 7 months after the intervention.

These long-term assessments might clarify the differen-

tial long-term intervention effects between groups, po-

tentially showing less decrease in cognitive performance

in the anodal group compared to sham. Such a finding

would indicate the potential of training plus tDCS to

halt the progression of cognitive decline in participants

with SCD and MCI.

The cognitive training was designed to target executive

functions, specifically working memory and decision-

making abilities, which, when preserved and intact, allow

for coherent goal-directed actions and are highly relevant

for activities of daily living [71–73]. Executive functions

are known to be modulated by the prefrontal cortex [72,

74, 75] and to be affected early on in prodromal AD [69].

These early stages and AD itself constitute several chal-

lenges for affected participants and their personal environ-

ment as well as for society and health care systems. It is

therefore of high clinical interest to investigate effective

interventions against the decline in these cognitive do-

mains. The growing proportion of older adults calls for

suitable interventions for age-associated diseases such as

AD. From the scientific perspective, this research contrib-

utes to the understanding of neural mechanisms under-

lying cognitive processes in older adults [76–78].

Conclusion
In summary, with this phase IIb clinical trial, we will elu-

cidate the immediate and long-term effects of a 3-week

combined cognitive training and tDCS approach, includ-

ing transfer to non-trained domains in participants with

SCD and MCI. Clinically, these results may help develop

community-based therapeutic interventions to delay or

even halt cognitive decline in prodromal AD. Scientific-

ally, these results will help elucidate individual predictors

of this intervention.

Trial status
The recruitment of participants started in May 2019.

The last follow-up is expected for July 2022.
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Abstract  1 

Introduction: To determine the effects of a cognitive training protocol combined with transcranial 2 

direct current stimulation (tDCS) on trained and non-trained functions in nondemented older adults. 3 

Methods: Fifty-six older adults (65-80 years) were randomly assigned to a three-week cognitive 4 

training with concurrent tDCS or sham. Primary outcome was performance on the trained letter 5 

updating task. Prespecified analyses to investigate treatment effects were conducted using mixed-6 

model analyses. 7 

Results: No between-group differences emerged in the letter updating task at post intervention. 8 

Superior n-back task performance, serving as near transfer task, was observed in the tDCS group at 9 

post intervention and at follow up. Improvements in working memory were associated with 10 

individually induced electric field strengths. 11 

Discussion: These results do not support the immediate benefit of tDCS-assisted multi-session 12 

cognitive training on the trained function, but provide exploratory evidence for transfer effects on 13 

working memory in nondemented older adults which persist over a period of 1 month.   14 

 15 

Keywords 16 

Healthy aging, transcranial electrical stimulation, non-invasive brain stimulation, executive functions, 17 

memory, cognitive intervention, electric fields, computational modeling  18 
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1. Introduction 1 

New strategies against age-associated cognitive decline are urgently needed, preferably operational 2 

already early in the process of aging, i.e., before mild cognitive impairment or dementia. At this 3 

stage, strategies with potential severe side effects (e.g., anti-amyloid treatments) are not justifiable 4 

in terms of risk-benefit ratio, and non-drug behavioral strategies, such as cognitive training, are 5 

desirable 1, 2. Despite some promising findings, training programs are not only exhausting and 6 

protracted, but also suffer from small effect sizes and inconclusive evidence regarding sustainability 7 

and transfer of effects 3.  8 

 9 

Here, concurrent application of transcranial direct current stimulation (tDCS) during multiple sessions 10 

of task practice may boost training gains, and potentially lead to longer-lasting and more generalized 11 

cognitive improvement, i.e., transfer to non-trained tasks 4, 5. Anodal tDCS (atDCS) over task-relevant 12 

brain regions facilitates cortical excitability by changing membrane potentials towards 13 

depolarization, thus supporting and tuning ongoing neural network processes and thereby enhancing 14 

cognitive outcome 6. Whether beneficial effects on multiple cognitive domains, including trained and 15 

non-trained tasks, can be induced, and if these effects persist over a longer time period in older 16 

adults, remains inconclusive.  17 

 18 

2. Methods 19 

2.1. Study design and participants 20 

We performed a monocenter, single-blind randomized controlled trial comparing cognitive training 21 

with concurrent atDCS or sham. Both groups underwent nine sessions evenly distributed over three 22 

weeks. The study was performed at University Medicine Greifswald. The full study protocol including 23 

eligibility criteria, detailed descriptions of the tasks and statistical analysis plan has been published 24 

previously 7. The study protocol was approved by the ethics committee of the University Medicine 25 

Greifswald and registered at ClinicalTrials.gov (Identifier NCT03838211). All participants gave written 26 

informed consent at the beginning of the baseline-visit (see Table S1 for baseline characteristics).  27 

 28 

2.2. Randomization and masking 29 

Fifty-six eligible participants were randomly allocated to target and control intervention group with a 30 

1:1 ratio (see 7 for details). Participant blinding was ensured by the use of sham stimulation in the 31 

control intervention group: Current was initially applied for 30 s to elicit the typical tingling sensation 32 

of active stimulation on the scalp and turned off subsequently. Previous research showed that sham 33 

tDCS is a valid and safe method for blinding participants 8.   34 
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2.3. Intervention 1 

After randomization participants adhered to a pre-assessment, immediately followed by nine training 2 

visits with a consecutive post-assessment and follow-up assessments at one and seven months after 3 

the post-assessment. In each of the nine training visits, participants performed two cognitive training 4 

tasks (letter updating task 1 and three-stage Markov decision-making task 9, see supporting 5 

information). The cognitive training was administered while participants received either anodal or 6 

sham tDCS via a battery-operated stimulator (Neuroelectrics Starstim Home Research Kit, Barcelona, 7 

Spain). At the beginning of each session, tDCS set-up was mounted with two round saline-soaked 8 

sponge electrodes (5 cm diameter; anode: F3, cathode: Fp2) in a neoprene head cap using the 10-20 9 

EEG-system grid. Direct current was delivered with 1mA intensity for 20 min in atDCS group (sham: 10 

30s).  11 

 12 

At pre-, post- and follow-up assessments four transfer tasks were administered (near: n-back task, 13 

auditory verbal learning test 10, far: Wiener matrices test 11, virtual reality maze task 12).  14 

