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Abstract 

Neurocognitive health is becoming increasingly important in our aging population. 

Worldwide, around 47 million people are living with dementia and the number is expected to 

increase to 131.5 million by 2050. Engagement in a cognitively and physically demanding 

lifestyle over the lifespan is associated with healthy cognitive aging and a reduced risk of 

dementia in observational studies. However, translation of these findings into cognitive and 

physical interventions that effectively induce broad cognitive benefits was limited so far.  

Article 1 aimed to compare lifestyle- and intervention-related cognitive changes for the first 

time in the same sample and time period. Cognitive change was more positively associated 

with an active lifestyle than with traditional cognitive and physical training interventions, 

suggesting that the interventions did not fully implement the �active ingredients� (i.e., 

effective features) of an active lifestyle. Hence, theoretical, methodological, and empirical 

advances with respect to active ingredients are necessary for the development of more 

effective interventions. For this purpose, we proposed three theoretical frameworks that each 

derived one active ingredient: The overlapping variability framework suggested the 

combination of process-specific cognitive demands with high task variability as an effective 

feature (see Article 2); the guided plasticity facilitation framework proposed high temporal 

proximity of cognitive and physical demands as a decisive factor (see Articles 2 and 3); and 

the plasticity components framework assumed that the combination of process-specific 

cognitive demands with novel, educationally relevant information improves efficacy (see 

Article 4). In addition, we designed and assessed the effects of two intervention programs that 

implemented these frameworks: a card and board gaming intervention based on the 

overlapping variability framework (see Article 2) and a computerized, combined cognitive 

and physical training intervention based on the guided plasticity facilitation framework (see 

Article 3). We found evidence for broad cognitive benefits through both interventions in a 

pilot, randomized controlled trial (see Article 2) and in a large-scale, multi-center, controlled 

trial (see Article 3). In exploratory analyses of the combined cognitive and physical training 

intervention, we observed a trend for reduced cognitive benefits in participants with more 

severe neurocognitive disorders as well as a dose-response association between the number of 

training sessions and cognitive gains in individuals without dementia (see Article 3). To 

assess the plasticity components framework, Article 4 suggested that educational games are 

well suited for its implementation and proposed a research strategy to select and evaluate 

appropriate games. 
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Next to the need for advances in intervention efficacy, the cognitive demands and benefits of 

frequently performed � but so far scientifically unexplored � leisure activities need to be 

revealed. Closing this science-practice gap is relevant as on the basis of dose-responsive 

effects not only efficacy but also amount of practice determines an activity�s potential for 

cognitive benefits. Article 5 and 6 assessed the potential of jigsaw puzzling for healthy 

cognitive aging as an example of a frequently performed but so far unexplored leisure 

activity. The results indicated that jigsaw puzzling recruits multiple visuospatial cognitive 

abilities, e.g., working and episodic memory, reasoning, and cognitive flexibility. 

Additionally, the findings indicated that jigsaw puzzle experience over the lifespan is a new 

modifiable protective factor of cognitive aging, even though causality has not been clarified 

so far. The study provided no evidence that a 30-day jigsaw puzzle intervention improved 

cognition in a clinically relevant way. 

Finally, the neurobiological correlates of activity-related cognitive gains are relevant to pave 

the way for personalized treatments. However, knowledge in this area is still in its infancy, 

especially regarding the role of white matter integrity. Article 7 found no evidence that 

increases in white matter integrity is a neurobiological correlate of short-term activity-related 

cognitive changes in older adults at risk of dementia. However, a positive association between 

two training outcomes (cognitive training skill and functional physical fitness) and white 

matter integrity indicated a theoretical potential for training-related gains in white matter 

integrity. 

Taken together, the findings of Article 1 indicated a need for advances in intervention efficacy 

as the active ingredients of lifestyle-related cognitive changes may not be fully implemented 

in traditional training interventions. In Articles 2-4, theoretical, methodological, and empirical 

advances were provided regarding intervention efficacy by proposing three theoretical 

frameworks, designing two new interventions, providing evidence for their efficacy regarding 

gains in broad cognitive abilities, and suggesting cost-efficient research strategies for the 

selection of potentially beneficial activities in future trials. To clarify the unexplored potential 

of many frequently performed leisure activities for healthy cognitive aging, Article 5 and 6 

revealed cognitive demands and effects of jigsaw puzzling as one example of these activities. 

Finally, Article 7 shed light on the role of white matter integrity as a potential neurobiological 

correlate of activity-related cognitive changes. 
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Zusammenfassung 

Die neurokognitive Gesundheit wird zunehmend relevanter in unserer alternden Gesellschaft. 

Derzeit leben weltweit circa 47 Millionen Menschen mit Demenz. Es wird erwartet, dass die 

Zahl auf 131,5 Millionen Menschen bis zum Jahr 2050 ansteigt. Ein kognitiv und körperlich 

anspruchsvoller Lebensstil über die gesamte Lebensspanne hängt mit einem gesunden 

kognitiven Altern und einem reduzierten Risiko für Demenz in Beobachtungsstudien 

zusammen. Jedoch ist es derzeit nur begrenzt gelungen, diese Ergebnisse in kognitive und 

körperliche Interventionen zu übertragen, die allgemeine kognitive Verbesserungen zur Folge 

haben.  

Artikel 1 hatte das Ziel Lebensstil- und Interventions-assoziierte kognitive Veränderungen 

innerhalb derselben Stichprobe und desselben Zeitraums miteinander zu vergleichen. Es 

zeigte sich, dass die kognitiven Veränderungen positiver mit einem aktiven Lebensstil als mit 

traditionellen kognitiven und körperlichen Trainingsinterventionen zusammenhingen. Dies 

könnte darauf hindeuten, dass die Interventionen nicht vollständig die Wirkfaktoren eines 

aktiven Lebensstils implementierten. Daher sind theoretische, methodische und empirische 

Fortschritte bezüglich der Wirkfaktoren notwendig, um effektivere Interventionen zu 

entwickeln. Wir schlugen dafür drei theoretische Rahmenkonzepte vor, die jeweils einen 

Wirkfaktor ableiteten: Das overlapping variability-Konzept leitete die Kombination von 

prozess-spezifischen kognitiven Anforderungen mit einer hohen Aufgabenvariabilität als 

Wirkfaktor ab (siehe Artikel 2); das guided plasticity facilitation-Konzept schlug eine 

zeitliche Nähe zwischen körperlichem und kognitivem Anspruch als entscheidenden Faktor 

vor (siehe Artikel 2 und 3); und das plasticity components-Konzept nimmt an, dass die 

Kombination von prozess-spezifischen kognitiven Anforderungen mit neuartigen, 

bildungsrelevanten Informationen die Effektivität verbessert (siehe Artikel 4). Zusätzlich 

entwickelten und untersuchten wir die Effektivität von zwei Interventionen, die diese 

Konzepte umsetzten: Eine Karten- und Brettspiel-Intervention, die auf dem overlapping 

variability-Konzept basierte (siehe Artikel 2), und eine computerisierte, kombinierte kognitive 

und körperliche Trainingsintervention, die auf dem guided plasticity facilitation-Konzept 

beruhte (siehe Artikel 3). Wir fanden Evidenz für allgemeine kognitive Verbesserungen durch 

beide Interventionen, entsprechend in einer randomisierten kontrollierten Pilotstudie (siehe 

Artikel 2) und in einer großangelegten, multizentrischen, kontrollierten Studie (siehe Artikel 

3). In explorativen Analysen bezüglich des kombinierten kognitiven und körperlichen 

Trainings beobachteten wir einen Trend für reduzierte kognitive Verbesserungen bei 

Teilnehmern mit schwergradigeren neurokognitiven Störungen, sowie einen Dosis-Wirkungs-
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Zusammenhang zwischen der Anzahl an Trainingseinheiten und der kognitiven Verbesserung 

bei Personen ohne Demenz (siehe Artikel 3). Um das plasticity components-Konzept zu 

untersuchen, schlug Artikel 4 vor, dass Bildungsspiele gut geeignet sind, dieses Konzept in 

eine Intervention umzusetzen. Zudem beschrieben wir eine Forschungsstrategie, um geeignete 

Bildungsspiele auszuwählen und sie hinsichtlich ihrer Effektivität zu untersuchen. 

Neben dem Bedarf an Fortschritten im Bereich der Interventionseffektivität besteht die 

Notwendigkeit den kognitiven Anspruch und Nutzen von häufig ausgeübten - aber derzeit 

noch nicht wissenschaftlich erforschten - Freizeitaktivitäten zu untersuchen. Die 

Überbrückung dieser Lücke zwischen Wissenschaft und Praxis ist wichtig, da unter Annahme 

von Dosis-Wirkungs-Effekten nicht nur die Effektivität, sondern auch die Häufigkeit der 

Ausübung das Potenzial einer Aktivität für kognitive Verbesserungen bestimmt. Artikel 5 und 

6 untersuchte das Potenzial des Puzzelns für ein gesundes kognitives Altern, als ein Beispiel 

für häufig ausgeübte, aber bisher unerforschte Freizeitaktivitäten. Die Ergebnisse wiesen 

darauf hin, dass Puzzeln multiple visuell-räumliche kognitive Fähigkeiten beansprucht (unter 

anderem Arbeitsgedächtnis, episodisches Gedächtnis, schlussfolgerndes Denken und 

kognitive Flexibilität). Zusätzlich deuteten die Befunde darauf hin, dass die Puzzleerfahrung 

über die gesamte Lebensspanne hinweg ein neuer modifizierbarer Schutzfaktor gegen 

kognitives Altern darstellt, auch wenn die Frage der Kausalität derzeit noch nicht geklärt 

wurde. Artikel 6 fand keine Evidenz für klinisch relevante kognitive Verbesserung durch eine 

30-tägige Puzzle-Intervention. 

Weiterhin sind die neurobiologischen Korrelate von Aktivitäts-assoziierten kognitiven 

Verbesserungen relevant, um den Weg zu personalisierten Behandlungen zu bereiten. Das 

Wissen darüber steckt jedoch noch in den Kinderschuhen, insbesondere hinsichtlich der Rolle 

der Integrität der weißen Substanz. Artikel 7 fand keine Evidenz dafür, dass eine Erhöhung 

der Integrität der weißen Substanz ein neurobiologisches Korrelat für kurzfristige Aktivitäts-

assoziierte kognitive Veränderungen bei älteren Erwachsenen mit erhöhtem Risiko für 

Demenz darstellt. Ein positiver Zusammenhang zwischen der Integrität der weißen Substanz 

und zwei Maßen, die durch Training verbessert werden können (kognitive Trainingsfertigkeit 

und funktionale körperliche Fitness) deutete jedoch auf ein theoretisches Potenzial Trainings-

induzierter Verbesserungen der Integrität der weißen Substanz hin. 

Zusammengefasst wiesen die Ergebnisse aus Artikel 1 darauf hin, dass Fortschritte in der 

Interventionseffektivität möglich sein könnten, da Wirkfaktoren von Lebensstil-assoziierten 

kognitiven Veränderungen nicht gänzlich in traditionellen Trainingsinterventionen 
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implementiert zu sein scheinen. In Artikel 2-4 wurden theoretische, methodische und 

empirische Fortschritte in der Interventionseffektivität vorgestellt, indem wir drei 

theoriegeleitete Rahmenkonzepte vorschlugen, zwei neue Interventionen konzipierten, 

Evidenz für deren Effektivität hinsichtlich allgemeiner kognitiver Fähigkeiten zeigten und 

eine kostengünstige Forschungsstrategie zur Auswahl potenziell nützlicher Aktivitäten für 

zukünftige Studien empfohlen. Um das bisher unerforschte Potenzial von häufig ausgeübten 

Freizeitaktivitäten für ein gesundes kognitives Altern zu klären, deckten Artikel 5 und 6 die 

kognitiven Anforderungen und Effekte vom Puzzeln auf � als ein Beispiel dieser Aktivitäten. 

Abschließend beleuchtete Artikel 7 die Rolle der Integrität der weißen Substanz als ein 

potenzielles neurobiologisches Korrelat Aktivitäts-assoziierter kognitiver Verbesserungen. 
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List of abbreviations 

A� = Amyloid �

AD = Alzheimer�s disease 

BDNF = Brain-derived neurotrophic factor 

JP = Jigsaw puzzling 

MCI = Mild cognitive impairment 

NCD = Neurocognitive disorder 

WMI = White matter integrity 
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Glossary 

Active ingredients: Activity-related features that are responsible for a positive effect (i.e., 

effective features). 

Activities: All kinds of behaviors that can be performed (e.g., leisure activities or cognitive 

and physical trainings).  

Cognitive training: Repetitive practice on standardized, theory-driven tasks that aim to recruit 

specific cognitive processes and adapt in difficulty according to trainee performance (also 

called process-based cognitive training or process training). These tasks are often based on 

neuropsychological tests that are enhanced with game elements such as rewards, goals, 

animations, or identification with a game character. 

Healthy cognitive aging: A beneficial trajectory of cognitive development that may finally 

postpone or prevent the loss of independence and the onset of dementia 

Interventional study: A study, in which the investigator manipulates the treatment by 

assigning participant to different treatment arms (also called experimental study). To indicate 

a causal effect of a treatment on an outcome, randomized controlled trials are the gold 

standard. 

Leisure activities: Activities not primarily performed because of a duty (e.g., work) but as a 

result of intrinsic motivation (e.g., enjoyment and fun induced through the activity). Examples 

of leisure activities include playing card and board games, reading books, doing arts, dancing, 

jigsaw puzzling, and playing musical instruments. 

Lifestyle: A set of activities (e.g., a cognitive lifestyle is a lifestyle composed of a set of 

cognitively challenging activities). 

Observational study: A study that is based on pure observation (also called epidemiological 

study). The investigator does not manipulate the treatment (e.g., a training intervention). Such 

a study does not allow an unambiguous causal inference regarding the link of two variables. 

In most cases it remains unclear which of two related variables is the cause and which is the 

effect, or whether other confounding variables affect both variables. 

Protective factor: A factor that is associated with a reduced risk of a condition or disease in 

observational studies. As protective factors are correlation and not based on experimental 

designs, they do not necessarily cause the respective condition or disease. For example, young 

age, high education, Mediterranean diet, and physical activity are established protective 

factors of age-related cognitive decline and dementia. 
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Training: An activity that is primarily performed to achieve gains in abilities, skills or 

knowledge (e.g., cognitive abilities or physical fitness).  
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Part I � Synopsis 

1. Introduction 

Alzheimer�s dementia and other dementias become an increasingly important public health 

care issue with currently about 47 million affected people worldwide (Prince et al., 2015). An 

effective treatment is �perhaps the greatest unmet need facing modern medicine� (Winblad et 

al., 2016, p. 455). As dementia is age-related and life expectancy is projected to increase by 

approximately one year in every four years (Christensen, Doblhammer, Rau, & Vaupel, 

2009), the number of individuals with dementia is expected to increase two- to threefold until 

2050, in case no new prevention and treatment strategies will be developed (Hebert, Weuve, 

Scherr, & Evans, 2013). The latest World Alzheimer Report estimates 131.5 million affected 

individuals in 2050 (Prince et al., 2015). Dementia represents a leading cause of death 

(Murphy, Kochanek, Xu, & Heron, 2015) and disability (U. S. Burden of Disease 

Collaborators, 2013). It results in a large emotional burden for affected people, their relatives, 

and caregivers (Gallagher et al., 2011), will cost approximately 1 trillion dollars in 2018 

worldwide (Prince et al., 2015), and is therefore one of the most costly diseases to society 

(Hurd, Martorell, Delavande, Mullen, & Langa, 2013). 

Age is the strongest risk factor of dementia but, importantly, high age does not inevitably 

result in dementia. Up to 50 percent of people above 90 years of age are not affected 

indicating a potential for modifiable factors that postpone or prevent dementia. However, so 

far there is no evidence from randomized controlled trials that pharmacological treatments can 

prevent or reverse dementia (Livingston et al., 2017). All completed phase III trials on 

disease-modifying drugs that target the hallmarks of Alzheimer�s disease (AD) � Amyloid �

(A�) and tau pathology � have yielded no significant cognitive benefits so far (Livingston et 

al., 2017). 

Promisingly, there is robust evidence from observational studies (see Glossary) that high 

engagement in cognitively and physically demanding activities (see Glossary) over the 

lifespan is associated with healthy cognitive aging and a reduced risk of dementia (Livingston 

et al., 2017). However, interventional studies (see Glossary) � necessary to infer cause and 

effect � on cognitive and physical trainings (see Glossary) yielded inconsistent results 

(Simons et al., 2016; Young, Angevaren, Rusted, & Tabet, 2015). Besides the open question 

of causality (Sabia et al., 2017), other major issues need to be resolved: First, it is not clear 

whether cognitive and physical demands are the decisive �active ingredients� (i.e., effective 
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features; see Glossary) of activity-related cognitive changes. Second, there is a science-

practice gap as the cognitive demands and effects of many frequently performed leisure 

activities (see Glossary), such as jigsaw puzzling (JP), reading books, doing arts, and playing 

musical instruments have not been investigated in randomized controlled trials so far. Third, 

the neurobiological correlates of activity-related cognitive gains are unclear, especially 

regarding the role of white matter integrity (WMI).