 15 

2.4. Outcomes 16 

Primary outcome measure was working memory performance at post-assessment as measured by 17 

number of correctly recalled lists in the letter updating task. Secondary outcomes were performance 18 

scores on all other tasks (see supporting information).  19 

 20 

2.5. Computational modeling analysis 21 

The software SimNIBS (v3.1) was used to calculate the electric field induced by tES, based on the 22 

finite element method and individualized tetrahedral head meshes generated from the structural T1- 23 

and T2-weighted images of the participant (see supporting information) 13.  24 

 25 

2.6. Statistical analysis 26 

The predefined analyses were conducted using IBM SPSS® software (v25) and R (v3.6.3) 14, described 27 

in the statistical analysis plan uploaded before the analysis of primary outcome. All participants who 28 

received at least one day of intervention were included in the full dataset for intention-to-treat 29 

analysis. Separate linear mixed model analyses were conducted for post assessment and follow-up 30 

timepoints, for each task (see supporting information). We report model based marginal means and 31 

group differences with 95% confidence intervals. A two-sided significance level of α=0.05 was used. 32 

All secondary hypotheses were tested exploratory. 33 
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3. Results 1 

From Feb 15, 2018 to Aug 02, 2018, we screened 235 potential participants by telephone, 78 were 2 

invited to the on-site screening and baseline assessment, 56 participants were included in the trial 3 

and randomly assigned to either atDCS-accompanied cognitive training, (target intervention, n=28) or 4 

sham-accompanied cognitive training (control intervention group, n=28, Figure 1). Last post-5 

assessment (primary outcome) was completed on Nov 11, 2019, last 7-m follow-up on Mar 25, 2020. 6 

Five participants did not commence the intervention, resulting in 51 participants (mean/SD age 70/4 7 

years, 36 women) in the intention-to-treat analysis. 8 

 9 

 10 

Figure 1 11 

Consolidated Standards of Reporting Trials (CONSORT) diagram. Intention-to-treat analysis was 12 

performed for primary outcome at post-assessment. Five participants did not start the intervention 13 

and were therefore not included in analysis. 14 

 15 

 16 
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3.1. Treatment effects 1 

3.1.1. Training tasks 2 

Figure 2 shows model-derived adjusted means in each group as well as adjusted treatment effects 3 

(group differences). For the primary outcome letter updating performance immediately after 4 

intervention, there were no substantial treatment effects. No differences were observed at follow-up 5 

timepoints. For Markov training task, there were no differences at post assessment or follow-up 6 

(Figure S1). 7 

 8 

 9 

Figure 2 10 

Analyses of training and transfer effects at post and follow-ups. Abbreviations and units: Letter 11 

Updating # correct. Markov % optimal actions. Nback % correct. WMT (Wiener matrices test) % 12 

correct. VLMT (German version of the auditory verbal learning test (AVLT)) # words recalled. VR 13 

(virtual reality task) # goals reached. In case of missing data, results are based on multiple 14 

imputaPon. For separate Pmepoints: N=51 if not indicated otherwise. *n=50. †n=49. ‡n=42. Δn=41. 15 

§n=40. 16 

 17 

 18 

Paper IV



7 

 

3.1.2. Transfer tasks 1 

For n-back task immediately after intervention, we observed a significant difference after 2 

intervention (post assessment) and at follow-up. Post-hoc analysis to estimate effects at follow-up 3 

timepoints revealed a more pronounced group difference at 1-m FU. Treatment effect was present 4 

only for those with low initial performance levels (treatment effect over all follow-up time points at 5 

25th percentile of 86.5: 3.21, 95% CI 0.58 to 5.84, p=0.01, at 75th percentile of 96.5: 0.88, 95% CI -6 

2.05 to 3.81, p=0.86). 7 

For all other transfer tasks, no difference was observed at post assessment or follow-up (Figures S2 8 

and S3).  9 

 10 

3.2. Individual electric fields 11 

Computational modeling confirmed that electric fields were induced in the frontal cortices, showing 12 

a variability of field magnitudes up to 25 % (Figure S4). Higher field strengths were associated with 13 

higher performance change through the intervention in the atDCS (r=0.49, p=0.03), but not in the 14 

sham group (r=-0.32, p=0.12). 15 

3.3. Adverse events 16 

Incidence of adverse events did not differ between groups (incidence rate ratio, 0.8, 95% CI 0.3 to 17 

1.8, see supporting information and Table S2).  18 

 19 

4. Discussion 20 

Our clinical trial did not provide evidence for our primary hypothesis that atDCS-assisted training will 21 

improve performance on a letter updating training task compared to sham in nondemented older 22 

adults. So far, only few studies combining multi-session executive training and prefrontal atDCS have 23 

been conducted, providing mixed evidence 15-18. The observation of no additional atDCS benefit in 24 

the trained task itself is in line with most of the previous studies reporting no superior performance 25 

after cognitive training of executive functions under simultaneous tDCS in older adults 15, 17, 18.  26 

 27 

Overall, variability between studies designs regarding training and stimulation protocols (specific 28 

cognitive function to be trained, number of training sessions;  intensity, duration, and location of 29 

concurrent tDCS application), as well as variability regarding the population of older participants 30 

recruited into each study (differences in age-related changes of brain volume, functional 31 
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reorganization, and baseline performance) may produce inconsistent responses to atDCS (see 1 

supporting information for a more detailed discussion).  2 

 3 

Exploratory analyses showed small beneficial effects in the n-back task, lending support for the 4 

secondary hypothesis that executive training in combination with atDCS leads to working memory 5 

benefits as assessed by a near transfer task. Tentatively, tDCS may impact plasticity and facilitate 6 

activity in domain-specific neural networks targeted with the intervention, such as the fronto-7 

parietal or default mode network 19, thus allowing learning of new information. The effect persisted 8 

over period of four weeks, but not seven months, suggesting a temporally limited plasticity 9 

induction.  10 

 11 

Individual structural MRI data demonstrated that higher individually induced electric field strength 12 

was associated with   higher performance increases in the n-back task. Establishing a link between 13 

field strength and behavioral outcomes of brain stimulation interventions provides the opportunity 14 

to prospectively account for anatomical differences when individually tailoring brain stimulation 15 

experiments in the future 20.  16 

 17 

Taken together, our results do not provide evidence for the efficacy of an intervention consisting of a 18 

3-week cognitive training with concurrent prefrontal tDCS. Further trials are needed to determine 19 

whether cognitive training improves measures of near transfer at a clinically meaningful level, as 20 

suggested in our pre-specified, but secondary analyses. Future research also has to evaluate 21 

additional approaches by varying stimulation and training parameters. Implementation of booster 22 

trainings (i.e., repeating the intervention after one month) may induce long-term effects 2, a 23 

hypothesis to be explored in future studies. Variability among older adults regarding their amount of 24 

cognitive decline and age-associated regional atrophy emphasizes the need to develop individualized 25 

rather than uniform interventions, e.g. adjusting stimulation intensity to reach a pre-defined electric 26 

field strength. If proven to be clinically effective, a combined atDCS-training approach that is well-27 

tolerated, carries no severe side effects 8, and is of low cost, would present an auspicious tool to 28 

address one of the greatest medical needs of our of our generation.   29 

 30 
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Supporting Information 

Randomized trial of cognitive training and 

brain stimulation in nondemented older 

adults 

Supplementary Methods 

Randomization and masking 

After the last training session, participants were asked to state whether they believed they received 

anodal or sham tDCS. To minimize implicit investigator-bias in our single-blind design, data were 

entered electronically and were analyzed according to the statistical analysis plan by study personnel 

members blinded to the stimulation condition. 

 

Intervention 

Participants first performed a letter updating task 1 on a tablet computer, where they were 

presented with lists of letters A to D in random order. After each list, participants were asked to 

recall the last four letters that were presented. Subsequently, in a three-stage Markov decision-

making task 2, presented on a laptop computer, participants had to learn to choose the optimal 

sequence of actions to maximize overall gains and minimize overall loss.  

The stimulation was started simultaneously with the first task and finished after approximately the 

first half of the Markov task. Adverse events were assessed by questionnaire every third training 

session (V4, V7, V10). 

First, a numerical n-back task, comprised of a 1-back and a 2-back condition was performed on a 

laptop computer. Each condition consisted of 9 trials à 10 items. Next, the German version of the 

auditory verbal learning test (AVLT) was administered 3. In the thirty-minute interval before the 

delayed recall, participants performed the Wiener matrices test (WMT-2) 4. The last task was a virtual 

reality (VR) maze task, where participants had to encode a designated route and then recall the route 

by navigating to specific goals along it 5.The recall trial consisted of four blocks (5 min duration each). 

During each block, participants could maximize the number of goals they could reach by correctly 

following the learned route as many times as possible within the five minutes. Parallel versions of the 

tasks were administered in randomized counterbalanced order for each session.  

 

Outcomes 

Secondary outcomes were performance in decision-based learning at post-assessment as measured 

by the proportion of optimal actions in the Markov decision-making task as well as working memory 

and decision-based learning performance at follow-up assessments. Other secondary outcomes were 

performances on the transfer tasks at post and follow-up assessments: Near-transfer was measured 
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by percent correct working memory performance in an n-back task. Far-transfer tasks included: the 

German version of the AVLT 3 measuring episodic memory performance by number of words recalled 

at delayed recall, the WMT-2 Test 4  assessing reasoning ability, and a VR maze task 5 assessing spatial 

memory by number of goals reached.   

 

Computational modeling analysis 

Magnetic resonance imaging: Data were acquired on a 3 T Siemens Verio equipped with a 32-

channel head coil at the Baltic Imaging Center (Institute of Radiology, University Medicine 

Greifswald, Germany). High-resolution T1- (1 x 1 x 1 mm³, TR = 2300 ms, TE = 2.96 ms, TI = 900 ms, 

flip angle = 9°; using selective water excitation for fat suppression) and T2-weighted images (1 x 1 x 1 

mm³, TR = 12770 ms, TE = 86 ms, flip angle = 111°) were recorded. In three participants, no images 

could be acquired (n=2: magnetic resonance imaging, MRI, acquisition had to be aborted due to 

previously unknown claustrophobia; n=1: received a chip to measure blood sugar levels after study 

inclusion, which could not be removed for MRI acquisition). 

Electric field simulation: Head reconstruction was performed using incorporated tools 6. All 

individual datasets were visually inspected 7. No accurate head reconstructions could be achieved in 

three datasets which were therefore excluded from further analysis. Anodal (F3) and cathodal (Fp2) 

electrodes were positioned based on the individual 10-10 EEG coordinates with stimulation 

parameters corresponding to the actual setup. Default conductivity values of SimNibs were used for 

all tissues. Electric field strengths were extracted from the individual grey matter central surface 

outputs, indexed by the 75th percentile of the field magnitudes. 

 

Statistical analysis 

For the primary outcome (performance in the letter updating task at post-assessment), a linear 

mixed model (random intercept model) was conducted with the between-subject factor stimulation 

condition (anodal, sham) as covariate, including all time points, adjusted for performance before 

intervention and age (stratification variables for randomization). Time dependent trends were tested 

with a continuous time variable (centered) for training days and an additional quadratic time 

(centered) term to account for a curvilinear time trend. To model differences in time changes 

between groups we also included an interaction term for intervention group*time. Multiple 

imputation by chained equations was performed with 30 imputed datasets using predictive mean 

matching to estimate missing values. The following variables were included in the imputation model 

of training data: sex, age, stimulation condition, education, letter updating performance at pre-

assessment, letter updating performance over all time points, Markov task performance at pre-

assessment, Markov task performance over all time points.  

For the secondary outcome Markov decision task performance, the analysis was conducted in an 

identical manner. For evaluation of the treatment effect at post-assessment only (without measures 

at training days), linear models were computed adjusting for age and pre intervention measure (for 

WMT, VLMT, VR tasks). For the n-back task where we had two outcomes for each participant for pre 

intervention and post intervention (1-back and 2-back), we used a general estimating equation 

model here to achieve numeric stability of the model and to account for the repeated measures. We 

adjusted this model for age, pre performance in letter updating task, pre performance in n-back task 

(measure was exponentiated by 4 to avoid skewness). In the model for n-back at follow-up time 
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points we additionally included an interaction term for pre performance and stimulation condition to 

test potential differential treatment effects depending on the pre performance level. To evaluate 

long term effects of outcomes we used linear mixed models with outcome measures at post, 1 

month and 7 months follow up adjusting for pre-assessment of letter updating performance, pre-

assessment of specific outcome, age, pre intervention letter updating task (letter updating 

performance, Markov, WMT, VLMT, VR). 

 

Supplementary Results 

Table S1. Baseline characteristics of the study sample.  

 Total 

N = 56 

Target 

intervention 

group 

n = 28 

Control 

intervention 

group 

n = 28 

Age (years) 69.8 (4.1) 69.7 (4.4) 69.9 (3.7) 

Gender (n, % female) 36 (64.3) 18 (64.3) 18 (64.3) 

Education (years) 15.3 (2.2) 15.4 (2.2) 15.1 (2.3) 

GDS  1.1 (1.2) 1.1 (1.1) 1.1 (1.3) 

Semantic fluency 25.2 (5.3) 25.5 (5.3) 24.8 (5.4) 

BNT (max. 15) 14.6 (0.6) 14.5 (0.7) 14.7 (0.5) 

MMSE (max. 30) 29.3 (0.7) 29.4 (0.7) 29.3 (0.6) 

Word list learning    

 Total (max. 30) 22.5 (2.3) 22.9 (2.5) 22.2 (2.0) 

 Trial 1 (max. 10) 6.1 (1.3) 6.0 (1.2) 6.1 (1.4) 

 Trial 2 (max. 10) 7.9 (1.1) 8.1 (1.2) 7.7 (0.9) 

 Trial 3 (max. 10) 8.6 (1.1) 8.8 (1.1) 8.4 (1.1) 