1.1. Neurocognitive disorders 

According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-

5) approach (American Psychiatric Association, 2013), neurocognitive disorders (NCDs) � 

except for the case of delirium � are classified in mild neurocognitive disorder, also called 

mild cognitive impairment (MCI) and major neurocognitive disorder, or in other words 

dementia (Sachdev et al., 2014). In a first step, the severity of NCD is determined by 

differentiating normal functioning, mild NCD, and major NCD on the basis of cognitive 

decline and its interference with everyday functioning. In a second step, the possible or 

probable etiological subtype of the disorder is specified, e.g., Alzheimer�s disease, vascular 

disease, fronto-temporal lobar degeneration, Lewy body disease, or Parkinson�s disease.  

Diagnostic criteria of mild NCD include modest cognitive decline from a previous level of 

performance in at least one of six cognitive domains that does not interfere with independence 

of instrumental activities of daily living. The cognitive domains include learning and memory, 

complex attention, executive function, social cognition, perceptual-motor function, and 

language. Greater efforts and compensatory strategies in activities of daily living may be 

required. Delirium and other mental disorders that better explain the deficits need to be 

excluded (e.g., major depression or schizophrenia). Major NCD is demarcated from a mild 

NCD by evidence of significant rather than modest cognitive decline and its interference 

rather than no interference with independence of daily living (e.g., at least the need for 

assistance with complex instrumental activities of daily living such as medication use). The 

introduction of mild NCD as a disorder in the DSM-5 was a decisive change from the 

previous DSM version. By introducing this new diagnostic class, the NCD Work Group of the 

DSM-5 reacted to the accumulating evidence that �the time for intervention will be early in 

the development of the disease, whatever the etiology� (Blazer, 2013, p. 586).     

1.2. The importance of prevention strategies against dementia 

Cognition (Park et al., 2002), brain volume (Raz & Rodrigue, 2006), and Alzheimer�s 

pathology are highly associated with age (Braak, Thal, Ghebremedhin, & Del Tredici, 2011). 
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Cognitive abilities including processing speed, episodic memory, and working memory, (Park 

et al., 2002) as well as brain areas such as the prefrontal and hippocampal volume decline in 

aging (Raz & Rodrigue, 2006). Likewise, the two hallmark characteristics of AD � A� protein 

deposition and Tau pathology � increase over the lifespan (Braak et al., 2011). It is long 

known that decline of fluid cognitive abilities and brain volume begins decades before the 

onset of cognitive impairments, which affect instrumental activities of daily living (Park et al., 

2002; Raz & Rodrigue, 2006). Recently, evidence suggested that the pathological processes of 

AD have their origins within the first decades of life (Braak et al., 2011) or at least several 

decades before the onset of dementia (Bateman et al., 2012). A �quick-fix� behavioral or 

pharmacological treatment that substantially reverses cognitive impairment and brain damage 

in affected individuals seems very unlikely to become available soon (Gathercole, 2014; 

Schneider et al., 2014; Winblad et al., 2016). 

In sum, cognitive decline, brain atrophy, and Alzheimer�s pathology are slowly progressing 

across the lifespan and are initiated long before the onset of essential impairments in daily 

functioning. As a �quick-fix� solution is very unlikely, a prolonged prevention strategy that 

begins decades before the onset of functional impairment seems to be most appropriate to 

postpone cognitive decline and the incidence of dementia (Blazer, 2013; Imtiaz, Tolppanen, 

Kivipelto, & Soininen, 2014; Livingston et al., 2017). 

1.3. Activity-induced healthy cognitive aging as a prevention strategy for dementia 

According to the framework of a possible zone of cognitive development, age-related 

cognitive decline is not fixed but malleable within individuals (Hertzog, Kramer, Wilson, & 

Lindenberger, 2009; Lindenberger, 2014). Furthermore, it is assumed that positively affecting 

the cognitive development postpones or prevents the onset of disability and dementia late in 

life (Lövdén, Bäckman, Lindenberger, Schaefer, & Schmiedek, 2010). In this thesis, healthy 

cognitive aging is defined as a beneficial trajectory of cognitive development that may finally 

postpone or prevent the loss of independence and the onset of dementia.  

Engagement in cognitive and physical activities over the lifespan has been linked to a reduced 

risk of cognitive impairment and dementia. Hence, these activities are called protective 

factors (see Glossary) against these conditions, even though the question of cause and effect 

remains to be clarified (Livingston et al., 2017). Both activity types are among the most 

important protective factors against dementia (Barnes & Yaffe, 2011). Assuming that both 

factors are causally related to a reduced risk of dementia, it is estimated that approximately 30 
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percent of worldwide dementia cases are attributable to inactivity in these two domains 

(Barnes & Yaffe, 2011). 

1.4. Knowledge gaps and aims of the thesis 

While the association of a cognitively and physically demanding lifestyle (see Glossary) with 

healthy cognitive aging is a robust finding in observational studies (Livingston et al., 2017), 

several major issues are still unclear. First, despite decades of research, translating these 

findings in interventional studies � that allow causal inference � did not provide sufficient 

evidence that cognitive and physical activities induce broad cognitive benefits (Livingston et 

al., 2017). Meta-analyses and large-scale studies regarding cognitive trainings (see Glossary) 

consistently found training-induced performance gains in cognitive tasks (Ball et al., 2002; 

Corbett et al., 2015; Hardy et al., 2015; Lampit, Hallock, & Valenzuela, 2014). However, 

these benefits were mostly shown in cognitive tasks that are structurally highly similar to the 

training tasks, and transfer to structurally dissimilar tasks was not demonstrated consistently 

(e.g., Ball et al., 2002; Simons et al., 2016). Therefore, new task-specific skills and knowledge 

rather than improvement of broad cognitive abilities might underlie the observed increase in 

performance. A recent comprehensive review by Simons et al. (2016) concluded that evidence 

for cognitive training-induced gains in broad cognitive abilities was not sufficient. With 

regard to physical activity, two recent meta-analyses did not observe a consistent positive 

effect of aerobic and resistance exercise on cognition in healthy older adults (Kelly et al., 

2014; Young et al., 2015). Kelly et al. (2014) assessed the effects of aerobic exercise, 

resistance training, and Tai Chi and did not find evidence for cognitive improvements in the 

majority of comparisons. They observed no significant effects in 26 comparisons, while the 

effect of resistance training on reasoning and of Tai Chi on attention and processing speed 

were significant. Similarly, a high quality review and meta-analysis by Young et al. (2015) 

found no evidence for cognitive improvements through aerobic exercise in healthy older 

adults (but see also Colcombe & Kramer, 2003 for an older meta-analysis with other 

conclusions). 

This gap between observational and interventional findings supports the assumption that 

active ingredients of lifestyle-related cognitive changes were not fully implemented in 

traditional training interventions. Effective features of activities may go beyond mere 

cognitive and physical demands. However, as lifestyle- and training-related cognitive changes 

have not been assessed in the same sample and time period so far, their associations with 

cognitive changes could not be directly compared. Hence, in Article 1 (Küster, Fissler, et al., 
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2016), we aimed to assess whether cognitive change over 3 months is more positively 

associated with a cognitively and physically demanding lifestyle or with respective training 

interventions in the same sample. 

To close the gap between findings from observational and interventional studies and improve 

intervention efficacy, we aimed to advance theories about active ingredients (see Articles 2-4, 

Bamidis, Fissler, et al., 2015; Fissler, Kolassa, & Schrader, 2015; Fissler, Küster, Schlee, & 

Kolassa, 2013), designed new theory-based interventions (see Articles 2 and 3, Bamidis, 

Fissler, et al., 2015; Fissler et al., 2013), and proposed a cost-efficient research strategy to 

identify activities with a high theoretical potential for neurocognitive benefits (see Article 4, 

Fissler et al., 2015). 

While there are hundreds of studies about specifically designed cognitive and physical 

training interventions (Simons et al., 2016; Young et al., 2015), knowledge about cognitive 

demands and effects of frequently performed leisure activities is very limited. Many activities 

(e.g., JP), have not been investigated so far. Assuming dose-responsive effects, not only 

efficacy but also amount of practice determines an activity�s potential for cognitive benefits. 

Therefore, we aimed to close this science-practice gap (discrepancy between an activity�s 

scientific evidence and its routine use in practice) by investigating the cognitive demands and 

effects of JP (see Articles 5 and 6, Fissler et al., submitted; Fissler et al., 2017). 

Finally, knowledge about neurobiological mechanisms of activity-related cognitive changes is 

still in its infancy, especially with regards to WMI (see Ten Brinke, Davis, Barha, & Liu-

Ambrose, 2017 for a systematic review). It was suggested that cognitively and physically 

demanding activities induce gains in WMI through activity-related myelination (Fields, 

2015). Therefore, we aimed to assess the relation between changes in WMI � that is 

deteriorated in aging and AD � with cognitive and physical lifestyles, on the one hand, and 

cognitive and physical training interventions, on the other hand (see Article 7, Fissler, Müller, 

et al., 2017).  
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2. Summary of articles 

2.1. Cognitive change is more positively associated with an active lifestyle than with 

training interventions in older adults at risk of dementia: A controlled interventional 

clinical trial.  (Article 1 - Küster, Fissler, et al., 2016) 

Robust associations of a cognitive and physical lifestyle with cognitive decline in 

observational studies (Livingston et al., 2017) contrast with limited evidence about cognitive 

benefits of specifically designed physical and cognitive trainings in interventional studies 

(Barnes et al., 2013). This gap between observational and interventional findings indicates 

that an active lifestyle might provide active ingredients that are not fully implemented in 

cognitive and physical training interventions. However, both study types generally used 

different time periods. While observational studies about lifestyle-relations with cognitive 

change mostly used time periods of several years, interventional studies about training effects 

often comprised only several weeks. In addition, both lifestyles and trainings have not been 

evaluated within the same sample so far, which did preclude their comparison. Hence, Article 

1 compares lifestyle-related and intervention-related cognitive changes in the same time 

period and sample. 

We allocated individuals at risk of dementia (N = 54) to a 10-week cognitive training (50 

sessions), or a physical training (50 sessions), or a passive control group and assessed the 

cognitive, physical, and social lifestyle in all participants through retrospective self-report 

about the number of performed activities in the month before study participation. We 

measured global cognition, memory, as well as attentional and executive functions with 

composite scores at baseline, post intervention, and at follow-up after 3 months. The 

composite scores were derived from a principal component analysis of a comprehensive 

battery of neuropsychological tests. 

We found positive associations between an active lifestyle and all three lifestyle types with 

change in global cognition and memory (ps < 0.001) but no effect of both training 

interventions (ps > 0.08). Importantly, lifestyle was more positively associated with change in 

global cognition and memory than both training interventions (ps < 0.001). 

This study enhances the current knowledge by showing that lifestyle is more strongly 

associated with cognitive change than training interventions in the same time period and 

sample. The findings support the assumption that the efficacy of traditional cognitive and 

physical training programs to change the trajectory of cognitive decline can be improved. 
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New intervention strategies that incorporate the characteristics of an active, multimodal, and 

varied lifestyle might be cognitively more beneficial than engagement in specifically 

designed, unimodal training interventions. The active ingredients of lifestyle-related cognitive 

changes are still unclear and need to be investigated in future studies, but efficiency of pure 

cognitive and physical demands seems to be limited. Theoretical, methodological and 

empirical advances are necessary that derive active ingredients, implement them in 

interventions, and evaluate their efficacy. 

2.2. Novelty interventions to enhance broad cognitive abilities and prevent dementia: 

Synergistic approaches for the facilitation of positive plastic change (Article 2 - Fissler et 

al., 2013) 

Robust positive associations of a cognitively and physically demanding lifestyle with healthy 

cognitive aging in observational trials suggest that cognitive and physical activities can 

benefit cognition. However, as observational findings could not be sufficiently translated into 

effective interventions (see e.g., Article 1) cognitive and physical demands may not be the 

only effective features of lifestyle-related cognitive changes. In Article 2, we proposed two 

new theoretical frameworks and their respective active ingredients aiming to improve 

intervention efficacy. Based on one of these frameworks, we designed a new intervention and 

assessed its cognitive effects. 

First, we proposed the overlapping variability framework. As process-based cognitive 

trainings induced strong benefits in trained tasks, less benefits in structurally similar tasks, 

and inconsistent or often no transfer in dissimilar tasks (Simons et al., 2016), we proposed 

that combining process-specific cognitive demands with high task variability might overcome 

this learning specificity. We implemented this so-called overlapping variability framework in 

a newly-designed card and board game-based cognitive intervention and conducted a pilot, 

pre-posttest, randomized, controlled trial with cognitively healthy, older adults (N = 17). We 

measured the composite score executive control with three tests that assessed executive 

control components (working memory updating, inhibition, task switching) and two complex 

tests of executive control that are structurally unrelated to the trained games. We found a 

marginally significant effect of the gaming intervention on executive control, in comparison 

to the no-contact control group (p = 0.05; Cohen�s d = 0.53). While the gaming group 

improved in executive control (p = 0.04, Cohen�s d = 0.46), the control group did not show a 

change (p = 0.70, Cohen�s = -0.06).           
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Second, we proposed the guided plasticity facilitation framework by reviewing the biological 

mechanisms of cognitive and physical trainings that might enhance each other in a synergistic 

way. Physical training might increase plasticity, or in other words the potential of the brain to 

reorganize, by increasing neurotrophin-induced synaptic plasticity and neurogenesis. 

Cognitive training might guide this facilitated plastic potential by giving specific impulses 

that determine 1) whether newborn cells survive and integrate, and 2) the way new synapses 

are restructuring neuronal networks. Finally, by reviewing evidence about learning-enhancing 

effects of simultaneous or temporal proximal physical activity and the timing of neurotrophin 

release, we suggested that temporal proximity of physical and cognitive demands is essential 

for synergistic effects. 

In sum, we go beyond the traditional framework of cognitive or physical demands as decisive 

training features by proposing two theory-based active ingredients. Article 2 suggested to 

combine process-specific cognitive demands with 1) high task variability, and 2) physical 

demands in temporal proximity. Finally, we implemented the overlapping variability

framework in a new card and board gaming intervention that provided initial evidence for 

broad cognitive benefits. 

2.3. Gains in cognition through combined cognitive and physical training: The role of 

training dosage and severity of neurocognitive disorder (Article 3 - Bamidis*, Fissler*, et 

al., 2015; *these authors contributed equally) 

Unimodal cognitive or physical training programs did not show robust effects on broad 

cognitive abilities (see Simons et al., 2016; Young et al., 2015 for reviews and meta-

analyses). Combined cognitive and physical training may overcome this shortcoming, as 

physical training may facilitate plastic changes that, in turn, may be guided by cognitive 

training in a synergistic way (guided plasticity facilitation). In Article 3, we evaluated the 

effect of a newly-designed computerized, combined cognitive and physical training program 

on global cognition, in comparison to a no-contact control group. In addition, we assessed 

dose-response relationships within the training group and investigated potential moderating 

variables such as severity of NCD, age, gender, education, and social activity. 

In a multi-center, controlled trial, we allocated 322 older adults with and without NCD (MCI; 

dementia), to a combined cognitive and physical training group (n = 237) or a no-contact 

control group (n = 85). Participants in the combined training group were allocated to different 

amounts of training sessions ranging from 24 sessions to 110 sessions. Global cognition was 

measured before and after the intervention with a composite score that was constructed by 
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averaging z-standardized scores of episodic memory, working memory, and executive 

function tests. 

We found a positive effect of the combined training intervention on global cognition, in 

comparison to the control group (p = 0.002, Cohen�s d = 0.31). This effect was marginally 

significantly moderated by the severity of NCD (p = 0.08). While cognitively healthy 

participants showed medium effect sizes (Cohen�s d = 0.54), participants with MCI (Cohen�s 

d = 0.19) and dementia (Cohen�s d = 0.04) showed small to irrelevant effect sizes. For 

individuals of the training group without dementia, we demonstrated a dose-response 

relationship of both the potentially and actually completed number of training sessions with 

change in global cognition (p = 0.008 and p = 0.04, respectively). In sum, we provide 

evidence that combined cognitive and physical training induced broad cognitive benefits in a 

dose-responsive manner in individuals without dementia. 

2.4. Educational games for brain health: Revealing their unexplored potential through a 

neurocognitive approach (Article 4 - Fissler et al., 2015) 

Educational games aim to connect educational learning purposes with the motivational quality 

of games. Article 4 discussed the unexplored potential of educational games to affect brain 

health markers including cognitive abilities, NCD, brain structure, and brain function. We 

reviewed the positive effects on these markers through two activity features: First, novel, 

educationally relevant information that induces plasticity of representations, and second, 

process-specific neurocognitive demands of games that induce plasticity of processes. We 

suggested that selected educational games that incorporate both activity features 

(simultaneous educational learning experiences and process-specific neurocognitive demands) 

induce plasticity in both components (representations and processes). In this so-called 

plasticity components framework, we assumed that such activities that induce plastic change 

in both components are optimally suited to improve brain health. Finally, we depicted a cost-

efficient research strategy to select and evaluate appropriate educational games. In a first step, 

this neurocognitive approach assesses process-specific neurocognitive demands of specific 

games through a cognitive task analysis. In a second step, studies that correlate gaming task 

performance with cognitive abilities and brain imaging markers need to be conducted to 

estimate the theoretical potential for neurocognitive benefits (cf. Article 6 and 7). Thus, it 

provides the basis for selecting appropriate games to conduct large-scale randomized, 

controlled trials that evaluate the effects on brain health. 
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2.5. Jigsaw Puzzles As Cognitive Enrichment (PACE) - The effect of solving jigsaw 

puzzles on global visuospatial cognition in adults 50 years of age and older: Study 

protocol for a randomized controlled trial (Article 5 - Fissler et al., 2017) 

Article 5 is a study protocol article that provided a detailed description of the rationale, the 

methods (including a pre-specified statistical analyses plan), and the limitations of a 

randomized controlled trial on the effects of JP on visuospatial cognition. 