Word list retrieval (max. 10) 8.2 (1.4) 8.4 (1.3) 8.0 (1.4) 

Word list intrusions  0.5 (1.0) 0.3 (0.7) 0.7 (1.2) 

Figure copying (max. 11) 10.9 (0.4) 10.9 (0.3) 10.9 (0.4) 

Figure retrieval (max. 11) 10.3 (1.2) 10.2 (1.4) 10.4 (1.0) 

Phonematic fluency 14.7 (4.2) 15.2 (4.1) 14.2 (4.3) 

Trail-making test     

 Part A (sec) 39.4 (11.6) 36.8 (10.8) 42.0 (12.1) 

 Part B (sec) 79.8 (24.0) 78.2 (26.2) 81.3 (21.9) 

Digit-span     

 Forward 7.1 (1.9) 7.2 (2.0) 7.1 (1.7) 

 Backward 5.8 (1.4) 5.9 (1.4) 5.8 (1.4) 

Identical pictures    

 Accuracy 97.7 (3.9) 97.2 (4.1) 98.2 (3.8) 

 RT (ms) 3465 (589) 3341 (606) 3589 (555) 

Spot-a-word    

     Accuracy 79.6 (8.1) 79.6 (9.6) 79.5 (6.2) 

 RT (ms) 6346 (2976) 6047 (2867) 6656 (3108) 

Data are shown as the mean (SD) or n (%). Neuropsychological scores were within age- 

and education-related norms in all participants. GDS, Geriatric Depression Scale. BNT, 

Boston Naming Test. MMSE, Mini Mental Status Examination. RT, reaction time.  
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Training tasks 

 

Figure S1: Performance on training tasks. Overall training improvement in the letter updating task (A) and the 

Markov decision making task (B). atDCS did not additionally enhance training gains compared to sham.  Pre, 

pre-assessment. T1-T9, training days 1 to 9. Post, post-assessment. FU, 1-month follow-up. FUII, 7-months 

follow-up. Dots represent mean values. Shaded areas indicate 95%-confidence intervals. 

 

 

Transfer tasks 

 

Figure S2: Performance on near transfer tasks. Enhanced n-back performance after atDCS compared to sham at 

1-month FU (A).  No atDCS benefit over sham in Wiener Matrices Test (B). Pre, pre-assessment. Post, post-

assessment. FU, 1-month follow-up. FUII, 7-months follow-up. Dots represent mean values. Shaded areas 

indicate 95%-confidence intervals. 

 

 

Paper IV



Antonenko, Thams, Grittner, Uhrich, Thurm, Li, Flöel  

5 

 

 

Figure S3: Performance on far transfer tasks. No benefit of atDCS over sham inverbal learning and memory test 

(VLMT) (A) and Virtual Reality Task (B). Pre, pre-assessment. Post, post-assessment. FU, 1-month follow-up. 

FUII, 7-months follow-up. Dots represent mean values. Shaded areas indicate 95%-confidence intervals. 

 

Individual electric fields 

 

Figure S4: Electric fields induced by atDCS. (A) Electric field strength (|E|) averages transformed into 

‘fsaverage’ space (mean; in V/m) and variability in field distribution (standard deviation, SD in %, scaled to the 

same values, here 99th percentile to illustrate the percentage of variation in relation to the “peak” field 

strength, thus how much individual brains differed from the mean distribution). (B) Scatterplots showing the 

linear relationship of higher induced electric field strengths with higher performance change in the n-back task 

for atDCS. 

 

Adverse events 

Ten adverse events were self-reported by seven participants in the target group and 14 adverse 

events were self-reported by eight participants in the control intervention group. No serious adverse 

events were reported and no participant terminated participation due to occurrence of adverse 

events. 
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Table S2. Self-reported incidence of adverse events (at least moderate symptoms) by group during 

intervention. 

 Total 

N=51 

Target 

intervention 

group 

n = 24 

Control 

intervention 

group 

n = 27 

Incidence rate 

ratio for group 

differences 

(95 % CI) 

Observation time in days, 

mean (SD) 

    

Total number of adverse 

events 

24 / 5·3 (3·4-7·7) 10 / 4·7 (2·3-8·2) 14 / 5·8 (3·3-9·4) 0·8 (0·3-1·8) 

 Itching 7 / 1·5 (0.7-3.0) 4 / 1.9 (0·6-4·3) 3 / 1·2 (0·3-3·2) 1·5 (0·3-7·6) 

 Pain  3 / 0·7 (0·2-1·7) 0 / ·· 3 / 1·2 (0·3-3·2) ·· 

 Burning 7 / 1·5 (0·7-3·0) 4 / 1·9 (0·6-4·3) 3 / 1·2 (0·3-3·2) 1·5 (0·3-7·6) 

 Warmth/heat 0 / ·· 0 / ·· 0 / ·· ·· 

 Metallic/iron taste 1 / 0·2 (0·0-1·0) 0 / ·· 1 / 0·4 (0·0-1·8) ·· 

 Fatigue/decreased 

alertness 

2 / 0·4 (0·1-1·4) 1 / 0·5 (0·0-2·1) 1 / 0·4 (0·0-1·8) 1·1 (0·0-28·3) 

 Other 4 / 0·9 (0·3-2·0) 1 / 0·5 (0·0-2·1) 3 /1.2 (0·3-3·2) 0·4 (0·0-2·9) 

Reported values are absolute frequency of the respective AEs / incidence rate per 100 patient days (95 % 

CI). 

 

 

Supplementary Discussion 

The application of atDCS with 1 mA for 20 min on nine sessions over three weeks produced minimal 

adverse effects including itching and burning below the electrodes. Consistent with previous reports 
8, the occurrence and intensity of these effects did not differ between target and control intervention 

groups. Therefore, there are no safety concerns applying tDCS over multiple sessions concurrent to 

cognitive training. 

 

Several “external” (related to training and stimulation protocols) and “internal” (related to 

participant characteristics) factors, and their interaction, may have precluded us from observing 

direct enhancement. Our training protocol was tailored to improve executive functions, consisting of 

a letter updating task and a decision-making task, and was administered for nine sessions over three 

weeks. In both groups, we observed a large improvement of the trained functions throughout the 

training sessions. Performance levels after the combined atDCS-training on both tasks were not 

superior in the target compared to the control intervention, indicating that atDCS could not further 

enhance the trained functions. It is conceivable that longer combined interventions are required. 

However, studies administering executive training with atDCS over more (i.e., 15 to 20) sessions also 

did not observe performance benefits on the trained tasks 9, 10. Recent research suggests that other 

cognitive tasks or domains, such as episodic memory, may be more amenable to atDCS-induced 

improvements during or immediately after intervention 11-13. With regard to the stimulation protocol, 

there is no consent yet about the efficacy of specific parameters over others, leaving the question of 

optimal stimulation intensity and electrode configuration unresolved. Previous studies have applied 

the same (1 mA) or higher intensities (1.5 or 2 mA) with the same (left prefrontal) or other electrode 

configurations (bilateral frontal, right prefrontal) with mixed evidence overall. Particularly in our 

older study cohort, age-related changes in brain volume that affect electric current flow induced by 

tDCS 14, 15 may have compromised significant atDCS-induced improvements, for instance, due to less 
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current reaching the brain. Further, brain regional variability within each individual may warrant 

adjusting stimulation intensities, or even placement of electrodes, to reach measurable effects 14, 16. 

Moreover, large variability among older adults not only with regard to baseline performance, but 

also in the degree of age-related brain atrophy and functional reorganization 17, affect 

responsiveness to interventions 16, 18.  

Note that most systematic evidence for the determinants of effects and their mechanisms stems 

from research conducted with young individuals 18. Except for one study showing far transfer effects 

for 2-mA but not 1-mA 19, systematic comparisons of different stimulation parameters and 

determinants for older cohorts are missing. Importantly, impact of varying stimulation intensity 

should be evaluated in combination with the respective simultaneously administered training task 

and protocol 13, 20. With regard to electrode configuration, a recent review suggests that 

simultaneous targeting of multiple nodes of the fronto-parietal network with tDCS during cognitive 

training may be needed to produce benefits on the behavioral level in older adults 12. 
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Abstract 36 

Neural mechanisms of behavioral improvement induced by repeated transcranial direct current 37 

stimulation (tDCS) combined with cognitive training are yet unclear. Previously, we reported 38 

behavioral effects of a three-day visuospatial memory training with concurrent anodal tDCS over the 39 

right temporoparietal cortex in older adults. To investigate intervention-induced neural alterations 40 

we here used additional functional magnetic resonance imaging (fMRI) and diffusion tensor imaging 41 

(DTI) datasets available from 35 participants of this previous study, acquired one day before and 42 

immediately after the intervention. To delineate changes in whole-brain functional network 43 

architecture, we employed eigenvector centrality mapping, a data-driven approach. Grey matter 44 

alterations in the resultant clusters were analysed using DTI-derived mean diffusivity (MD). We found 45 

reduced network centrality in the bilateral posterior temporooccipital cortex after anodal compared 46 

to sham stimulation, representing a focal effect in the brain region underneath the anodal electrode 47 

and its left-hemispheric homologue. Examining local MD changes in these clusters, an interaction 48 

between stimulation condition and training success indicated a decrease of MD in the right 49 

(stimulated) temporooccipital cluster in individuals who showed superior behavioral training 50 

benefits. Using a data-driven whole-brain network approach, we provide evidence for targeted 51 

neuromodulatory effects of a combined tDCS-and-training intervention. We show for the first time 52 

that grey matter microstructural plasticity may be involved in tDCS-enhanced cognitive training. 53 

Increased knowledge on how combined interventions modulate neural networks in older adults, will 54 

help the development of specific therapeutic interventions against age-associated cognitive decline. 55 

 56 

Keywords: Eigenvector centrality mapping, Graph analysis, Resting-state functional connectivity, 57 

Diffusion tensor imaging, Older adults, Object-location memory  58 
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Introduction 59 

Transcranial direct current stimulation (tDCS), especially when applied over multiple sessions and 60 

combined with training interventions, has emerged as a promising means to modulate cognitive 61 

functions in younger adults, older adults, and clinical populations [1-3]. However, neural mechanisms 62 

underlying such improvements are poorly understood [2, 4].  63 

Implementation of neuroimaging to understand specific neural effects of tDCS interventions is of 64 

high relevance [5, 6]. Especially multi-modal imaging may be essential to obtain information on the 65 

underlying neurophysiological processes and to characterize neuromodulatory tDCS effects [7].  66 

Evidence from studies assessing functional magnetic resonance imaging (fMRI) during or immediately 67 

after single-session application of anodal tDCS over task-relevant brain areas suggests that the 68 

effects are not spatially limited to the stimulated region, but rather unfold on the network level [8, 69 

9], which offers the possibility of modulating an entire functional system. In fact, studies that probed 70 

task-related neural activity during application of anodal tDCS over functionally relevant brain regions 71 

have shown modulations on the network level [10, 11]. Investigation of changes in resting-state 72 

networks after a single session of either anodal or bilateral tDCS over task-relevant brain areas 73 

further demonstrated its potential to modulate functional connectivity [12-14]. Moreover, anodal 74 

tDCS may induce cortical excitability changes in activated networks, as demonstrated in studies 75 

assessing transcranial magnetic stimulation evoked potentials using electroencephalography [15-17]. 76 

At the same time, “conventional” tDCS montages with large electrodes have been criticized for 77 

exerting only unspecific effects, because induced electric fields are distributed over a large amount of 78 

the cortical surface [18-21]. So far, only few studies assessed alterations in task-relevant functional 79 

networks after multiple sessions of anodal tDCS and cognitive training [22, 23].  80 

Thus, while there is some evidence from single-session tDCS studies [12-15], and first evidence from 81 

multiple-session tDCS studies [22, 23] for functional network effects in human participants, the 82 

physiological mechanisms underlying training-related microstructural plasticity processes are not 83 

fully understood. This knowledge on  microstructural plasticity after multi-session tDCS is crucial, 84 

however, given the potential of multi-session approaches to induce long-lasting neural plasticity [cf. 85 

24]. Evidence from animal studies suggests that neural plasticity originates in alterations of grey 86 

matter microstructure, which present an important neurophysiological correlate of learning [25-27]. 87 

Recent studies in humans implemented diffusion-tensor imaging (DTI) of grey matter mean diffusivity 88 

(MD), a measure sensitive to quantify microstructural neuroplasticity, and could for the first time 89 

show microstructural correlates of learning in cortical and subcortical regions on a short time-scale 90 

[28-30]. Considering this evidence, it is conceivable that tDCS-induced plasticity could similarly be 91 

detected by investigation of grey matter microstructural changes. 92 

Paper V



4 

 

In the current study, we used multi-modal magnetic resonance imaging (MRI) data from our previous 93 

study combining tDCS and visuo-spatial memory training performance in healthy older adults and 94 

older patients with mild cognitive impairment (MCI), acquired immediately before and after the 95 

intervention. Behavioral data was published before, showing a beneficial effect of anodal tDCS over 96 

sham, particularly for initially low-performing participants [31]. The ability to link, encode and recall 97 

objects and corresponding locations is highly relevant to everyday life, but, at the same time, this 98 

ability is especially prone to age-associated deterioration [32, 33]. We therefore now aimed to 99 

delineate specific neuromodulatory effects of this combined intervention, comparing anodal and 100 

sham stimulation conditions. We used a graph-theoretical whole-brain approach for resting-state 101 

functional MRI data, as pre-defining networks of interest might not uncover entirely the effects of 102 

the intervention [34, 35]. Moreover, we explored potential grey matter microstructural correlates 103 

using DTI-derived MD in resultant clusters that showed functional modulation. 104 