Cognitive intervention research mainly aimed to investigate newly-developed interventions 

that were specifically designed to improve cognition. However, these highly investigated 

intervention programs often have hindering characteristics that prevent their widespread use 

(low intrinsic motivation, high financial costs, and usability issues such as logistic challenges 

of group-based activities, or the need to operate digital devices). In contrast, there is a lack of 

knowledge about cognitive effects of frequently performed leisure activities that do not 

contain these hindering characteristics. As not only efficacy but also amount of practice of an 

activity determines its theoretical potential for healthy cognitive aging, we aimed to close this 

science-practice gap by assessing the effect of JP as an example of a frequently performed, 

unexplored leisure activity. 

In a pre-posttest design, we randomized 100 cognitively healthy adults (� 50 years of age, 

with interest in JP but low recent JP experience) to 5 weeks of JP plus cognitive health 

counseling or to cognitive health counseling alone. We assessed participants� test motivation 

and expectations of cognitive benefits to determine and statistically account for potential 

placebo effects. The primary outcome, visuospatial cognition, was measured through 

averaging eight z-standardized cognitive ability scores (perception, constructional praxis, 

mental rotation, processing speed, flexibility, working memory, reasoning, and episodic 

memory). Secondary outcomes included all measured cognitive abilities, objective and 

subjective measures of daily functioning, as well as three psychological outcomes (general 

self-efficacy, psychological well-being, and perceived stress). In case of positive results, 

future trials with larger sample sizes and longer follow-ups need to be conducted to assess the 

effect of JP on NCD. 

2.6.  Jigsaw puzzling taps multiple cognitive abilities and is a protective factor for 

human cognitive aging (Article 6 - Fissler et al., submitted) 

Not only efficacy but also amount of practice determines an activity�s theoretical potential for 

healthy cognitive aging (Barnes & Yaffe, 2011). As JP is a frequently performed leisure 

activity around the world but its cognitive effects have not been investigated so far, we 

assessed whether JP engages and benefits visuospatial cognition (Article 6). Here, we report 
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the cognitive outcomes of an observational and randomized controlled trial (for a detailed 

study protocol of the randomized controlled trial see Article 5). 

We randomly allocated 100 cognitively healthy adults � 50 years of age or older with interest 

in JP but low recent JP experience � to a 30-day home-based JP intervention (�1h/day) plus 

four sessions of cognitive health counseling (puzzle group), or four sessions of cognitive 

health counseling only (counseling group). Eight visuospatial cognitive abilities were 

measured (perception, constructional praxis, mental rotation, speed, flexibility, working 

memory, reasoning, episodic memory). Global visuospatial cognition represented the primary 

outcome and was calculated by averaging the z-standardized ability scores. We measured JP 

skill with an untrained 40 piece puzzle and lifetime JP experience with a 3-item, retrospective 

self-report questionnaire for the observational study. 

A total of 64 women and 36 men (N = 100) with a mean age of 63 years were randomized to 

both groups with one dropout at posttest. At baseline, JP skill was associated with global 

visuospatial cognition (r = 0.80, p < 0.001) and all measured visuospatial cognitive abilities 

(rs � 0.44, ps < 0.001). In addition, lifetime JP experience was associated with global 

visuospatial cognition even after accounting for other known protective and risk factors of 

cognitive aging (� = 0.34, p < 0.001). The JP group (on average 3589 connected puzzle pieces 

in 49 hours) improved in JP skill in an untrained puzzle (Cohen�s d = 0.38, p < 0.001) but did 

not improve in global visuospatial cognition, compared to the counseling group. However, we 

found a dose-response relationship within the JP group as the amount of JP was related to 

global visuospatial cognitive benefits after accounting for baseline visuospatial cognition (� = 

0.33, p = 0.03). 

These findings indicated that JP taps multiple visuospatial cognitive abilities, lifelong JP is a 

new, modifiable protective factor for visuospatial cognitive aging, even though causality still 

remains an open issue. In addition, the results indicated that 30 days of JP do not induce 

clinically relevant cognitive gains. The dose-response relationship within the JP group 

suggested that long-term studies of JP should be conducted to clarify potential cognitive 

effects of higher amounts of JP. Next to the cognitive demands of JP, other potentially 

effective features of the JP experience-cognition relationship should be clarified, e.g., JP-

induced stress reduction (Mravec, Horvathova, & Padova, 2018). 
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2.7. No evidence that short-term cognitive or physical training programs or lifestyles are 

related to changes in white matter integrity in older adults at risk of dementia (Article 7 

- Fissler et al., 2017) 

Cognitive and physical activities may delay cognitive decline and the onset of dementia 

(Livingston et al., 2017), but the neurobiological correlates of activity-related cognitive 

benefits have not been elucidated so far, especially with regards to the role of WMI 

(Burzynska et al., 2017). Understanding these neurobiological pathways is clinically 

important, as it could pave the way for the personalization of treatments (Cuthbert & Insel, 

2013). For example, individuals with deteriorated WMI could get interventions that target 

specifically their neuronal deficit. Article 7 investigated in older adults at risk of dementia 

whether WMI changes are associated with cognitive and physical training interventions in 

regions deteriorated in aging and AD. Furthermore, we investigated associations between 

WMI changes and self-reported cognitive and physical lifestyles. Finally, we evaluated 

whether changes in WMI underlie activity-related cognitive changes and assessed the 

theoretical potential of cognitive and physical trainings to improve WMI by correlating 

training outcomes with WMI. 

In a pretest, posttest, 3-month follow-up, multicenter, controlled trial, we allocated 47 older 

adults at risk of dementia to a 10-week cognitive training (50 sessions), a physical training (50 

sessions) or a wait-list control group. We assessed cognitive and physical lifestyles in all 

participants with a self-report questionnaire about the number of performed activities in the 

month before study participation (see Article 1). To measure WMI, we computed a composite 

score of diffusion tensor magnet resonance imaging-based fractional anisotropy (FA) of three 

regions of interest (genu of the corpus callosum, fornix, and hippocampal cingulum). We 

measured global cognition, episodic memory, and executive function with composites scores 

based on an extensive battery of neuropsychological tests and a principal component analysis. 

To measure training outcomes, we assessed cognitive training skill and functional physical 

fitness with cognitive training performance and with the Senior Fitness Test (Rikli & Jones, 

2001), respectively. 

We found no associations of cognitive and physical training and lifestyles with WMI changes. 

Cognitive lifestyle was associated with changes in global cognition from pre- to posttest and 

from pretest to the follow-up after 3 months (�s � 0.40, ps � 0.02). These associations 

remained significant after accounting for WMI changes. Finally, both training outcomes were 

related to measures of WMI at baseline. Cognitive training skill was associated with the FA 



� �	����/� ���	������	���
����

&��

�

composite score (rs = 0.68, p = 0.05) and functional physical fitness with fornix FA (r = 0.35, 

p = 0.02). 

Our findings provide no evidence that either short-term cognitive and physical trainings or 

lifestyles are related to WMI changes in regions that are affected in aging and AD in 

individuals at risk of dementia. WMI does not seem to be a relevant neuronal mechanism of 

short-term activity-related cognitive changes as cognitive lifestyle was related to cognitive 

change even after accounting for WMI change. However, the results indicated a theoretical 

potential of cognitive and physical activities to affect WMI as both targeted training outcomes 

(cognitive training skill and functional physical fitness) were related to WMI at baseline (cf. 

proposed methods in Article 4). Consistent with this potential, a recent study found 

improvements in fornix FA through a 6-month dancing intervention (Burzynska et al., 2017). 
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3. Discussion 

3.1. The need for advances in intervention efficacy 

We found that a cognitively and physically active lifestyle was more positively associated 

with cognitive change than respective training interventions (see Article 1). This finding 

supported the assumption that effective features of an active lifestyle have not been fully 

implemented in traditional training interventions that assume cognitive and physical demands 

to be the decisive active ingredients of an active lifestyle. We argued that due to a lack of 

theoretical knowledge, traditional interventions might not be optimally designed. This, in turn, 

might be responsible for the inconclusive findings regarding broad cognitive benefits through 

cognitively and physically demanding interventions (Simons et al., 2016; Young et al., 2015). 

3.2. Theoretical advances in intervention efficacy 

To close the gap between lifestyle-related and intervention-related cognitive benefits (see also 

Article 1), efficacy of interventions might be improved by revealing and implementing 

unknown effective features of an active lifestyle in new interventions. In Articles 2-4, three 

theoretical frameworks were proposed that go beyond traditional assumptions (Lövdén et al., 

2010). Each framework proposed one additional effective feature (see grey column and left 

green column in the model of an activity�s potential for cognitive benefits that is depicted in 

Figure 1). These proposed features include (1) the combination of process-specific cognitive 

demands with high task variability based on the overlapping variability framework, (2) 

temporal proximity of physical and cognitive demands based on the guided plasticity 

facilitation framework, and (3) novel, educationally relevant information that induces skill 

and knowledge acquisition based on the plasticity components framework. 

3.2.1. Overlapping variability framework 

Article 2 proposed that adding high task variability to high process specificity of traditional 

cognitive interventions might improve their efficacy to induce broad cognitive benefits (see 

Article 2 and Figure 1). We reviewed studies that are the empirical basis for the development 

of the overlapping variability framework. Separating process specificity from task specificity 

is important as traditional training interventions use either high process specificity with low 

task variability (e.g., auditory-processing trainings, working memory trainings, or task-

switching trainings) or low process specificity with high task variability (e.g., volunteer work 

with children, social discussions, or multi-domain cognitive trainings). 
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3.2.2. Guided plasticity facilitation framework 

The guided plasticity facilitation framework proposed that adding physical exercise in 

temporal proximity to cognitive training induces synergistic effects as physical exercise may 

�facilitate� the �guiding� effect of cognitive training on plastic changes (see Article 2 and 

Figure 1). It is assumed that physical activity increases the plastic potential by releasing 

neurotrophins such as the brain-derived neurotrophic factor (BDNF, Neeper, Gomez-Pinilla, 

Choi, & Cotman, 1995). BDNF, in turn, facilitates neurogenesis, synaptic transmission, 

synaptic plasticity, and synaptic growth (Lu, Nagappan, Guan, Nathan, & Wren, 2013). 

Exercise-induced blood neurotrophins seem to peak at about one hour after an acute bout of 

exercise, decreasing below baseline levels in the following (Knaepen, Goekint, Heyman, & 
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Meeusen, 2010). Therefore, the exercise-induced facilitation of plasticity may be time 

dependent. Exercise might support the guiding role of cognitive training only if both are 

performed in temporal proximity.      

3.2.3. Plasticity components framework 

The plasticity components framework proposed that adding novel, educationally relevant 

information that induces skill and knowledge acquisition (plasticity of representations) to 

process-specific cognitive demands that induce benefits in cognitive processes (plasticity of 

processes) may yield more beneficial effects on brain health than each approach by itself. 

Selected educational games are well-suited to apply this plasticity components framework 

(see Article 4 and Figure 1). We provided the rationale for this approach, by reviewing effects 

of both educational learning experiences (plasticity of representations) and games with 

process-specific cognitive demands (plasticity of processes) on brain health markers. 

The three theory-based characteristics that are proposed to enhance efficacy of traditional 

training interventions (process-specific cognitive demands combined with high task 

variability, physical demands in its temporal proximity and novel, educationally relevant 

information) may be effective feature of an active lifestyle. This might explain why an active 

lifestyle was more positively related with cognitive change than traditional training 

interventions (see Article 1). 

3.3. Methodological and empirical advances in intervention efficacy 

3.3.1. Broad cognitive benefits of newly-designed, theory-driven interventions 

Next to proposing these three rationales for improving the efficacy of training programs, we 

designed two new intervention programs that incorporated one of these theoretical 

frameworks each. We found evidence for beneficial effects on broad cognitive abilities of 

both interventions. The first intervention was based on the overlapping variability framework. 

In a pilot, randomized controlled trial that combined high task variability with process-

specific cognitive demands in a card and board game-based cognitive intervention, we found 

positive effects on executive control (see Article 2). The second intervention was based on the 

guided plasticity facilitation framework. In a large-scale multi-center, controlled trial that 

combined physical with cognitive training, we found gains in a composite score of cognition 

assessed with episodic memory, working memory, and executive function tests (see Article 

3). These positive effects on broad cognitive abilities indicate that new, theory-driven 

approaches might overcome limited effects of traditional training interventions (see Article 1). 
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3.3.2. A research strategy for the plasticity components framework 

With respect to the third theoretical framework to improve benefits of traditional approaches 

(see Article 4), we proposed a neurocognitive research strategy that depicts how appropriate 

educational games could be selected and evaluated with respect to their neurocognitive 

benefits. Based on the plasticity components framework, the games should provide, first, 

process-specific cognitive demands to induce plasticity of processes, and second, novel, 

educationally relevant information to induce plasticity of representations. In a first step, the 

selection of games should be based on a cognitive task analysis that aims to clarify 

neurocognitive demands of each potential game. In a second step, the demands of these pre-

selected games should be validated with behavioral and/or brain imaging studies that correlate 

gaming skills with cognitive abilities and/or brain imaging markers (see Article 4 for the 

theoretical background, Article 1 and 6 for correlations between skills and abilities, and 

Article 7 for correlations between skills and brain imaging markers). Finally, randomized 

controlled trials need to be conducted to evaluate the effects on neurocognition. 

3.4. Empirical advances in cognitive effects of frequently performed leisure activities 

Assuming dose-responsive effects, both efficacy and amount of practice determine the 

potential of an activity to induce cognitive benefits in the population (see Figure 1, Barnes & 

Yaffe, 2011). Hence, it is surprising that cognitive effects of many frequently performed 

leisure activities have not been investigated in randomized controlled trials so far (with an 

exception of video games, Bediou et al., 2018). Such trials are necessary to reveal whether 

and which of these activities have a causal effect on cognition. To close this science-practice 

gap, we investigated JP as an example of a frequently performed leisure activity that has not 

been investigated so far. Jigsaw puzzling is intrinsically motivating, cost-efficient and 

provides a good usability as it can be executed alone or with others at almost every place, and 

without the need to operate digital devices (see Figure 1, middle row). First, we used the 

behavioral analysis strategy, described in Article 4, to assess the cognitive demands of JP as a 

potential active ingredient (see Article 6). The results indicate that JP recruits multiple 

visuospatial abilities and has the theoretical potential to improve them (including visuospatial 

perception, constructional praxis, mental rotation, processing speed, cognitive flexibility, 

working memory, reasoning, episodic memory). In addition, the association of lifespan JP 

experience with visuospatial cognition indicated that JP over the lifespan is a new, modifiable 

protective factor of visuospatial cognitive aging, even though the question of cause and effect 

has not been clarified so far. We found no evidence for cognitive benefits through a 30-day JP 
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intervention (about 3600 connected pieces in 49 hours) in cognitively healthy adults 50 years 

of age or older. 

3.5. Empirical advances in neurobiological mechanisms of activity-related cognitive 

changes 

We used a brain imaging approach proposed in Article 4 to investigate the theoretical 

potential of cognitive and physical training to improve WMI (see Article 7). We found 

associations of both cognitive and physical training outcomes with measures of WMI 

(association of fornix FA with functional physical fitness and composite FA with cognitive 

training skill). These associations indicate that activity-induced increases in cognitive training 

skill and functional physical fitness have the theoretical potential to improve WMI of the 

targeted tracts. However, in Article 7, we did not find evidence that short-term cognitive or 

physical training interventions and lifestyles positively affected the targeted tracts (see Figure 

1, right column). In sum, changes in WMI do not seem to be a neurobiological correlate of 

short-term lifestyle-related cognitive changes. However, consistent with our findings 

regarding the theoretical potential of cognitive and physical activities to improve WMI, a 

recent 6-month dancing intervention improved the integrity of the fornix (Burzynska et al., 

2017). 

3.6. General implications 

The findings reported in Article 1, 2, 3 and 6 support the importance of early prevention 

against cognitive decline and dementia through an active cognitive and physical lifestyle over 

the whole lifespan and before the onset of NCD: Article 1 showed more positive lifestyle-

related than intervention-related cognitive changes. Article 2 and 3 showed broad cognitive 

gains through a card and board gaming intervention, and through a combined cognitive and 

physical intervention with a trend for reduced cognitive benefits in individuals with more 

severe NCD. Article 6 showed a positive association between JP experience over the lifespan 

and visuospatial cognition. 

Our results also highlight the limits of short-term interventions which are based on the 

assumption that process-specific cognitive and physical demands are decisive to improve 

broad cognitive abilities: Article 1 and 6 did not find evidence regarding cognitive benefits 

through traditional cognitive and physical training interventions and JP. New interventions 

that implement theory-driven features may overcome these limitations: Articles 2 and 3 

provide evidence for broad cognitive benefits through two newly-designed, theory-driven 

interventions. Articles 2-4 proposed that process-specific cognitive demands combined with 
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physical activity in temporal proximity, high task variability, and novel, educationally 

relevant information are important active ingredients.  

Finally, knowledge about neurobiological mechanisms of activity-related cognitive benefits � 

especially with regards to the role of WMI � is still in its infancy and future trials are needed 

to narrow this knowledge gap: Article 7 did not find evidence for short-term lifestyle- and 

intervention-related changes in WMI, but positive associations between cognitive and 

physical training outcomes and WMI indicated a theoretical potential for activity-related 

changes in WMI. 

3.7. Limitations and future perspective 

We provided theoretical, methodological, and empirical advances in 1) improving 

intervention efficacy, 2) cognitive effects of frequently performed leisure activities, and 3) 

exploring neurobiological mechanisms of activity-related cognitive changes. However, the 

studies conducted in this thesis have their limitations. In the following section, these 

limitations are depicted according to the three research areas. In addition, future research 

perspectives that aim to resolve these shortcomings are proposed. 

3.7.1.  Improving intervention efficacy 

The proposed active ingredients of interventions for cognitive benefits are not sufficiently 

validated so far and there is a potential for undiscovered active ingredients. Furthermore, the 

two conducted clinical trials have methodological limitations that implicate a risk of bias such 

as a small sample size in Article 2 and no randomized allocation to groups in Article 3. 

Finally, the conducted studies did not assess the effect on important outcomes such as 

incidence of MCI and dementia. The specific limitations and how these can be overcome in 

future research are depicted in the following.  

3.7.1.1. Revealing active ingredients 

In this thesis, we proposed three theory-driven active ingredients of activity-related cognitive 

benefits (high process-specific demands combined with high task variability; physical activity 

in temporal proximity with cognitive demands; novel, educationally relevant information) and 

showed that two newly-designed interventions that implement these characteristics induce 

broad cognitive benefits (see Articles 2 and 3). However, we did not demonstrate that these 

proposed effective features are decisive for cognitive benefits by systematically manipulating 

only these active ingredients. The proposed temporal proximity-hypothesis of cognitive and 

physical training (see Article 2) was recently investigated in a meta-analysis of combined 
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trainings (Zhu, Yin, Lang, He, & Li, 2016). It concludes that there is some support for larger 

effects when both activity types are conducted simultaneously rather than separately but more 

research is necessary for conclusions (see also Tait, Duckham, Milte, Main, & Daly, 2017 for 

a recent review). In line with Yassine and Schneider (2017), the relevance of the other two 

proposed effective features and potentially undiscovered ones needs to be clarified in future 

studies as well.  

To clarify the role of the proposed active ingredients and of potentially undiscovered effective 

features (a) an interventional approach, (b) a hypothesis-driven observational, and (c) an 

explorative observational research strategy could be applied. In the interventional approach, 

the proposed active ingredients of interventions need to be manipulated systematically. All 

proposed active ingredients of this thesis can be assessed in one five-factorial study design 

with 2 levels each (factor 1: high vs. low process-specific cognitive demands; factor 2: 

physical demands vs no physical demands; factor 3: high vs. low temporal proximity of both 

demands, factor 4: high vs. low cognitive task variability; factor 5: high vs. low amount of 

novel, educationally relevant information). This design is particularly cost-effective, as the 

statistical power to detect an effect of each factor is not dependent on the number of 

investigated factors � i.e., the necessary sample size to detect an effect of each factor with a 

certain statistical power does not increase by increasing the number of investigated features. 

In the hypothesis-driven observational approach, first, instrumental activities of daily living, 

leisure activities, work activities, and educational activities need to be rated with regard to 

each feature that was proposed in this thesis. Second, based on these ratings and on the 

performed activity types, it is possible to estimate the degree to which an individual 

implements the features in his lifestyle. Third, cognitive aging can be predicted by each 

proposed feature to assess its role for healthy cognitive aging (cf. Then et al., 2013). This 

observational approach can also elucidate the role of other theory-driven effective features 

that were not subject of this thesis such as the potential of an activity to reduce stress (Mravec 

et al., 2018). 

In an explorative observational approach, new active ingredients of activities can be detected 

by using large data bases that already rated activities with regard to multiple features. For 

example, the Occupational Information Network database (https://www.onetonline.org/) 

provides ratings on thousands of features with regard to almost 1,000 different occupations 

that cover the whole U.S. economy. By the exploration of job characteristics that are 
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associated with cognitive aging and dementia, new active ingredients of activities could be 

detected that might increase the efficacy of future interventions. 

3.7.1.2. Reducing risk of bias in interpreting intervention effects on cognition 

We found broad cognitive benefits of a newly-designed card and board game-based 

intervention (see Article 2). However, this was a pilot study with a small sample (N = 17). A 

small sample size implies large confidence intervals, or in other words, biased estimates of the 

intervention�s true effect size. Therefore, this study needs replication in a large-scale 

randomized controlled trial. In addition, we found that a combined cognitive and physical 

training induced broad cognitive benefits, compared to a control group (see Article 3). 

However, participants in the study were not randomly allocated to either intervention group or 

control group as a result of logistic issues. To receive an unbiased estimate of the true effect 

size, the study needs replication in a randomized controlled trial. 

3.7.1.3. Revealing effects on incidence of neurocognitive disorders 

In Articles 2 and 3, we found intervention-induced broad cognitive benefits immediately after 

the intervention. However, we do not know whether these benefits lead to a reduced risk of 

NCD (MCI or dementia) in the long run and whether long-term interventions are necessary to 

induce such a risk reduction. Currently, there is not a single randomized controlled trial that 

provided evidence for a reduced risk of dementia through physical training. In addition, only 

one recently published trial suggested a reduced risk of dementia through a cognitive training 

program (Edwards et al., 2017). Unfortunately, however, this trial did not define dementia by 

a clinical diagnosis and the applied dementia criteria had their shortcomings (e.g., low 

sensitivity to detect dementia, low overlap between different criteria, high structural similarity 

between cognitive training tasks and criterion tests). With respect to this lack of research, 

large-scale studies that assess the incidence of NCD after long-term interventions with 

extended follow-up periods are of upmost importance. In line with Article 2 and 3, it has been 

suggested that multimodal interventions (e.g., combined cognitive and physical interventions) 

are needed to effectively prevent a multi-causal disorder like dementia (Ngandu et al., 2015). 

Such multimodal large-scale projects for the prevention of NCD have been launched (Carrie 

et al., 2012; Kivipelto et al., 2013; The Lancet Neurology, 2017). First results suggested that 

multimodal interventions, which include cognitive and physical activity, have the potential to 

prevent cognitive decline after two years (Ngandu et al., 2015) and after three years (Yassine 

& Schneider, 2017). However, effect sizes were very small to small (Cohen�s d < 0.2). Longer 
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follow-up periods are planned in the mentioned studies to investigate potential effects on 

incidence of dementia. 

3.7.2. Cognitive effects of frequently performed leisure activities 

We investigated JP as an example of a frequently performed, scientifically unexplored leisure 

activity. However, there are many more frequently performed leisure activities that have not 

been investigated in high quality, large-scale randomized controlled trials so far. These 

activities include, for example, playing card and board games (cf. Article 2), crossword 

puzzling (cf. Hardy et al., 2015), reading books (cf. Kawashima et al., 2005), playing musical 

instruments (cf. Balbag, Pedersen, & Gatz, 2014), speaking and learning foreign languages 

(cf. Mårtensson & Lövdén, 2011), doing arts, dancing (cf. Kattenstroth, Kalisch, Holt, 

Tegenthoff, & Dinse, 2013), and yoga (cf. Gothe, Kramer, & McAuley, 2014). This 

knowledge gap needs to be closed, as the potential of an activity to prevent cognitive decline 

depends not only on its efficacy but also on its amount of practice, if dose-responsive effects 

are assumed (see Figure 1 and Livingston et al., 2017). 

In a first step, frequently performed leisure activities should be rated regarding characteristics 

that potentially support healthy cognitive aging (cf. with Table A1 of Article 1). Furthermore, 

cognitive task analysis could be used to filter relevant leisure activities according to their 

cognitive demands and other potentially active ingredients (see Article 4). For empirical 

evidence about activity-related cognitive demands, studies need to assess the correlation 

between performance in the respective leisure activity, on the one hand, and 

neuropsychological tests or brain imaging markers, on the other hand (see Articles 4, 6 and 7). 

Thereby, the theoretical potential for transfer effects can be estimated (Baniqued et al., 2013; 

Jaeggi et al., 2010; Rode, Robson, Purviance, Geary, & Mayr, 2014). After identifying 

frequently performed leisure activities with a theoretical potential to induce cognitive 

benefits, high-quality, randomized controlled studies should be conducted. 

3.7.3. Exploring neurobiological correlates of activity-related cognitive benefits 

In Article 7, we used regions-of-interest analyses instead of whole-brain analyses to assess 

activity-related changes in WMI. By using this approach, WMI changes in other regions 

cannot be detected. However, we were specifically interested in the investigated tracts as they 

are known to be affected in aging and AD. In addition, a region-of-interest approach has the 

advantage of a low number of statistical comparisons. It limits the problem of alpha inflation 

of whole-brain analyses, which is particularly important in studies with limited sample sizes. 

Next to the unexplored white matter tracts, other neurobiological correlates, which were not in 
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the focus of this study, might mediate activity-related cognitive changes (for reviews see 

Constantinidis & Klingberg, 2016; Hillman, Erickson, & Kramer, 2008). For example, there 

is some evidence that increases in BDNF (Erickson et al., 2011; Leckie et al., 2014; 

Vaynman, Ying, & Gomez Pinilla, 2004), hippocampal volume (Erickson et al., 2011), and 

prefrontal cortex volume (Weinstein et al., 2012) mediated the effects of exercise on 

cognition. Similarly, increases in BDNF (Vinogradov et al., 2009), hippocampal volume 

(Valenzuela, Sachdev, Wen, Chen, & Brodaty, 2008), and prefrontal grey matter volume 

(Kühn, Gleich, Lorenz, Lindenberger, & Gallinat, 2013) were related to engagement in 

cognitively demanding activities. In addition, some findings indicated that cognitive and 

physical activity reduced Alzheimer�s pathology (Bennett, Arnold, Valenzuela, Brayne, & 

Schneider, 2014; Head et al., 2012; Landau et al., 2012). However, the understanding of the 

neurobiological correlates of activity-related cognitive benefits is still in its infancy and initial 

findings need replication (Ten Brinke et al., 2017). Furthermore, other largely unexplored 

biological correlates such as mitochondrial function, oxidative stress, and inflammation may 

play a role and should be investigated in future studies (Mravec et al., 2018). 

3.8. Conclusion 

In this thesis, it was suggested that traditional cognitive and physical training interventions 

did not sufficiently implement the effective features of lifestyle-related cognitive benefits. 

Next, three theoretical frameworks to improve the efficacy of training interventions were 

proposed. Based on these frameworks, two intervention programs were newly designed and 

positively evaluated. Additionally, a cost-efficient method to determine an activity�s 

theoretical potential for neurocognitive benefits was suggested. Moreover, the cognitive 

demands and effects of JP as an example of a frequently performed, scientifically unexplored 

leisure activity were demonstrated. Finally, light was shed on the role of WMI as a potential 

neuronal correlate of activity-related cognitive changes. In summary, this thesis presented 

original research, review, perspective, and study protocol articles that advanced theory, 

methods and empirical findings regarding intervention efficacy, frequently performed, 

unexplored leisure activities, and neurobiological correlates of activity-related cognitive 

changes.  
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Cognitive change is more positively
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Abstract

Background: While observational studies show that an active lifestyle including cognitive, physical, and social activities

is associated with a reduced risk of cognitive decline and dementia, experimental evidence from corresponding

training interventions is more inconsistent with less pronounced effects. The aim of this study was to evaluate

and compare training- and lifestyle-related changes in cognition. This is the first study investigating these

associations within the same time period and sample.

Methods: Fifty-four older adults at risk of dementia were assigned to 10 weeks of physical training, cognitive training, or

a matched wait-list control condition. Lifestyle was operationalized as the variety of self-reported cognitive, physical, and

social activities before study participation. Cognitive performance was assessed with an extensive test battery prior to and

after the intervention period as well as at a 3-month follow-up. Composite cognition measures were obtained by means

of a principal component analysis. Training- and lifestyle-related changes in cognition were analyzed using linear mixed

effects models. The strength of their association was compared with paired t-tests.

Results: Neither training intervention improved global cognition in comparison to the control group (p= .08). In contrast,

self-reported lifestyle was positively associated with benefits in global cognition (p < .001) and specifically in memory

(p < .001). Moreover, the association of an active lifestyle with cognitive change was significantly stronger than the

benefits of the training interventions with respect to global cognition (ps < .001) and memory (ps < .001).

Conclusions: The associations of an active lifestyle with cognitive change over time in a dementia risk group were

stronger than the effects of short-term, specific training interventions. An active lifestyle may differ from training

interventions in dosage and variety of activities as well as intrinsic motivation and enjoyment. These factors

might be crucial for designing novel interventions, which are more efficient than currently available training

interventions.

Trial registration: ClinicalTrials.gov Identifier NCT01061489. Registered February 2, 2010.

Keywords: Mild cognitive impairment, Alzheimer’s disease, Activity, Active lifestyle, Cognition, Training, Exercise

Abbreviations: CT, Cognitive training; MMSE, Mini-Mental State Examination; PT, Physical training; WLC, Wait-list

control

* Correspondence: olivia.kuester@uni-ulm.de
1Clinical and Biological Psychology, Institute of Psychology and Education,

Ulm University, 89081 Ulm, Germany

Full list of author information is available at the end of the article

© 2016 The Author(s). Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Küster et al. BMC Psychiatry  (2016) 16:315 

DOI 10.1186/s12888-016-1018-z



Background
With increasing life expectancy, prevention and treat-

ment of cognitive decline and dementia becomes a major

topic in the debate on successful aging. In observational

studies, an active lifestyle has been identified as a protect-

ive factor against cognitive decline and dementia [1, 2]. In-

dividuals who reported high levels of physical [3] or

cognitive activity [4] had a substantially reduced risk of

cognitive impairment of 38 to 50 % in comparison to

sedentary individuals. Interestingly, the accumulated

leisure time spent with activities per week seems to be

less important than the number of different physical

[5, 6] or cognitive activities [7]. Furthermore, engage-

ment in multiple activity domains (social, cognitive,

physical) seems to be particularly beneficial to prevent

cognitive decline [8, 9].

However, experimental trials with physical or cognitive

training interventions are needed to make inferences

about the causality of effects. In comparison to the re-

sults of the observational studies, interventional trials

yielded smaller and more inconsistent effects: With re-

gard to physical training, some studies reported cogni-

tive improvements after training interventions in healthy

older adults [10, 11], adults with elevated risk of Alzhei-

mer’s disease [12, 13] or older adults with dementia [14],

while other studies failed to find beneficial effects [15–17].

A number of meta-analyses over the past decade have

helped to clarify the literature that has examined physical

training effects on measures of cognition [18–22]. In

general, these meta-analyses have found modest effect

sizes for this relationship. For instance, Smith et al. [20]

reported small effects sizes on different cognitive domains

(Hedges g between 0.12 and 0.16). As to cognitive training,

beneficial effects on cognition have been reported [23].

However, the applied training tasks were often quite simi-

lar to the outcome measures in the studies, and training

effects were restricted to the trained domain [23, 24].

There is an intensive debate on the extent to which

improvements through training generalize to broader cog-

nitive constructs, and especially to everyday cognitive

functioning [25–27]. Lately, a novel cognitive training ap-

proach was developed, based on principles of neuroplas-

ticity [28]. This approach focusses on the training of

auditory discrimination abilities and working memory

[29, 30]. Mahncke and colleagues could demonstrate

that verbal memory performance increased in healthy

older adults after 8 to 10 weeks of training with this

program [31, 32]. However, in participants at risk of de-

mentia, this training program yielded inconsistent re-

sults [16, 33, 34].

In summary, there are beneficial effects of training in-

terventions on cognition, although they appear to be

less pronounced than associations of activity with cog-

nitive change in observational studies. The gap between

promising observational evidence, demonstrating sub-

stantial cognitive benefits of physical and cognitive ac-

tivities, and more equivocal results from interventions

may result from differing characteristics of the investi-

gated activities in observational and interventional studies,

for example, differences in duration, variety, multimodal-

ity, or intrinsic motivation and enjoyment of the activities.

The studies are however difficult to compare, as the obser-

vation periods are entirely different. Prospective studies

often apply a time frame of several years, while interven-

tions in the experimental studies rarely last longer than

several weeks or months. This is the first study, which dir-

ectly compares training- and lifestyle-related changes in

cognition within the same sample and time period.

The first objective of this study was to evaluate inter-

vention effects on cognition, while considering lifestyle-

related changes in cognition. We applied a cognitive and

a physical training program in a sample of older adults

with memory complaints. To date, there is only a small

number of studies with inconsistent results in this popula-

tion at risk. The second, exploratory aim was to compare

the training- and lifestyle-related changes in cognition.

Lifestyle was defined in terms of the number of self-

reported activities in the month before study participation.

Thus, the focus is laid on the variety of activities, rather

than their intensity or dosage. To our knowledge, this is

the first study which compares training- and lifestyle-

related changes in cognition within the same set of partici-

pants and the same time period.