 105 

Material and Methods 106 

Data reported here were obtained during two interventional trials with identical study designs, one 107 

including healthy older adults (NCT02110056, https://clinicaltrials.gov/show/NCT02110056) and one 108 

including patients with MCI (NCT02110043, https://clinicaltrials.gov/show/NCT02110043). Both trials 109 

were approved by the ethics committee of the Charité-Universitätsmedizin Berlin, Germany and 110 

conducted between 2014 and 2017 in accordance with the Helsinki Declaration. All participants gave 111 

written informed consent before participation. 112 

MRI was acquired one day before and after the tDCS-plus-training intervention; behavioral results 113 

were previously published [31]. Out of 47 participants completing the behavioral intervention, 114 

complete MRI datasets from all four time points were available of 35 older adults (8 older adults with 115 

MCI and 27 older adults without cognitive impairment) and included in the present paper. Sample 116 

characteristics are shown in Table 1. Of note, Ref. [22] used a subset of the MRI data for a different 117 

(between-subject) analysis: specifically, out of 140 MRI scans included here (i.e., four time points of 118 

35 participants), 30 resting-state scans of 15 participants (i.e., the first two time points) have been 119 

analysed in the previous publication from our group. In the present study, data from healthy older 120 

adults and patients with MCI were pooled for analysis, as there were only few MCI patients with 121 

complete imaging datasets. Data was acquired in a counter-balanced, placebo-controlled cross-over 122 

study design. Participants underwent two blocks of testing with an interval of three months in-123 

between to prevent carry-over effects. During each block, participants performed a visuospatial 124 

memory training task [36, 37] with either concurrent anodal tDCS or sham stimulation on three 125 
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consecutive days. Direct current stimulation (neuroConn DCStimulator Plus; neuroCare Group GmbH, 126 

Munich, Germany), was delivered via sponge electrodes over the right temporoparietal cortex 127 

(anode, centered over T6, 10-20-EEG system, size: 7 x 5 cm², current density = 0.028 mA/cm²) and 128 

the contralateral supraorbital cortex (cathode, Fp2, 10-20-EEG system, size: 10 x 10 cm², current 129 

density = 0.01 mA/cm², the large size of the return electrode rendering its current density 130 

functionally inert [38]). Stimulation was delivered with 1 mA intensity for 20 min (30 sec for sham) 131 

with 10 sec ramp-up / -down. For further information on the intervention, see de Sousa et al. [31]. To 132 

simulate the electric field distribution of the applied stimulation, we performed computational 133 

modeling analyses on a standard brain (MNI) using SimNibs [39-41].  134 

 135 

Table 1. Characteristics of the study sample. 

 N = 35 

n male / female 15 / 20 

n with / without mild cognitive impairment 8 / 27 

Age in years 68.0 (6.4) 

Education in years* 15.2 (2.9) 

Beck’s depression inventory [42] 4.3 (4.2) 

Multiple-choice vocabulary intelligence test [43] (max. 37) 32.1 (2.9) 

Data are shown as the mean (SD) or n. * n/a for n = 2. 

 136 

 137 

 138 

Figure 1. Electrode placement and electric field distribution on an MNI head/brain, simulated using 139 

SimNibs [39, 40] for active electrode (anode, red) over the right temporoparietal cortex (T6, size: 7 x 140 

5 cm², 1 mA) and return electrode (cathode, blue) over the contralateral supraorbital region (Fp2, 141 

size: 10 x 10 cm², -1 mA). |E| below the active electrode: ~0.15 V/m. 142 

 143 
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One day before and one day after the training, structural and resting-state fMRI was acquired at the 144 

Berlin Center for Advanced Neuroimaging with a 3T Siemens Trio MRI system using a 12-channel 145 

head coil. The scanning protocol comprised a high-resolution T1-weighted magnetization prepared 146 

rapid gradient echo sequence (repetition time = 1900 ms, echo time = 2.52 ms, 192 slices, voxel size 147 

= 1 x 1 x 1 mm³, flip angle = 9°), a resting-state fMRI echo-planar imaging sequence (repetition time = 148 

2300 ms, echo time = 30 ms, 35 slices, voxel size = 3 x 3 x 4 mm³, no gap, interleaved acquisition, field 149 

of view = 192 x 192 mm², 150 volumes, flip angle = 90°) and a diffusion-weighted spin-echo echo-150 

planar imaging sequence (repetition time = 7500 ms, echo time = 86 ms, 61 axial slices, voxel size = 151 

2.3 x 2.3 x 2.3 mm³, 64 directions, b-value of 1000 s/mm², 1 b0). During resting-state acquisition, 152 

participants were instructed to keep their eyes closed, not to fall asleep or think of anything in 153 

particular. Preprocessing of resting-state fMRI data was conducted using Statistical Parametric 154 

Mapping, SPM12 (Wellcome Department of Imaging Neuroscience, London, UK; 155 

www.fil.ion.ucl.ac.uk/spm/) and CONN toolbox [44, 45]. Preprocessing entailed slice timing 156 

correction, head motion correction, co-registration to individual structural T1 images, spatial 157 

normalization, spatial smoothing (full width half maximum 6-mm isotropic Gaussian kernel) and 158 

temporal filtering (high-pass at 100 s = 0.01 Hz). Sources of noise were estimated in the resting-state 159 

data within white matter and cerebrospinal fluid masks by using the CompCor method [46]. Nuisance 160 

regression included the first five principal components from the CompCor analysis and six head 161 

motion parameters obtained from preprocessing [cf. 47, 48]. Excessive head motion was defined as 162 

follows: global mean signal intensity exceeded 5 standard deviations or slice to slice movement 163 

exceeded 0.9 mm, corresponding to the intermediate motion thresholds in the CONN toolbox 164 

(Whitfield-Gabrieli & Nieto-Castanon, 2012). As part of the default denoising pipeline, noise 165 

components for identified outlier scans (exceeding the motion thresholds) are regressed from the 166 

blood oxygenation level dependent signal [49]. Resting-state sequences from pre- and post-training 167 

were preprocessed separately and then simultaneously included in the group eigenvector centrality 168 

mapping (ECM) analysis. Of note, ECM analyses represent a graph-theoretical data-driven approach 169 

and no prior hypotheses are needed [50]. This approach has previously been reported to be a 170 

sensitive measure for detecting functional modulations due to transcranial electrical stimulation, and 171 

for detecting pathological brain changes [9, 12, 13, 48, 51-54]. An advantage of eigenvector centrality 172 

in comparison to other centrality measures, such as degree centrality, is its ability to represent the 173 

entire architecture of the network of interest [50]. ECM not only accounts for direct connections, but 174 

can be used to identify “hubs” or “nodes” that are of high importance or prominence in a network 175 