Methods
Participants

The study adheres to CONSORT guidelines. The study

was conducted between 2009 and 2013 at two study sites

in Germany, the University of Konstanz and the Univer-

sity of Ulm. Subjects were recruited in the memory

clinics of the University Hospital Ulm and of the Reiche-

nau Psychiatry Center in Konstanz and via newspaper

articles, flyers, and informative meetings at both study

sites. One hundred twenty-two older adults were screened

for eligibility. We included individuals aged 55 years or

older with subjective memory complaints and objective or

clinically apparent memory impairment, vision and hear-

ing adjusted to normal, and fluency in German language.

Exclusion criteria were a history of severe psychiatric or

neurologic disorders, a moderate or severe stage of de-

mentia (Mini-Mental State Examination [MMSE] < 201),

changes in antidementive or antidepressive medication

within 3 months prior to study initiation, or physical con-

ditions which would prevent a participation in the physical

training program (see Fig. 1). Sixty-five participants2 were

enrolled into the intervention study. Due to dropouts, the

data of 54 subjects were analyzed with a mean age of

71.4 years (SD = 5.9 years, range 60–88 years), of whom
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16 had been allocated to the cognitive training group

(CT), 18 to the physical training group (PT), and 20 to

the wait-list control group (WLC). The three groups

(CT, PT, WLC) did not differ significantly in socio-

demographic variables, medication, cognitive perform-

ance, or baseline lifestyle activity (see Table 1). Lifestyle

was not significantly correlated to cognition at baseline

(see Table 2).

Procedure

Participants were screened for eligibility and socio-

demographic data were assessed. Cognitive tests were

performed with eligible subjects at a pre-test within one

or two appointments. In addition, lifestyle was assessed

in all participants at this time-point. Subsequently, the

participants were allocated to the three groups (CT, PT,

and WLC). Due to logistic issues, a randomized alloca-

tion to the groups was not feasible. To avoid a selection

bias, the groups were matched on age, education, gender

and cognitive status (MMSE). The PT intervention, car-

ried out in small groups, required five to ten participants

at a time when starting a new training group. At these

time-points, all participants who had currently finished

the screening and were included in the study were allo-

cated to the PT group until the required number of par-

ticipants was reached. In the following time periods the

participants were allocated to the CT and WLC group

using a minimization approach, in order to minimize

differences in age, gender, education and cognitive status

(MMSE) between the groups.

The training sessions or waiting period started 1 to

4 weeks after the pre-test and lasted 10 weeks (see

Fig. 2). Training duration was in accordance with typ-

ical durations of the applied cognitive training program

[31, 32]. After the last training session the post-test was

arranged. Time intervals between pre- and post-tests

were similar in the WLC group. A follow-up assess-

ment was carried out after another 3 months. Post-test

and follow-up included the same cognitive tests as the

pre-test plus a short questionnaire on the feasibility of

the training programs. The investigators who con-

ducted the neuropsychological assessment were blinded

to the subjects’ group assignments. This was not always

maintained due to participant disclosure.

Assessed for eligibility (n = 122)

Enrollment

Allocation

Posttest

Analysis 

(Add. material)

Not evaluated at posttest due to
Major medication changes (n = 0)
Adverse event (n = 0)
Withdrawal (n = 2)
Deviation from study design (n = 1)

Cognitive training

(n = 19)

Analyzed – follow up (n = 8)

Physical training

(n = 21)

Not evaluated at posttest due to
Major medication changes (n = 0)
Adverse event (n = 2)
Withdrawal (n = 1)
Deviation from study design (n = 0)

Analyzed – follow up (n = 13)

Wait-list control 

(n = 25)

Not evaluated at posttest due to
Major medication changes (n = 1)
Adverse event (n = 3)
Withdrawal (n = 1)
Deviation from study design (n = 0)

Analyzed – follow up (n = 13)

Follow-upDid not return to follow-up
(n = 8)

Did not return to follow-up
(n = 5)

Did not return to follow-up
(n = 7)

Inclusion into training study
(n = 65)

Excluded from training study (n = 57) due to
No cognitive impairment (n = 23)
MMSE < 20 (n = 3)
Age < 55 years (n = 3)
Severe psychiatric disorder (n = 4)
Severe neurologic disorder (n = 2)
Physical impairment (n = 8)
Severe hearing / visual impairment (n = 1)
Unknown reason (n = 8)
Refused (n = 5)

Analyzed – post (n = 16) Analyzed – post (n = 18) Analyzed – post (n = 20) Analysis

Fig. 1 Flow of participants from screening to completion of the follow-up. Results regarding the follow-up are included in the Additional file 1
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Training interventions

Cognitive training

Participants performed 1 h training sessions five times

per week for 10 weeks. Apart from one to two guided

sessions in the beginning of the study, the training was

performed at the participants’ homes individually. Every

other week the participants were contacted via telephone

to ensure performance and compliance. In some cases,

family members of the participants were additionally

instructed to supervise the training sessions at home.

The computer-based training program was developed by

the Posit Science Corporation (San Francisco, CA) and

adapted and translated into German in cooperation with

Posit Science. The training consisted of six different tasks

which target the auditory discrimination of frequencies

and syllables as well as working memory processes (for de-

tails see [32]). One of the original tasks (“listen and do”)

was substituted by a task which targeted the frequency

discrimination of sounds (“frequency discrimination”), as

a translation of the original task into German would have

been too complex. The training was programmed in a way

that some of the tasks were executed more often than

others and that the order of the tasks varied in each ses-

sion. Within each task the difficulty of the auditory and

working-memory elements was adapted on the basis of

the participant’s performance. Correct answers were rein-

forced by specific sounds and the uncovering of a picture.

Performance in the training tasks was assessed in each

session. To evaluate improvements within the training,

the scores of the third session and the last session were

used for each of the four most frequently executed tasks

(“high or low”, “tell us apart”, “sound replay”, and “match

it”), as measures of beginning and final training perform-

ance, respectively (see Additional file 1).

Physical training

The PT was carried out in groups of five to ten partici-

pants. The groups attended 1 h training sessions twice a

week for 10 weeks. In addition, homework sessions of

around 20 min were completed three times a week at

home. Homework sessions were documented by the par-

ticipants and regularly checked by the instructors. We

aimed to provide a program that can be carried out by

older adults (without major walking disabilities) at home

and that does not require much additional equipment or

medical check-ups. The training program was therefore

adapted from a program which previously yielded small,

but positive effects in frail nursing home residents with

dementia [14]. Besides endurance training, it also in-

cluded coordination, balance, flexibility, and strengthen-

ing elements in order to keep participants motivated

during the intervention. In each session these elements

Table 1 Demographic and lifestyle characteristics and baseline cognitive performance within the three intervention groups

Variable CT (n = 16) PT (n = 18) WLC (n = 20) Statistic p

Age: M (SD) 70.2 (5.8) 73.7 (6.2) 70.3 (5.5) F (2,51) = 2.11 0.13

Gender: male / female 8 / 8 6 / 12 10 / 10 χ
2(2) = 1.35 0.51

Education in years: M (SD) 13.3 (4.0) 14.2 (3.0) 15.2 (3.7) F(2,51) = 1.18 0.32

MMSE: M (SD) 27.8 (2.6) 27.8 (1.7) 28.2 (2.2) F(2,51) = 0.14 0.87

WST z-score: M (SD) 0.64 (0.57) 0.69 (0.96) 1.01 (0.92) F(2,51) = 1.07 0.35

Global cognition: M (SD) 0.08 (0.64) 0.04 (0.62) -0.10 (0.82) F(2,51) = 0.33 0.72

Memory: M (SD) -0.02 (0.83) 0.16 (0.67) -0.11 (0.98) F(2,51) = 0.48 0.62

Attention / executive functions: M (SD) 0.19 (0.64) -0.08 (0.75) -0.08 (0.78) F(2,51) = 0.75 0.48

Number of reported activities: M (SD) 8.4 (3.4) 8.7 (2.5) 9.3 (2.5) F(2,49) = 0.39 0.68

Variety of activitiesa: M (SD) 0.27 (0.13) 0.28 (0.09) 0.30 (0.09) F(2,49) = 0.60 0.55

Antidementive medication: no / yes 11 / 5 17 / 1 18 / 2 χ
2(4) = 5.80 0.21

Antidepressants: no / yes 15 / 1 18 / 0 19 / 1 χ
2(2) = 1.08 0.58

Depicted are means (M) and standard deviations (SD) in parentheses

CT Cognitive training group, PT Physical training group, WLC Wait-list control group, MMSE Mini-Mental State Examination, WST German vocabulary test as a

measure for premorbid intelligence, dementia probable dementia
aAverage score of physical, cognitive, and social activities domain scores, which represent the proportion of performed activities in relation to the possible

number of activities in the respective domain

Table 2 Associations of lifestyle with demographic variables

and cognition at baseline

Variable r p

Age -0.18 0.21

Education in years 0.48 <0.001

MMSE 0.22 0.13

WST z-score 0.40 <0.001

Global cognition 0.23 0.11

Memory 0.17 0.23

Attention / executive functions 0.24 0.08

MMSE Mini-Mental State Examination, WST German vocabulary test as a

measure for premorbid intelligence
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were integrated into an imaginary journey. The difficulty

of the physical training was adapted individually by two

instructors.

Wait-list control

Participants of the WLC group did not receive any inter-

vention but were asked to continue their daily routine as

usual and were offered to take part in one of the training

programs after their study participation.

Assessment of lifestyle

Physical, cognitive, and social activity are major protect-

ive lifestyle factors of dementia [35]. We thus operation-

alized lifestyle in this study by the amount of activity

performed before study participation. By this means, the

lifestyle measure and the training procedures were com-

parable in their nature, as both focused on (physical and

cognitive) activity.

The Community Healthy Activities Model Program for

Seniors Physical Activity Questionnaire for Older Adults

[36] was used to assess lifestyle in all participants at pre-

test. The questionnaire assesses frequency and duration

of 40 different physical, cognitive, and social activities of

a typical week within the previous 4 weeks. The ques-

tionnaire is valid for measuring physical activity [37], but

also assesses a large number of social and cognitive ac-

tivities. The activities were categorized into physical,

cognitive, and social activity domains by three of the au-

thors and an independent sample of older adults, with

comparable results (see Additional file 1). Lifestyle was

defined as the variety of reported activities. A domain

score for each activity domain was built, reflecting the

percentage of performed, domain-specific activities in

relation to the possible number of activities in this do-

main. The three domain scores were averaged to one

score, in order to represent the overall variety of activ-

ities, as the lifestyle measure.

Cognitive assessment

A wide set of cognitive functions sensitive to age-related

cognitive decline and dementia with different item-

difficulty was assessed. Participants completed German

versions of the MMSE [38], the Alzheimer’s Disease As-

sessment Scale – cognitive subscale [39], the test battery

of the Consortium to Establish a Registry for Alzheimer’s

Disease (without word list encoding, recall, and recogni-

tion) [40], the subtests digit span and digit-symbol-

coding of the Wechsler Adult Intelligence Scale [41],

and the working-memory subtest of the Everyday Cog-

nition Battery [42]. In addition, an adapted German ver-

sion of the California Verbal Learning Test (J. Ilmberger:

Münchner Verbaler Gedächtnistest MVGT [ Munich

verbal memory test], unpublished) was conducted. The

Geriatric Depression Scale-15 (German short version)

[43, 44] served as a measure for depressive symptoms to

exclude participants with severe depression. A test of vo-

cabulary (German: Wortschatztest) [45] was used to esti-

mate the premorbid (crystallized) intelligence level.

To assess latent cognitive function scores, a principal

component analysis was performed (see Additional file 1).

In short, two components were extracted, one represent-

ing memory, the other representing attention / executive

functions. Variables were z-standardized using means and

standard deviations of the pre-test data. The two com-

ponent scores represent the weighted average of those

standardized variables with loadings of at least aij = .40 on

the respective component (see Fig. 3). In addition, a global

cognition score was built as the average of the two com-

ponent scores and was used as the primary outcome3.

Additional measures

At post-test, feasibility of the training programs was

assessed with a short, self-constructed questionnaire.

This questionnaire included an item on enjoyment and

motivation associated with the training programs, in

which the experienced enjoyment and motivation was

rated on a 5-point rating scale.

Statistical analyses

R version 3.1.2 [46] was used for statistical analyses.

Baseline group differences were evaluated with one-way

analyses of variance and χ
2-tests for continuous and

Assessment of
Lifestyle

Cognitive
Assessment

Pre-test

0
-

4
w

e
e

k
s

10 weeks

0
-

4
w

e
e

k
s

3 monthsPost-test Follow-up

Cognitive
Assessment

Enjoyment and
Motivation 
regarding
Training

Cognitive
Assessment

Physical
Training

Cognitive
Training

Wait-List 
Control

No
Intervention

Fig. 2 Study procedure. Participants underwent a pre-test, including the assessment of lifestyle and of cognitive measures. Participants were then

assigned to one of three training groups, which started up to 4 weeks after the pre-test. Up to 4 weeks after the last training session, the post-test was

arranged. A follow-up was conducted after further 3 months
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categorical variables, respectively. Correlations were cal-

culated as Pearson product-moment correlations.

To investigate effects of the training interventions on

cognition and associations of lifestyle with cognitive

change, linear mixed effect models were conducted,

using the nlme package 3.1.119 [47] in R. Global cogni-

tion was modelled with Group (contrasts CT vs. WLC

and PT vs. WLC) × Time (pre vs. post) + Lifestyle (con-

tinuous) × Time as fixed effects in the same model and

Subject as random intercept. Effects of training on cog-

nition were indicated by significant Group × Time in-

teractions, while associations of lifestyle with cognitive

change over time were indicated by significant Life-

style × Time interactions. The second aim was to com-

pare the strength of association between cognitive

change and training on the one hand and between

cognitive change and lifestyle on the other hand. We

therefore performed paired t-tests to compare the non-

standardized b-coefficients of the Lifestyle × Time inter-

action with the ones of the contrasts (CT group vs. WLC

group) × Time and (PT group vs. WLC group) × Time in

the models.

For all models the normality distribution of the model

residuals was assessed with quantile-quantile plots of the

residuals and Shapiro-Wilk normality tests. The power

to find small effects (f = 0.10) in the linear mixed effects

models with α = 0.05 was calculated for the sample size

of N = 54 with three groups and two time-points. Due to

a high retest reliability of the cognitive composite scores

(r ≥ .90, see Additional file 1), the calculated power was

high (1 – β = .82).

Further exploratory analyses can be found in the

Additional file 1: First, the stability of significant train-

ing effects was evaluated by the inclusion of the follow-

up as a third time-point into the analysis. In addition,

per protocol analyses were performed for the main out-

comes (global cognition and composite scores), includ-

ing only participants who completed at least 75 % of

the training sessions and WLC participants (n = 48), to

account for potential influences of training adherence.

Furthermore, the Lifestyle × Time interaction was also

evaluated for the three activity domain scores for var-

iety of physical, of cognitive, and of social activities as

lifestyle measures. Last, improvements in the CT pro-

gram were analyzed with paired t-tests within the

respective training group and correlations between

change in training task performance and change in cog-

nition were calculated. For improvements within the

training program Cohen’s d was calculated as measure

of effect size.

Phonematic fluency

Digit span forward

TMT A

TMT B

Digit span backward

Digit-symbol-coding

Semantic fluency

MVGT long delayed free recall

MVGT encoding

ADAS free recall

ECB computation span

Component 1:
Attentional and

executive functions

Component 2:
Memory functions

.80

.74

.73

.72

.71

.56

.44

.40

.49

.94

.90

.58

.47

Fig. 3 Results of the principal component analysis of cognitive measures. Two components were extracted, representing attention / executive

functions (component 1) and memory (component 2). All weightings of at least aij = .40 are depicted. TMT A – Trail Making Test part A,

TMT B – Trail Making Test part B, ECB – Everyday Cognition Battery, MVGT – Munich verbal memory test (adaptation of the California

Verbal Memory Test), ADAS – Alzheimer’s Diseases Assessment Scale
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Results
Training time intervals and attendance

The training sessions or waiting period started 1 to 4 weeks

after the pre-test (CT: M = 15.1 days, SD = 17.6 days, PT:

M = 14.6 days, SD = 20.5 days) and lasted 10 weeks. One to

four weeks after the last training session (CT: M = 5.0 days,

SD = 8.4 days, PT: M = 13.2 days, SD = 10.2 days) the

post-test was arranged. Time intervals between pre-

and post-tests were similar in the WLC group (M =

16.1 weeks, SD = 5.6 weeks). The follow-up assessment was

carried out after another 3 months (CT: M = 10.0 weeks,

SD = 2.7 weeks, PT: M = 11.3 weeks, SD = 4.7 weeks, WLC:

M = 15.7 weeks, SD = 13.5 weeks).

The participants in the cognitive training completed on

average 49.89 sessions (SD = 7.56, range 25–55) of training.

In the physical training group, the participants attended

on average 15.41 group sessions (SD = 2.65, range 9–20).

Most participants of the two training groups rated the

training interventions as good or very good with regard to

enjoyment and motivation (70 %, n = 19). Harms or unin-

tended effects were not observed.

Training- and lifestyle-related changes in cognition

There were significant main effects of Time, F(1,48) =

56.33, p < .001, and of Lifestyle, F(1,48) = 6.07, p = .02,

on global cognition. Furthermore, the Lifestyle × Time

interaction was significant, F(1,48) = 18.77, p < .001

(see Fig. 4), while the Group × Time interaction did

not reach significance, F(2,48) = 2.64, p = .08.

The same pattern arose when modeling memory, with

significant main effects of Time, F(1, 48) = 28.18, p < .001,

and of Lifestyle, F(1,48) = 5.32, p = .03, as well as a signifi-

cant Lifestyle × Time interaction, F(1,48) = 23.88, p < .001

(see Fig. 5). For modeling attention / executive functions,

only the main effects of Time, F(1,48) = 19.28, p < .001,

and of Lifestyle, F(1,48) = 4.57, p = .04, were significant,

but no interaction effects.

Accounting for age, education, and cognitive status

(MMSE) did not alter the results. For interaction effects

on single cognitive test outcomes see Table 3.

Comparison of lifestyle and training associations

The Lifestyle × Time interaction, b = 1.40, was significantly

larger than the one of (CT vs. WLC) × Time, b = -0.05,

t(48) = 4.50, p < .001, or the one of (PT vs. WLC) × Time,

b = -0.13, t(48) = 4.74, p < .001, in the model of global cog-

nition. Likewise, the Lifestyle × Time interaction, b = 2.68,

was significantly larger than the one of (CT vs. WLC) ×

Time, b = 0.02, t(48) = 4.89, p < .001, or the one of (PT vs.

WLC) × Time, b = -0.17, t(48) = 5.18, p < .001, in modeling

the memory composite score. There was no significant

difference between the b-coefficient of the Lifestyle ×

Time interaction, b = 0.13, and the ones of (CT vs.

WLC) × Time, b = -0.11, t(48) = 0.50, p = .31, or (PT vs.

Fig. 4 Global cognition as a function of lifestyle and time. Lifestyle

was measured as variety of reported activities. For illustration

purposes, the global cognition scores are depicted for individuals

with a more active lifestyle (i.e., activity variety above median) versus

individuals with a less active lifestyle (i.e., activity variety below

median), at pre- and post-test. The median activity variety was 0.30.

Error bars represent standard errors of the mean

Fig. 5 Memory as a function of lifestyle and time. Lifestyle was

measured as variety of reported activities. The memory composite

scores are depicted for individuals with a more active lifestyle

(i.e., activity variety above median) versus individuals with a less

active lifestyle (i.e., activity variety below median), at pre- and

post-test. The median activity variety was 0.30. Error bars represent

standard errors of the mean
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WLC) × Time, b = -0.10, t(48) = 0.48, p = .32, in the

model of attention / executive functions.

Discussion

We investigated effects of cognitive and physical training

on cognition, in the context of lifestyle-related changes

in cognition. In addition, we compared the strength of

association between cognitive change and training on

the one hand, and between cognitive change and lifestyle

on the other hand. Neither the PT nor the CT group

improved in global cognition after 10 weeks of training

compared to the WLC condition. In contrast, the self-

reported lifestyle, defined as the variety of regular leisure

activities (i.e., the number of different activities) in a

typical week before study participation, was associated

with changes in global cognition over the same period.

Individuals with a more active lifestyle demonstrated a

favorable change in cognitive performance during the

study period compared to individuals with a less active

lifestyle. This association was irrespective of the inter-

vention group to which the participants had been

assigned. Moreover, the association of lifestyle with cog-

nitive change was significantly stronger than the associ-

ation of training with cognitive change. Accounting for

cognitive status, age, and education did not affect the

lifestyle associations, implicating that influences of these

covariates on the lifestyle-related changes in cognition

are unlikely.

Unexpectedly, we did not observe any cognitive be-

nefits of the cognitive and physical training programs.

Previous research has also produced mixed results re-

garding training outcomes [16, 20]. Several factors may

influence effects of training on cognition, such as the na-

ture of the training programs. We applied a multimodal

Table 3 Training- and lifestyle-related changes in cognition from pre- to post-test

Difference Post-Pre [95 % CI] Group × Time Lifestyle × Time

Outcome measure CT (n = 16) PT (n = 18) WLC (n = 20) F statistic p F statistic p

Global cognition 0.20 [0.03–0.37] 0.16 [0.01–0.30] 0.32 [0.22–0.43] F(2,48) = 2.64 0.08 F(1,48) = 18.77 <0.001

Memory 0.34 [0.11–0.57] 0.15 [-0.10–0.40] 0.38 [0.19–0.58] F(2,48) = 1.78 0.18 F(1,48) = 23.88 <0.001

Attention / executive functions 0.06 [-0.20–0.31] 0.16 [-0.03–0.36] 0.27 [0.11–0.42] F(2,48) = 0.66 0.52 F(1,48) = 0.07 0.79

ADAS free recall -0.34 [-0.89–0.22] 0.15 [-0.36–0.66] -0.08 [-0.61–0.45] F(2,48) = 1.33 0.27 F(1,48) = 2.47 0.12

ADAS recognition 0.00 [-1.13–1.13] -0.44 [-1.27–0.38] 0.25 [-0.55–1.05] F(2,47) = 0.71 0.50 F(1,47) = 1.06 0.31

ADAS orientation 0.00 [-0.48–0.48] 0.22 [-0.14–0.59] 0.10 [-0.11–0.31] F(2,48) = 0.42 0.66 F(1,48) = 0.00 0.96

ADAS imagination -0.19 [-0.48–0.1] 0.17 [-0.43–0.76] -0.15 [-0.32–0.02] F(2,48) = 0.93 0.40 F(1,48) = 0.38 0.54

ADAS naming -0.12 [-0.55–0.3] 0.00 [-0.17–0.17] 0.00 [0.00–0.00] F(2,48) = 0.43 0.65 F(1,48) = 0.08 0.78

ADAS verbal expression 0.00 [0.00–0.00] 0.00 [0.00–0.00] 0.00 [0.00–0.00]

ADAS verbal comprehension -0.06 [-0.20–0.07] 0.06 [-0.06–0.17] -0.05 [-0.29–0.19] F(2,48) = 0.44 0.65 F(1,48) = 0.80 0.38

ADAS word finding disturbances -0.19 [-0.40–0.03] -0.11 [-0.27–0.05] -0.10 [-0.31–0.11] F(2,48) = 0.05 0.95 F(1,48) = 0.00 0.99

CERAD figure copy 0.27 [-0.18–0.71] 0.33 [-0.23–0.90] 0.15 [-0.29–0.59] F(2,47) = 0.47 0.63 F(1,47) = 0.02 0.89

CERAD figure recall -1.14 [-2.68–0.39] 0.00 [-0.84–0.84] -0.15 [-0.91–0.61] F(2,46) = 0.90 0.41 F(1,46) = 0.85 0.36

CERAD Boston Naming Test 0.06 [-0.47–0.59] -0.17 [-1.78–1.44] 0.20 [-0.25–0.65] F(2,48) = 0.16 0.85 F(1,48) = 0.17 0.68

TMT A 0.36 [0.02–0.71] 0.22 [-0.14–0.59] 0.51 [0.12–0.91] F(2,48) = 0.73 0.49 F(1,48) = 2.07 0.16

TMT B -0.01 [-0.46–0.43] 0.28 [-0.14–0.70] 0.20 [-0.03–0.43] F(2,48) = 0.22 0.81 F(1,48) = 1.71 0.20

Phonematic fluency 0.06 [-0.31–0.43] 0.48 [-0.11–1.07] 0.45 [-0.003–0.91] F(2,48) = 0.79 0.46 F(1,48) = 1.64 0.21

Semantic fluency 0.20 [-0.10–0.50] -0.02 [-0.29–0.26] 0.23 [-0.12–0.57] F(2,48) = 0.70 0.50 F(1,48) = 0.11 0.74

MVGT encoding 0.47 [0.16–0.78] 0.34 [-0.04–0.71] 0.66 [0.37–0.95] F(2,47) = 1.46 0.24 F(1,47) = 15.96 <0.001

MVGT delayed free recall 0.68 [0.39–0.97] -0.00 [-0.41–0.41] 0.49 [0.27–0.72] F(2,45) = 6.62 0.003 F(1,45) = 9.91 0.003

MVGT recognition 1.27 [-0.26–2.80] 0.78 [-0.03–1.59] -0.28 [-1.02–0.46] F(2,46) =2.35 0.11 F(1,46) = 0.14 0.71

Digit span forward -0.03 [-0.56–0.50] -0.19 [-0.71–0.33] 0.07 [-0.33–0.47] F(2,48) = 0.58 0.57 F(1,48) = 0.23 0.64

Digit span backward -0.28 [-0.86–0.30] 0.31 [-0.19–0.81] 0.14 [-0.29–0.57] F(2,48) = 0.73 0.49 F(1,48) = 0.79 0.38

Digit-symbol-coding 0.12 [-0.35–0.59] -0.11 [-0.35–0.14] 0.19 [-0.10–0.48] F(2,48) = 1.83 0.17 F(1,48) = 0.09 0.76

ECB computation span 0.22 [-0.20–0.65] 0.19 [-022–0.59] 0.33 [-0.03–0.69] F(2,44) = 0.26 0.77 F(1,44) = 2.00 0.16

Depicted are the mean differences in cognitive measures between pre- and post-test within the three groups and 95 % confidence intervals in brackets, as well as

statistics for Group × Time and Lifestyle × Time interactions

CT Cognitive training group, PT Physical training group, WLC Wait-list control group. ADAS, Alzheimer’s Diseases Assessment Scale, CERAD Consortium to Establish

a Registry for Alzheimer’s Disease, TMT Trail Making Test (part A and B), MVGT German adaptation of the California Verbal Learning Test, ECB Everyday Cognition Battery
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physical training program in this study. The great major-

ity of physical training effects are based on aerobic train-

ing, though a small but increasing number of resistance

training experiments have also shown promising effects

[48, 49]. Another factor may constitute the investigated

sample of older adults at risk of dementia. Training may

be less effective in these at risk populations [16, 34] than

in healthy older adults [31, 50]. Finally, the cognitive

training program with an emphasis on auditory pro-

cessing might not have recruited the assessed cognitive

outcomes. However, high correlations between CT per-

formance and global cognition at pre-test do not support

this assumption (see Additional file 1). Rather, the lack

of an association between improvement in the cognitive

training tasks and improvements in global cognition in-

dicates that the transfer from training gains to global

cognitive domains was low. That is, although there were

improvements within the cognitive training tasks, these

did not generalize to global cognitive benefits.

The observed relationship between an active lifestyle

and cognitive change in this study is in line with pro-

spective studies demonstrating a substantial risk reduc-

tion of cognitive decline and dementia in individuals

with higher physical [3] or cognitive [4, 51] activity and

in particular in individuals with a higher variety of phys-

ical and cognitive activities [5–7]. The study extends

previous work in that it revealed that the associations of

lifestyle with cognitive change were stronger than the

effects yielded with specifically designed training pro-

grams in older adults at risk of dementia. Physical, cog-

nitive and social activity are main protective lifestyle

factors against cognitive decline and dementia. We thus

operationalized lifestyle by the amount of activity, in

which the participants usually engage. In order to evalu-

ate training effects in the context of lifestyle activity, we

assessed lifestyle in all participants at the beginning of

the study. Another interesting option to directly com-

pare lifestyle and training effects would be to design an

“active lifestyle intervention”, in which previously seden-

tary adults engage into different, unspecific leisure activ-

ities, and compare its effect to the ones of a specific

training intervention (similar to a study of Stine-Morrow

and colleagues [52]).

The association of lifestyle with change in cognitive

performance was only observed for memory, but not for

attention and executive functions. Similarly, Park and

colleagues [53] reported specific effects of engagement

in novel tasks on memory, but not on other cognitive

domains. The finding is also in line with a large number

of animal studies demonstrating benefits in learning and

memory of animals placed in an “enriched environ-

ment”, i.e. a condition which enables cognitive, physical,

and social activity [54–56]. Effects on hippocampal vol-

ume and memory have also been associated with

physical [57] as well as cognitive activity [58] in humans.

Meta-analyses on physical exercise reported effects in

particular on executive functions [18], but also on mem-

ory [20]. The specific relationship of lifestyle with mem-

ory, but not with attentional and executive functions,

implies that different mechanisms may underlie and in-

fluence the course of both domains.

Variety of activities within all three activity subdo-

mains (cognitive, physical, social activities) was signifi-

cantly associated with changes in global cognition and in

memory, indicating that it is not one specific activity do-

main which is most favorable (see Additional file 1).

If an active lifestyle causes beneficial effects on cogni-

tion indeed, then the question arises why specifically de-

signed physical and cognitive training programs fail to

produce corresponding results. There are several aspects

in which activities of an active lifestyle and training in-

terventions may differ: First, the intrinsic motivation and

experienced enjoyment may be different between train-

ing tasks and leisure activities. The desire to engage in

activities is predictive for activity-induced structural

brain changes, indicating that motivation plays an im-

portant role in affecting cognitive change [59]. However,

most participants in this study found the training inter-

ventions motivating and enjoyable. Thus, it seems un-

likely that the absence of training effects on cognition

was due to a lack of enjoyment or motivation. Second,

leisure activities and training interventions may differ with

respect to activity dosage and duration: Leisure activities

might have been pursued more frequently or for a longer

period of time. And third, the training interventions con-

sisted of specific, but only few activity types, namely six

working-memory and auditory-discrimination tasks in the

cognitive training program and endurance, coordination,

balance, flexibility, and strengthening components in the

physical training program. In contrast, the assessed life-

style of the participants comprised three to 14 different

socially, cognitively, or physically demanding activities,

each involving many different tasks. Variation of tasks

might be a crucial factor in inducing generalizing effects

on global cognition [5–7, 60] and may be more effective

than repeated training of a limited number of tasks [26].

In line with this notion, Angevaren and colleagues [5]

demonstrated that cognitive function was associated with

the number of different physical leisure activities, but not

with the time spent with physical exercise per week. Fi-

nally, an active lifestyle comprises activities of different

domains such as physical and cognitive activities, which

may have synergistic effects on cognition [27].

This study has several limitations: The variety of activ-

ities, as our measure of lifestyle, was only observed and

not experimentally manipulated. Hence, a causal effect

of lifestyle on cognitive change cannot be inferred. To

exclude reverse causality, that is, an effect of cognitive
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status on lifestyle, we statistically accounted for cognitive

status. This did not alter the significant associations of

lifestyle with cognitive change. As mentioned above, our

sample size of 54 participants constrained power to

detect effects. However, due to the high measurement

accuracy resulting from the extensive cognitive test bat-

tery, the sample size was sufficient to detect small effects

with a high power. The small sample size might be a rea-

son for the lack of significant training effects, but is not

an explanation for stronger associations of lifestyle than

of training with cognitive change. Last, the outcome of a

training intervention on cognition may be moderated by

the previous fitness or activity level [61]. As in the

present study the sample was not restricted to sedentary

older adults, the relatively moderate activity level of the

participants might have reduced effects of the training

interventions.

Further research is needed in order to establish recom-

mendations for patients. The assessment of lifestyle vari-

ables should be considered in future interventional

training studies to investigate the impact of lifestyle on

the efficacy of training programs (moderating effect).

The present study provides a first indication, that life-

style factors might have a stronger impact on cognition

than training programs. It is thus important to investi-

gate whether a change towards a more active lifestyle in

general, with multiple cognitive, physical, and social ac-

tivities, is effective and more advantageous than the

engagement in specific training programs. Furthermore,

the mentioned key factors which may be critical for the

positive associations of an active lifestyle (such as dur-

ation, frequency, variety, multimodality, motivation, and

enjoyment of activities) should be pursued in order to

design more efficient training programs.

Conclusions
Lifestyle activity but not specific training interventions

were associated with changes in cognition. These results

demonstrate that an active lifestyle must contain further

factors (besides physical and cognitive exercise) which

may play a role for effects on cognition. Further experi-

mental studies are necessary to investigate these factors

which may account for the beneficial effects of an active

lifestyle, such as variety, dosage or experienced enjoy-

ment. Incorporating these factors in newly designed

programs may then results in more efficient interven-

tions than currently available cognitive and physical

training programs.

Endnotes
1Initial exclusion criterion was changed from MMSE

< 22 to MMSE < 20, in order to allow the participation

of participants with probable mild dementia and the

range for mild dementia usually includes MMSE scores

of 21 and 20.
2The number of participants was reduced from initially

planned 100, as the retest reliability of the primary out-

come was higher than expected, which resulted in a high

power to detect small effects already in 65 included

participants.
3We refrained from the ADAS-Cog sum-score as the

previously defined primary outcome and used a global

composite score instead, as its skewed distribution indi-

cated that ADAS-Cog was prone to ceiling effects in the

applied cohort. Besides, composite scores of cognition

reduce alpha-error inflation which results from multiple

testing and became the gold standard in recent years in

interventional trials that assess cognitive change as the

primary outcome.

Additional file

Additional file 1: Additional methods and results. The document contains

more detailed information of methods regarding the principal component

analysis to retrieve cognitive component scores, and the generation of the

lifestyle activity scores. It further describes additional results, including results

of the 3-month follow-up and associations of cognitive training tasks with

the assessed cognitive outcomes. (DOCX 42 kb)
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Additional methods 

Principal component analysis of cognitive measures 

To assess latent cognitive function scores, a principal component analysis was performed 

including all screened participants with complete cognitive baseline tests (n = 64). An oblique rotation 

technique (OBLIMIN) was chosen, as correlations between the extracted cognitive components were 

assumed. The Kaiser criterion (eigenvalues � 1.0) was used to determine the number of extracted 

components. Eleven cognitive variables were included in the principal component analysis: Munich 

verbal memory test (MVGT) encoding, MVGT long delayed free recall, free recall of the Alzheimer�s 

Disease Assessment Scale, working memory in the Everyday Cognition Battery, Trail Making Test A 

and B, digit span forward and backward, digit-symbol-coding and semantic and phonematic fluency. 