[55, 56],  similar to Google’s “PageRank” algorithm [cf. 55]. Other approaches for assessment of 176 

functional network connectivity, such as Independent Component Analysis (ICA, [57]), require a priori 177 

decisions, for example on the number of components as well as the network of interest (such as 178 
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default mode network or executive control network, among others). We thus chose ECM as the 179 

optimal approach to measure centrality on the whole-brain level not requiring a priori assumptions 180 

while forgoing the high computational demands of other graph analytic methods [55, 56, 58]. ECM 181 

analysis using fastECM software [55] were carried out to estimate voxel-wise eigenvector centralities 182 

(i.e. the relevance of each voxel in the whole brain network). Individual eigenvector centrality maps 183 

were then entered into a flexible factorial model as implemented in SPM12 [59], to analyze the 184 

interaction of stimulation condition and time point with object-location memory (OLM) training 185 

success as covariate.  186 

To explore potential underlying microstructural mechanisms of functional connectivity modulation 187 

observed in the present study, our analysis of grey matter MD was guided by the results of the 188 

whole-brain ECM analysis. To obtain MD of grey matter regions of interest (ROI), namely the 189 

resulting clusters from ECM analysis, diffusion-weighted images were pre-processed using the Oxford 190 

Centre for Functional MRI of the Brain (FMRIB) software library (FSL v.6.0.0, www.fmrib.ox.ac.uk/fsl) 191 

and the FSL diffusion toolbox (FDT) including eddy current and subject motion correction, brain 192 

extraction and diffusion tensor fitting to obtain individual fractional anisotropy (FA) and MD-maps. 193 

Individual MD-maps were registered to standard space using first linear, then non-linear 194 

transformation. ROI masks were then used to extract individual MD values. MD represents the 195 

overall diffusion of water molecules indicated by the mean amount of diffusion in each direction of 196 

the diffusion tensor [60]. Thus, MD of grey matter is indicative for microstructural state of the tissue, 197 

which is likely influenced on the neurophysiological level by several factors of tissue density such as 198 

remodeling of glia cells or changes in neuronal size and shape [25, 28]. MD has previously been 199 

described as a “nonspecific, but sensitive marker of tissue microstructure” [61], as the exact 200 

neurophysiological mechanisms are yet to be determined. Lately, MD has been shown to be sensitive 201 

to rapid learning-related changes in grey matter, thereby providing a new opportunity to measure 202 

cortical plasticity changes [28-30]. For these reasons, we chose this measure to investigate possible 203 

grey matter alterations after a combined training and tDCS intervention. Further analysis entailed 204 

two linear mixed models for left and right ROI MD, respectively, including stimulation condition as 205 

factor, OLM training success as covariate, and a condition by training success interaction term.  206 

Statistical analyses were carried out with IBM SPSS Statistics 25 (IBM Corp., Armonk, NY) and R 207 

software (version 3.6.3, https://www.R-project.org). 208 

  209 
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Results 210 

Analyses of eigenvector centrality (EC) revealed a significant interaction of time point and stimulation 211 

condition for two bilateral clusters in the temporooccipital cortex (peak coordinates in the lateral 212 

occipital complex, LOC, Figure 2, Table 2), indicating differences in modulation between tDCS and 213 

sham conditions. Specifically, EC values after stimulation were decreased in the anodal group 214 

compared to sham. 215 

Turning to grey matter MD changes, a significant interaction between stimulation condition and OLM 216 

training success was observed for right LOC (F(1, 77.24) = 10.85, p = 0.001, Figure 3A). Explorative 217 

analysis of the interaction by marginal means revealed that decreased MD after stimulation was 218 

associated with higher training success in the anodal, but not in the sham condition (effect of 219 

stimulation condition (anodal vs. sham) at 25th percentile of training success: 0.8 x 10-5, 95% CI -2.0 x 220 

10-5 to 0.4 x 10-5, p = 0.190; at 75th percentile of training success: -1.3 x 10-5, 95 % CI -2.6 x 10-5 to 2.8 221 

x 10-8, p = 0.050). To further illustrate the direction of this interaction, we performed correlation 222 

analyses and bias estimation for the correlations using bootstrapping [62] for each stimulation 223 

condition separately (anodal: Pearson’s r = -0.481, p = 0.005; sham: Pearson’s r = 0.089, p = 0.610; 224 

bias corrected coefficients: anodal: rcorrected = -0.489, 95% CI [-0.713; -0.175]; sham: rcorrected = 0.099; 225 

95% CI [-0.242, 0.418]). Of note, decreased MD values represent lower diffusivity, i.e. indicating 226 

greater tissue density [63]. No effects were found for the left LOC (all p > 0.246). No differences in 227 

grey matter MD changes emerged between conditions in any of the clusters (left LOC: F(1, 66.84) = 228 

0.013, p = 0.910; right LOC: F(1, 56.44) = 0.002, p = 0.967, Figure 3B). 229 

 230 

 231 

  Table 2. Regions for ECM value interaction of stimulation condition and time point 

Region Cluster size Peak X Peak Y Peak Z Peak z scores 

Left lateral occipital complex 97 -36 -72 -4 4.26 

Right lateral occipital complex 100 30 -74 -8 4.19 

p < 0.05 FWE correction at the cluster level. Cluster-forming threshold, p < .001 uncorrected. 
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 232 

Figure 2. Eigenvector centrality (EC) after three-day training-plus-brain stimulation intervention. 233 

Raincloud plots depicting the difference in eigenvector centrality (Post-Pre) for significant clusters in 234 

the left (A) and right (B) hemisphere for anodal and sham groups. For both clusters, EC values after 235 

stimulation were decreased in the anodal group compared to sham. Dots represent individual subject 236 

data, with lines connecting the respective subject data in each group. Bold black lines represent 237 

overall mean and standard error of the mean as error bars. Cluster location is visualized over each 238 

plot. LH, left hemisphere. RH, right hemisphere. 239 
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 240 

Figure 3. Grey matter mean diffusivity (MD) of left and right lateral temporooccipital cortex clusters 241 

that were found in the ECM analysis. (A) Significant condition x training success interaction for the 242 

right cluster, indicating an association of higher training success and reduced MD after anodal (r = -243 

0.481, p = 0.005) but not after sham stimulation (r = 0.89, p = 0.610). (B) No significant difference in 244 

grey matter MD between anodal and sham conditions. Dots represent individual subject data. LH, left 245 

hemisphere. RH, right hemisphere. anodal, anodal tDCS condition. sham, sham tDCS condition. 246 