Not included into the principal component analysis were figure copy and recall and the Boston 

Naming Test of the Consortium to Establish a Registry for Alzheimer�s Disease test battery, the 

subtests recognition, orientation, imagination, naming, verbal expression, verbal comprehension, and 

word finding disturbances of the Alzheimer�s Disease Assessment Scale, as well as MVGT 

recognition, as 30% of the participants or more had achieved the best or second best score on these 

scales at baseline, precluding improvement on these scales. Two components were extracted, one 

representing memory with high loadings of working memory and episodic memory scores, the other 

component representing attention / executive functions with high loadings of processing speed, task 

switching, and verbal fluency (see Figure 3 in the main article). 

All variables were z-standardized by using the pre-test data of the analyzed training sample (n

= 54) and two component scores were built representing the weighted average of those z-standardized 

variables with loadings of at least aij = .40 on the respective component. In addition, a global cognition 

score was built as the average of the two component scores. In the case of missing variables, the 

respective variables were excluded for the subject at all time-points and the component scores were 

calculated with the remaining variables, if less than half of the variables of a component score were 

missing. In the case that more variables were missing at a time point, the respective component score 
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and the global cognition score were not built for this individual and time point. Retest reliability, 

assessed in the wait-list control group, was very good for global cognition as the primary outcome (pre 

� post, r = .96, and pre � follow-up, r = .97), and both secondary outcomes, memory (pre � post, r = 

.93, and pre � follow-up, r = .96) and attention / executive functions (pre � post, r = .90, and pre � 

follow-up, r = .84). 

Rating of lifestyle activity domains 

With the Community Healthy Activities Model Program for Seniors Physical Activity 

Questionnaire for Older Adults [1] the frequency and duration of 40 different physical, cognitive, and 

social activities were assessed. We categorized the activities to three activity domains (physical, 

cognitive, and social) on the basis of independent ratings of three authors (PF, OCK, DL). Each 

activity was rated with respect to cognitive and physical demands as well as to the amount of social 

interaction on a five-point rating scale from 1 (no demands) to 5 (high demands). All activities with a 

mean author rating over 3 (moderate demands) were categorized to the respective domain (see Table 

A1). The ratings were validated with ratings of 39 cognitively healthy older adults (Mini-mental state 

examination � 26, aged 64-90, not participants of the present study). The correlations between the 

authors� ratings and the seniors� ratings were very high for all domains (physical domain: r = .87, 

cognitive domain: r = .89, social domain: r = .84). We adapted the categorization to better fit the 

seniors� opinion, if their ratings clearly indicated the inclusion (values > 3.5) or the exclusion (values 

< 2.5) of the activity to the particular domain. By this procedure �Yoga or Tai Chi� was additionally 

included in the cognitive domain, �golf (with wearing equipment)�, �singles tennis�, and �aerobic� 

were additionally included in the social domain, and �golf (with wearing equipment)� was additionally 

included in the physical domain. Twelve activities with low physical, cognitive, and social demands 

were not categorized to any domain. The reliability of ratings was very high. Authors� ratings revealed 

a very good Cronbach�s � for all domains (physical domain: �Cronbach = .92, cognitive domain: �Cronbach

= .86, social domain: �Cronbach = .95). Three domain scores for physical, cognitive, and social activities 

as well as one overall activities score were built. Each domain score reflects the percentage of 
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performed, domain-specific activities in relation to the possible number of activities in this domain. 

The overall activities score was built by averaging the three domain scores.  

Additional results 

Training- and lifestyle-related changes in cognition from pre-test to follow-up 

Similarly to the main analysis of training effects and associations of lifestyle with cognitive 

change between pre- and post-test, linear mixed effect models were conducted to analyze associations 

with change in cognition in the time between pre-test and follow-up. Global cognition as well as 

memory and attention / executive functions were modelled with Time (pre, post, and follow-up) ×

Group (cognitive training [CT], physical training [PT], wait-list control [WLC]) + Time × Lifestyle as 

fixed effects and Subject as random intercept.  

There were significant main effects of time, F(2,77) = 39.19, p < .001, and of lifestyle, F(1,48) 

= 6.21 , p = .02, on global cognition. Furthermore, the Lifestyle × Time interaction was significant, 

F(2,77) = 8.12, p = .001, while the Group × Time interaction was not significant, F(4,77) = 1.92, p = 

.12.  

There were also significant main effects of time, F(2,77) = 31.16, p < .001, and of lifestyle, 

F(1,48) = 5.68, p = .02, and a significant Lifestyle × Time interaction, F(2,77) = 12.51, p < .001, when 

modeling memory, but no Group × Time interaction, F(4,77) = 1.11, p = .36. For modeling attention / 

executive functions, only the main effects of time, F(2,76) = 10.32, p < .001, and of lifestyle, F(1,48) 

= 4.58, p = .04, were significant, but no interaction effects, ps > .36. 

Per protocol analyses

Per protocol analyses were performed for global cognition and the composite scores memory 

and attention / executive functions, as the main outcomes. These analyses including only participants 

who completed at least 75% of the training sessions and WLC participants (n = 48), to account for 

potential influences of training adherence. Per protocol analyses did not alter the results regarding 

Group × Time and Lifestyle × Time interactions on cognition. 
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Associations of activity subdomains with cognitive change over time

Regarding the three activity domains, all three domain scores had significant Lifestyle × Time 

interactions on global cognition, ps < .008, and on memory, ps < .002, but not on attention / executive 

functions, ps > .73. 

Improvements within the training programs 

Within the CT group, global cognition and the memory composite score at pre-test were 

associated with performance in the training tasks �tell us apart� and �sound replay�, but not with 

performance in �high or low� or �match it� at the beginning of the training period (third session). 

�Sound replay� was also associated with the composite score of attention/ executive functions. At 

post-test, the final training performances in �tell us apart�, �match it�, and �sound replay� were 

associated with the global cognition post-test score (for further information see Table A2). Within the 

CT group, the performance increased from beginning to end of training in the trained tasks �high or 

low�, t(12) = -5.27, p < .001, Cohen�s d = 1.46, �tell us apart�, t(13) = 4.71, p < .001, Cohen�s d = 

1.26, and �match it�, t(13) = 3.77, p = .002, Cohen�s d = 1.01, but not in the task �sound replay�, t(13) 

= 1.42, p = .18, Cohen�s d = 0.38. However, improvements in the trained tasks were not significantly 

associated with improvements in global cognition, memory, or attention / executive functions (ps > 

.25, see Table A2). 

List of abbreviations used 

CT: cognitive training; MVGT: Munich verbal memory test (adaptation of the California Verbal 

Memory Test); PT: physical training; WLC: wait-list control. 
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Tables 

Table A1. Categorization of activities into social, physical, and cognitive domains.

Activity  

Rating scores 

% Subjects

Cognitive 

domain Social domain

Physical 

domain 

Multidomain activities
a

Play basketball, soccer or racquetball 3.7 4.3 5.0 10 

Play singles tennis 3.3 3.7
d

5.0 6 

Play doubles tennis 3.3 3.3 5.0 0 

Dance 3.3 4.3 4.0 13 

Play cards and board games 4.3 4.7 29 

Visit family or friends 3.3 5.0 81 

Do volunteer work 4.0 4.0 56 

Attend club meetings 3.3 4.7 50 

Attend cultural events 4.0 3.3 62 

Do Yoga or Tai Chi 3.5
d

3.3 4 

Do aerobic 3.5
d

4.7 0 

Play golf, with carrying equipment 3.6
d

3.8
d

0 

Single domain activities
b

Play musical instruments 5.0 10 

Use a computer 4.3 73 

Read 3.7 98 

Do arts and crafts   3.3 38 

Go to the senior center 4.3 25 

Attend church activities 3.3 38 

Jog or run 4.7 21 

Swim moderately or fast 4.7 13 

Skate (ice, roller, in-line) 4.0 2 

Use an aerobic machine 4.3 19 

Do moderate/heavy strength training 4.3 15 

Walk uphill or hike  3.7 46 

Do heavy gardening 3.7 35 

Do water exercise 3.7 19 

Bicycle 3.7 71 

Do heavy work around the house 3.3 50 

Low demand activities
c

Play golf, riding in a cart 0 

Shot pool or billiards 2 

Do light work around the house 88 

Do light gardening 50 

Work on machinery 23 

Walk fast or briskly 33 

Walk to do errands 71 

Walk leisurely 62 

Swim gently 21 

Do stretching or flexibility 58 

Do light strength training 23 

General conditioning exercises 25 
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Note. Depicted are mean ratings on a five-point rating scale from 1 (no demands) to 5 (high demands), 

for ratings higher than 3. % Subjects = Percentage of subjects who had engaged into the respective 

activity. 
 a
Two and three domains with rating > 3. 

b
One domain with rating > 3. 

c
No domain with 

rating > 3. 
d
Categorization adapted to senior ratings.  
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Table A2. Associations of training task performance with cognitive outcomes in the cognitive 

training group. 

Global cognition pre Memory pre 

Attention / executive 

functions pre 

r p r p r p

Start high or low
a
 -.07 .83 .02 .95 -.17 .57

Start tell us apart .58 .03 .63 .02 .44 .12

Start match it -.13 .65 -.23 .42 .02 .94

Start sound replay .62 .02 .57 .03 .62 .02

Global cognition post Memory post 

Attention / executive 

functions post 

r p r p r p

End high or low
a
 -.46 .11 -.51 .07 -.23 .45

End tell us apart .59 .03 .65 .01 .33 .24

End match it .76 .002 .66 .01 .73 .003

End sound replay .54 .046 .35 .22 .72 .003

Difference global 

cognition Difference memory 

Difference attention / 

executive functions 

r p r p r p

Difference high or low
a
 -.28 .36 -.39 .19 -.03 .93

Difference tell us apart -.03 .91 .35 .21 -.37 .19

Difference match it -.13 .67 -.15 .61 -.03 .92

Difference sound replay .33 .25 .23 .42 .23 .43

Note. Data of 14 cognitive training participants. Start = training task performance at the beginning of 

the training period (third session), End = training task performance at the end of the training period 

(last session), Difference = difference in performance between beginning and end of the training 

program and between pre- and post-test of the cognitive outcomes, respectively. 
a
Lower scores 

indicate better performance. 
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Abstract
Process-based cognitive trainings (PCTs) and novelty interventions are two traditional ap-

proaches aiming to prevent cognitive decline and dementia. However, both have their limita-

tions. PCTs improve performance only in cognitive tests similar to the training tasks with

inconsistent transfer effects on dissimilar tests. We argue that this learning specificity is

due to a low training task variability. Novelty interventions are characterized by a high task

variability but do not target specific processing demands affected in aging and dementia. To

overcome the limitations of both approaches, we developed a process-based novelty interven-

tion using a card and board game-based training approach. Here, we use highly variable tasks,

which overlap in targeted processing demands (“overlapping variability” framework). An-

other nontraditional training approach combines cognitively with physically challenging tasks

to induce multimechanistic effects, which might even interact positively. Initial results of both

synergistic approaches indicate their potential to enhance broad cognitive abilities and prevent

dementia.

Keywords
challenging mental activity, novelty intervention, process-based cognitive training, process-

based novelty intervention, physically demanding novelty intervention, learning specificity,

variability of practice, executive control, dementia
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1 INTRODUCTION
As the world population ages, costs of dementia are expected to double within the

next 40 years (Hurd et al., 2013). Effective interventions to prevent dementia are ur-

gently sought after. Currently, no preventive or curative pharmacological therapy for

dementia exists (Daviglus et al., 2011; Plassman et al., 2010); however, a vast and

steadily growing literature suggests cognitive health benefits from engaging in

mentally challenging activities (see, e.g., Verghese et al., 2003; Wang et al.,

2013) and physical activities (see, e.g., Smith et al., 2010; Sofi et al., 2011;

Weuve et al., 2004). Here, we review interventional studies on mentally challenging

activities, excluding studies on pure physical activities such as aerobic (Kramer et al.,

1999; Smith et al., 2010) and resistance exercise (Nagamatsu et al., 2012). We con-

clude that currently used cognitive interventions, namely, novelty interventions and

process-based cognitive trainings (PCTs), did not tap specific processes or showed

only inconsistent transfer effects on cognitive tests dissimilar to the training tasks,

respectively. Addressing these limitations, the rationale for a synergistic process-

based novelty intervention is presented, followed by initial results that indicate

improvement in executive control. Finally, the rationale and cognitive effects of

physically demanding novelty interventions are depicted.

2 EFFECTS OF CHALLENGING MENTAL ACTIVITIES
Evidence from prospective observational studies suggests that the risk for dementia

is reduced in individuals who engaged in challenging mental activities over the

whole lifespan (see Stern and Munn, 2010, and Valenzuela and Sachdev, 2006,

for a meta-analysis and a systematic review). Individuals who were raised with mul-

tiple languages (Bialystok et al., 2007; Craik et al., 2010; Perquin et al., 2013), ac-

quired a high educational level and a high occupational status (Valenzuela and

Sachdev, 2006), or engaged in mentally challenging leisure activities (e.g., playing

board games and musical instruments, Verghese et al., 2003) showed a better cog-

nitive development (see Wang et al., 2012, for a recent review).

At the same time, observational studies have the downside that causal attributions

cannot be made, as attribution of effects to nonmeasured confounding variables and

reverse causality (cognitive impairments lead to reduced activities) cannot be ex-

cluded (see Eriksson Sörman et al., 2013). Experimental studies, on the other hand,

allow for the causal interpretation of effects. Furthermore, their interventional nature

enables the evaluation of theory-driven interventions, for example, cognitive training

instead of unspecific mental activities.

Two approaches within cognitive interventions seem most promising and will be

outlined in more detail in the succeeding text: novelty intervention and process-

based cognitive training (PCT).

Novelty intervention is defined as a program which enables participants to en-

gage in difficult, novel tasks offering a high variability but generally not targeting
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specific processes. Thus, it induces a mismatch of functional organismic supply and

task demands (see Lövdén et al., 2010) in multiple unspecific processes. Often, these

interventions are intrinsically motivating, related to real life and implemented in a

social context (e.g., Carlson et al., 2008; Cheng et al., 2013; Klusmann et al.,

2010; Mortimer et al., 2012). Cognitive leisure activity (Stern and Munn, 2010),

complex mental activity (Valenzuela et al., 2007; Wilson, 2011), and engagement

intervention (Park et al., 2007) depict similar concepts.

Based on Gates and Valenzuela (2010), we define PCT as a repeated practice on

standardized and theory-driven tasks. Similar to novelty interventions, PCTs induce

a supply–demand mismatch but not in unspecific but in specifically targeted pro-

cesses. This mismatch is not maintained by introducing novel tasks but by the adap-

tation of difficulty to participants’ performance in repeatedly practiced tasks. Similar

concepts include cognitive exercise (Gates and Valenzuela, 2010) or process training

(Lustig et al., 2009).

2.1 Novelty interventions

Experimental animal studies on the effect of environmental enrichment (see van

Praag et al., 2000, for a review and Li et al., 2013 and observational studies in

humans suggest the importance of novelty for brain health (Angevaren et al.,

2007; Eskes et al., 2010; Fritsch et al., 2005). For example, Fritsch et al. (2005) tested

the role of novelty-seeking activities from ages 20 to 60 in predicting Alzheimer’s

disease (AD) using a case-control study design. By running a factor analysis on 16

activities, a novelty-seeking factor was extracted, composed of indicators such as the

frequency of learning new skills, taking up new hobbies or learning about a new sub-

ject. More frequent engagement in novelty-seeking activities significantly reduced

the odds ratio for AD even after adjusting for other predictive factors such as age,

education, and occupational status (odds ratio¼0.25; 97.5% CI: 0.139–0.443;

p<0.001).

These studies stimulated interventional studies on beneficial cognitive effects of

exposure to novelty. For example, Klusmann et al. (2010) compared healthy older

adults—unfamiliar with computers—who were randomized to a 6-month computer

course (75 sessions; 90 min each) or to a passive control group. The computer course

was composed of novel tasks such as writing, playing, calculating, e-mailing, draw-

ing, image editing, or videotaping, to name just a few. Participants who attended the

computer course significantly improved in tests of episodic memory and executive

function, compared with the control group. Various other interventions exposing par-

ticipants to novel, multifaceted mental tasks such as playing strategy video games

(Basak et al., 2008; Glass et al., 2013) and multiple other kinds of video games

(Oei and Patterson, 2013); a diverse range of cognitive and perceptual–motor activ-

ities (Tranter and Koutstaal, 2008); convergent and divergent problem solving in

groups (Stine-Morrow et al., 2008); volunteering to help children with reading

achievement, classroom behavior, and library support (Carlson et al., 2008); partic-

ipating in individualized piano instruction (Bugos et al., 2007); and engaging in
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group discussion (Mortimer et al., 2012) showed beneficial effects on cognitive out-

comes. On the contrary, there are also a few studies failing to find any effect from

action and strategy video gaming (Boot et al., 2008, 2013). In contrast to the studies

mentioned earlier, Cheng et al. (2013) investigated the potential to improve cogni-

tion in people with dementia rather than in healthy individuals. Participants in the

intervention group played the Chinese tile-based game mahjong for 1 h, 3 days a

week for 3 months, while the active control group was engaged in simple handicraft

for the same duration. Six months after treatment completion, the mahjong group

differed by 4.5 points (95% confidence interval: 2.0–6.9; d¼0.48) on the Mini-

Mental State Examination from the active control group. To our knowledge, no

experimental study investigated the effects of a pure novelty intervention on

incidence of dementia. Thus, conclusions as to whether these cognitive benefits

translate to a delay of dementia onset cannot be drawn. Taken together, novelty in-

terventions showed promising and rather consistent effects on cognitive outcomes,

indicating enhancement of cognitive ability. Nevertheless, the tasks used in novelty

interventions did not tackle specific processes affected in aging and dementia, such

as executive control processes (see Fig. 1). PCT addresses this issue.