  247 
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Discussion 248 

We here demonstrated for the first time that a three-day visuospatial memory training combined 249 

with concurrent brain stimulation elicits changes in eigenvector centrality in a hypothesis-free, data 250 

driven approach. Graph theoretical analyses revealed increased functional network segregation of 251 

bilateral temporooccipital regions after anodal compared to sham stimulation. Additional explorative 252 

analysis of grey matter MD in areas indicated by the graph-based approach suggests microstructural 253 

tDCS-induced plasticity after successful training. 254 

Our finding of altered interconnectedness of bilateral temporooccipital regions, induced by anodal 255 

tDCS over right temporoparietal cortex, indicates that multi-session OLM training with concurrent 256 

brain stimulation elicits changes in network centrality [55, 56]. The observed connectivity modulation 257 

suggests a functional decoupling of the stimulated brain area and its left-hemispheric homologue 258 

from the whole brain network. An increased segregation of the lateral occipital complex (LOC), which 259 

has been implicated in object perception and object-location processing [64-66], in our cohort of 260 

older adults, may reflect a focal mode of action in relevant areas after stimulation [67, 68]. As 261 

reduced specificity of brain networks, i.e., reduced segregation between functional networks, is a 262 

characteristic of older brains [67, 69, 70], this result may point towards a reduction of age-related 263 

effects induced by the intervention. In line with this conclusion, previous evidence including young 264 

and older adults has suggested the potential of brain stimulation to alter the non-beneficial 265 

consequences of aging on the neural level [13, 34, 71, 72]. However, as we did not include a group of 266 

young adults we can only speculate about the age-dependency of the effect in the present study. 267 

Moreover, this finding provides evidence for specific effects in stimulated brain areas of 268 

“conventional” tDCS electrode montages when combined with cognitive tasks, even though they 269 

induce electric fields that are distributed over large parts of the cortex [73]. Thus, ongoing task-270 

specific brain activation, induced by task execution, interacts with the effects of tDCS and results in 271 

network modulation that cannot be explained by either tDCS or task execution alone [15, 74-77]. This 272 

finding may also have implications for the interpretation of results derived from electrical field 273 

modelling studies [40, 78], as they do not account for the interplay between functional tDCS effects 274 

and neural activations. As our results were obtained in an older sample, the age-specific 275 

neurophysiology of the brain has to be considered when interpreting our findings [79]. For example, 276 

older compared to younger brains, undergo functional and structural networks reorganizational 277 

processes and changes in neurotransmitter activity [80, 81]. Moreover, structural alterations such as 278 

atrophy of grey matter result in increased cerebrospinal fluid [82, 83]. Consequently, the current flow 279 

of the stimulation may differ as a function of age-related altered neurophysiology [19, 84-86]. Future 280 
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work will have to determine the generalizability of the combined intervention in terms of age-281 

specificity of the suggested mechanisms of action [87].  282 

Furthermore, while previous studies delineated changes in network centrality measures during 283 

(single-session) application of anodal tDCS over task-relevant areas [9, 12, 48, 88], the effects of 284 

combined multi-session tDCS-plus-training interventions on functional connectivity are yet 285 

insufficiently understood. In a previous study (using a subsample of the present data, but in a 286 

between-subject design), we explored ICA-based resting-state fMRI connectivity alteration using the 287 

same three-day visuospatial memory training with concurrent anodal tDCS over the right 288 

temporoparietal region as in the present study [89]. We found increased connectivity strength within 289 

the task-relevant default mode network (DMN) and between the stimulation target and a central 290 

DMN node after the intervention for the anodal tDCS compared to the sham group, in both young 291 

and older adults [89]. Our current finding extends these observations by demonstrating targeted 292 

functional network centrality alterations in the region underneath the anodal electrode and its left-293 

hemispheric homologue. Of note, we used fMRI to assess the intervention-induced alterations during 294 

resting-state. Resting-state fMRI is an established method to capture intrinsic network connectivity, 295 

especially enabling the assessment of lasting effects after the intervention [22, 23, 90]. Future 296 

studies may add to our findings by assessing the effects of combined tDCS and cognitive training 297 

during the intervention. Specifically, task-based fMRI could be used to explore the online effects that 298 

may be specifically elucidated by the interaction of brain stimulation during task execution [5, 91].  299 

We then asked whether microstructural alterations occurred in the regions that were functionally 300 

modulated through anodal tDCS. This idea was derived from animal studies and recent evidence in 301 

humans which showed that in-vivo structural plasticity, as induced by learning, can be observed 302 

through diffusivity changes in grey matter [25, 28, 29, 92]. Whether tDCS can induce grey matter 303 

microstructural plasticity has not been investigated so far. Our finding of microstructural grey matter 304 

changes in the right LOC in association with behavioral training success after anodal tDCS over OLM-305 

relevant brain regions, suggests responsiveness of the functionally altered area to the intervention. 306 

Specifically, our results indicate that tDCS results in reduced MD, i.e., more intact microstructure, but 307 

only in participants who experience behavioral improvement through the intervention. Underlying 308 

mechanisms on the physiological level may be changes in tissue density due to altered neuronal 309 

morphology or altered motility of glial cells, especially astrocytes, which comprise a relevant element 310 

in synaptic transmissions and regulation of ion concentrations in the extracellular space [26, 27]. Of 311 

note, previous studies have suggested an effect of tDCS on the neuropil, e.g. on glia cells [93]. In fact, 312 

modulation of the glial membrane potential has been proposed to underlie tDCS effects [94], which 313 

has been supported by evidence in mice [95]. Our results, albeit exploratory, provide novel evidence 314 
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that learning-related synaptic plasticity, i.e., grey matter microstructural alterations, may be induced 315 

by anodal tDCS and cognitive training in individuals who benefit behaviorally from the intervention.  316 

 317 

Conclusion and Outlook 318 

In conclusion, this study contributes to understanding the mode of action of tDCS and cognitive 319 

training on functional neural network and microstructural level. We show that a multi-session tDCS-320 

plus-training intervention can lead to more efficient processing on the functional network level. 321 

Moreover, we demonstrate for the first time that grey matter microstructural plasticity may be 322 

involved in tDCS-supported cognitive training. Our findings may be specific to visuospatial functions 323 

of older adults and future research has to delineate the effects in other cognitive domains and 324 

participant cohorts. 325 

Combined interventions of tDCS and cognitive training present a promising means to counteract 326 

cognitive impairments in healthy as well as in pathological aging [2, 3, 31].  Improved understanding 327 

of targeted neuronal network effects of combined interventions in older adults will therefore inform 328 

the development of specific therapeutic interventions against age-associated cognitive decline.  329 
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