2.2 Process-based cognitive trainings

A recent meta-analysis from Hindin and Zelinski (2012) reliably showed improve-

ments of PCTs on untrained cognitive test performance. These beneficial effects

were found for different types of PCT such as visual (Wolinsky et al., 2013) and au-

ditory processes (Zelinski et al., 2011) and higher-order process training such as task

switching (Karbach and Kray, 2009) and working memory training (Jaeggi et al.,

2008; Klingberg et al., 2005). However, the crucial question is whether those im-

provements in assessed outcomes represented improvements in a broad cognitive

ability or only the acquisition of task-specific skills (e.g., stimulus–response map-

pings or strategies). There is an ongoing debate on this decisive question without

consensus as of yet (see, e.g., Hulme and Melby-Lervåg, 2012; Li et al., 2008;

Lövdén et al., 2013; Melby-Lervåg and Hulme, 2012; Redick et al., 2013;

Schmiedek et al., 2010; Shipstead et al., 2010, 2012). In the following, we explain

why this question is still open to debate despite a vast amount of studies.

Conclusively answering the ability/skill question is hindered because of method-

ological aspects. In the following, these aspects are shortly addressed before study

results are reviewed. Next to the lack of appropriate control conditions (e.g.,

Schmiedek et al., 2010), outcome abilities were frequently not assessed by multiple

tests of the targeted cognitive ability (e.g., Jaeggi et al., 2008, and see, e.g., Shipstead

et al., 2012, for the same argument). Maybe the most important methodological as-

pect is that the cognitive tests shared peripheral task characteristics with the training

tasks (e.g., Dahlin et al., 2008a). Thus, not only improvements in the targeted pro-

cesses may have contributed to the effects but also lower-order processes not repre-

senting the broad cognitive ability (see, e.g., Shipstead et al., 2012). The similarity

between training and transfer measure is rather subjective, and judgments are
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difficult as a thorough description of the training tasks as well as an analysis of the

relation between the training and transfer tasks was often missing (e.g., Shatil, 2013,

and see Lövdén et al., 2013, for the same argument). Finally, the measurement of

neurofunctional and neurostructural outcomes could reveal whether the perfor-

mance improvements in cognitive tests were mediated by the targeted processes.

This field is still in its infancy and does not show consistent patterns which allow

conclusive interpretations (see Buschkuehl et al., 2012, for a review).

FIGURE 1

Traditional cognitive intervention approaches. Novelty interventions or PCTs depict the most

promising traditional cognitive interventions. Novelty interventions are challenging through

difficult novel tasks, include a high variability of tasks, but target only unspecific cognitive

processes, thus leading to broad transfer but only small improvements in unspecific abilities.

PCT is challenging primarily through task difficulty adaptation to participants’ performance,

targets specific processes, but traditionally implements only a small variability of training

tasks, thus leading to large effects on trained tasks but only very limited transfer on the

cognitive ability level. Limitations of traditional approaches are depicted in italic and bold

letters.
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Several studies addressed at least some of the mentioned methodological aspects.

While some results suggested cognitive ability enhancement by improvements in

multiple outcomes tapping the same cognitive ability (Smith et al., 2009;

Wolinsky et al., 2013), others did not (Borness et al., 2013; Colom et al., 2010;

Li et al., 2008; Redick et al., 2013; Schneiders et al., 2011, 2012; Stephenson and

Halpern, 2013; Thompson et al., 2013). A similar mixed picture arises from studies

that assessed cognitive tests substantially dissimilar to the training task.While some

studies found positive effects (Brehmer et al., 2011; Jaeggi et al., 2008, 2010;

Karbach and Kray, 2009; Klingberg et al., 2002, 2005; Schweizer et al., 2011,

2013; Zhao et al., 2011), others did not (Ball et al., 2002; Barnes et al., 2013;

Bergman Nutley et al., 2011; Borness et al., 2013; Brehmer et al., 2012;

Buschkuehl et al., 2008; Dahlin et al., 2008b; Jaeggi et al., 2011; Li et al., 2008;

Redick et al., 2013; Thompson et al., 2013).

A study by Schmiedek et al. (2010) used both multiple tests for a single cognitive

ability and outcomes with task characteristics substantially different to the training

tasks. The large sample size even allowed the use of latent difference score models

to extract latent factors representing broad cognitive abilities. Only the lack of an

active control group hindered interpretation of results. The intervention group, in

contrast to a passive control group, engaged in 100 days of processing speed,

episodic memory, and working memory training and showed small improvements

on broad cognitive abilities such as fluid intelligence and episodic memory in youn-

ger adults. In older adults, however, improvements were only found on a latent

factor, which was based on tests with a high overlap of training and test task charac-

teristics. Improvements in latent factors, which were based on dissimilar tests, were

not significant, indicating that in older adults, improvements were limited to task-

specific skills (see Dahlin et al. (2008a) for similar differential age-related transfer

effects). Even amore pessimistic view ariseswith respect to a recentworkingmemory

training study, which used appropriate control groups, multiple assessments for

each cognitive ability, and cognitive tests dissimilar to the training tasks (Redick

et al., 2013). No differential effect was found as a function of treatment group.

A strategy avoiding the earlier-mentioned methodological problems with regard

to the ability/skill debate is the direct measurement of incidents of dementia. To our

knowledge, only one recent study published results regarding this outcome

(Unverzagt et al., 2012). In this study, which comprised more than 2,800 participants,

none of the three short-term cognitive interventions (including one PCT) were able to

reduce the hazard ratio (HR) for dementia during the 5 years of follow-up, compared

to a passive control group (nonadjusted HR: 0.9; 95% CI: 0.65–1.24 and adjusted

HR: 1.00; 95% CI: 0.71–1.40 of all interventions combined).

2.3 Conclusion

Overall, observational (e.g., Fritsch et al., 2005) and experimental studies (e.g.,

Klusmann et al., 2010) have shown beneficial effects of exposure to novelty on cog-

nitive functions with only a few exceptions (e.g., Boot et al., 2013). In contrast to
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PCT, the training tasks applied in novelty interventions have no obvious similarity to

cognitive outcome tests, allowing a straightforward interpretation of results. How-

ever, to our knowledge, no study investigated the effect of novelty interventions

on the incidence of dementia. Furthermore, novelty interventions provided rather

unspecific processing demands, thus not tackling specific processes, which are par-

ticularly prone to deterioration in aging and dementia (see Fig. 1). It seems reason-

able that interventions targeting these specific processes might be more effective.

PCT aims to address this issue by targeting perceptual (e.g., Mahncke et al.,

2006a) and higher-order cognitive abilities such as working memory (e.g.,

Buschkuehl et al., 2008) or task switching (e.g., Karbach and Kray, 2009). Regarding

the efficacy of PCTs, we conclude that several methodological issues leave room for

different interpretations of observed effects (see also Shipstead et al., 2012). There

is abundant evidence that PCTs improve task-specific skills, but most decisively, it

seems that the potential for improvement exists even on the level of broad cognitive

abilities (e.g., Jaeggi et al., 2010; Wolinsky et al., 2013). However, this potential

seems to be exploited only to a very limited degree with current training programs,

especially in older adults (see Fig. 1, Schmiedek et al., 2010, and Dahlin et al.,

2008a). Therefore, new synergistic training approaches are needed, which

enable both the targeting of specific processes shown to deteriorate in aging and

dementia and a generalization to the level of broad cognitive abilities rather than

task-specific skills.

3 RATIONALE AND EVIDENCE FOR SYNERGISTIC APPROACHES
Beneficial effects of traditional interventions such as novelty interventions and PCTs

may be improved by two synergistic approaches: the combination of novelty inter-

ventions with (1) a process-based or (2) a physically demanding element. First, the

process-based novelty interventions aim to overcome limited effects on broad

cognitive abilities while enabling process specificity. Second, the previously dis-

cussed generalization effects of novelty interventions might be enhanced by additive

or synergistic effects of an integrated physical activity component.

3.1 Process-based novelty interventions

In the following, we propose a new cognitive intervention approach, which targets

specific processes while overcoming learning specificity, that is, only cognitive tests

that were similar to the training tasks improved consistently (see Fig. 2). After we

discuss the processes that are worth targeting to delay the onset of dementia, we point

to the overarching phenomenon of learning specificity in various fields of learning.

Furthermore, we present results demonstrating that high task variability counteracted

this phenomenon. The differential neuronal underpinning of learning effects induced

by variable and constant practice protocols will be outlined before we review how the

concept of task variability is implemented in currently used PCTs. Finally, we
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present the “overlapping variability” framework of effective cognitive interventions

and its implementation in our newly developed process-based novelty intervention

using card and board games.

3.1.1 Tackling specific processes
Executive control (Park et al., 2002) on the behavioral level and the dorsolateral pre-

frontal cortex (dlPFC) on the neuronal level are particularly affected by the aging

process (Raz et al., 2005). Next to memory impairment, decline in executive control

is a core symptom of dementia. In line, synaptic integrity is affected in the frontal

lobe of individuals with high AD pathology (Arnold et al., 2013). Interestingly, dis-

rupted synapse integrity was only found in individuals suffering from dementia

symptoms but not in those with resilient cognition despite high AD pathology

(Arnold et al., 2013). Furthermore, increased neural density and cortical thickness

in the dlPFC seem to mediate the mental activity-induced protective effect on de-

mentia (Valenzuela et al., 2011). Those studies indicate that improving executive

control and its underlying neural substrate can delay the onset of dementia even

in the presence of AD pathology. We want to stress that other processes such as

visual (Unverzagt et al., 2012; Willis et al., 2006; Wolinsky et al., 2013), auditory

(Mahncke et al., 2006a,b; Smith et al., 2009; Zelinski et al., 2011), and memory pro-

cesses (Jennings and Jacoby, 2003; Lustig and Flegal, 2008) might be additional

potential targets for the prevention of dementia.

3.1.2 Overcoming learning specificity
As reviewed in the previous section, PCT not only addressed the issue of process

specificity but also led to learning specificity. This indicated that improvement in

an underlying ability did not or only to a limited extent occur. In line with Green

and Bavelier (2012), we propose an “overlapping variability” framework (see

Fig. 2) to induce changes on the cognitive ability level. According to that framework,

FIGURE 2

Process-based novelty interventions. In contrast to previous process-based approaches, the

new approach targets a specific process, for example, executive control, by using a high

variability of training tasks with overlapping processing demands (“overlapping variability”

framework). It thus enables broad transfer on specific cognitive abilities. Strengths of this

synergistic approach are depicted in bold letters.
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plastic changes can be induced in broad cognitive abilities by variable practice re-

gimes, which overlap in the targeted processing demands while excluding overlap

in demands on lower-order processes. That means that the targeted processing level

on which the different tasks overlap is the one where plastic changes take place but

only if all lower-order processes are varied. The framework that we outline in the

following section can be applied to a wide range of processes including perceptual

and motor processes.

3.1.2.1 Learning specificity as an overarching learning principle
The phenomenon of learning specificity is encountered beyond PCT. Examples

range from auditory learning (Lively et al., 1993), visual learning (Ahissar and

Hochstein, 1997), motor learning (Proteau, 1992), avoidance learning (Adolph,

2000), and knowledge acquisition (Barnett and Ceci, 2002). Interestingly, learning

specificity is so strong that even contextual factors that normally go along with im-

paired cognitive performance, for example, alcohol intoxication, can improve mem-

ory performance, if learning and recall occur in the same intoxicated state (Goodwin

et al., 1969): intoxicated participants who drank�270 ml of 80-proof vodka showed

better performance in recalling items in contrast to sober participants, when both had

learned those in an intoxicated state. Taken together, specific task characteristics,

states, and contexts in which learning occurs have a strong impact on transfer tasks

(see also Green and Bavelier, 2012).

3.1.2.2 Variability of practice enhances generalization
Beginning already in the 1970s, research in motor, verbal, and perceptual learning

revealed that learning specificity can be overcome by using a variable practice pro-

tocol (see Schmidt and Bjork, 1992, for a review). Although variable practice, in con-

trast to constant practice, generally decreased the rate of training task improvements,

it increased performance on transfer tasks.

Regarding perceptual learning, for example, Lively et al. (1993) demonstrated

that Japanese listeners were able to improve in an identification task between the

English consonants /r/ and /1/ presented by a single speaker. However, if an unfamil-

iar speaker presented the words, they performed significantly worse, indicating

learning specificity for the single speaker. In another experiment, words were pre-

sented not by a single but by five different speakers during learning. Participants suc-

cessfully learned to differentiate /r/ and /1/ words. Decisively, if the words were

produced by yet another novel speaker, a decline in identification performance

was not evident at all.

Further evidence for transfer after variable practice comes from observational

studies (Angevaren et al., 2007; Eskes et al., 2010). For example, Eskes et al.

(2010) found that a higher amount of different mental activities, but not a higher

frequency of engagement in activities, was associated with better overall cogni-

tive function. We might speculate that different mental activities have shared pro-

cessing demands, which are improved by these activities and allow transfer to

novel tasks.
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What is the differential neuronal underpinning between these specific and gen-

eralizing effects?

3.1.2.3 Neural underpinning of variable and constant practice effects
It is logical that improvement in higher-order processes induces transfer on other

tasks, while improvement in lower-order processes is very specific to the task

(see psycho-anatomy logic, Ahissar and Hochstein, 2004). As variable practice leads

to enhanced transfer of learning, higher-order processes should be responsible.

Decades after the first findings on variable practice effects on transfer tasks

(Schmidt, 1975), neural mechanisms underlying this phenomenon were revealed

(Ahissar and Hochstein, 2004; Kantak et al., 2010). Indeed, results suggest that

plastic brain changes of variable and constant practice occur at different hierarchical

processing levels. Kantak et al. (2010) discovered in a motor learning paradigm

that retention performance after variable practice was affected by repetitive transcra-

nial magnetic stimulation (rTMS)-induced interference in the dlPFC, but not by

rTMS interference in the primary motor cortex. This indicates that effects of variable

practice were attributable to higher-order processing, which are assumed to be de-

pendent on the dlPFC. In contrast, interference in the primary motor cortex was ex-

clusively detrimental for retention performance after constant practice, indicating

reliance on lower-order processes in constant practice learning. This finding fits well

with behavioral and physiological studies in the visual domain, suggesting that initial

training involves high-order brain areas (Ahissar and Hochstein, 1997, 2004); with

increased expertise and task difficulty, neural substrates of learning shift to lower-

order areas, even including the primary visual cortex (Schoups et al., 2001).

Furthermore, we argue that investigations of the neural processing in multilin-

gualism shed some light on the role of task-overlapping higher-order processes as

a function of the variability of practice. Speech acquisition in early and late bilin-

guals might be regarded as a model for variable and constant training regimes, re-

spectively. Technically speaking, early bilinguals were exposed to a variable

training protocol in early childhood, while late bilinguals initially learned only a sin-

gle language (constant practice protocol) before they learned the second language

later in life. According to transfer and higher-order effects of variable practice, early

bilinguals should create an overlapping higher-order processing system for multiple

languages enabling them to integrate and learn novel languages faster. Late bilin-

guals should develop a network that processes language information on a lower

order and should thus not be able to integrate a newly learned language. In fact, a

functional magnetic resonance imaging study demonstrated that early bilinguals

represented both languages in a shared, overlapping brain area (Kim et al., 1997),

while in late bilinguals, the two languages were represented by adjacent but distinct

areas (see also Bloch et al., 2009, for further evidence supporting this notion). Fur-

thermore, the organization of the shared network seemed to facilitate transfer to

novel languages, as it was repeatedly shown that bilinguals learn a novel language

faster than monolinguals (see Cenoz, 2003, for a review). Taken together, variable

practice with shared processing demands seems not only to induce plastic changes in
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higher rather than lower processing networks but also to induce task-invariant

higher-order processing capabilities. These processing networks could then be uti-

lized also by subsequent novel tasks. On the behavioral level, this seems to be

reflected by transfer effects on tasks never encountered before. On the other hand,

constant or repeated practice on the same task appears to redistribute the involved

processes from higher- to lower-order networks (e.g., Kantak et al., 2010), thus en-

abling fast learning and highly efficient processing of these tasks but without transfer

to dissimilar ones (Schmidt and Bjork, 1992). What can be deduced from these stud-

ies to the training of executive control?

As mentioned earlier, we conclude that the training of a variety of tasks rather

than the constant practice of a single task yielded better transfer to subsequent

untrained tasks. This seems to be accompanied by higher-order processing networks

able to efficiently process demands of a wide variety of tasks. With regard to exec-

utive control, we propose that training of variable tasks tapping overlapping execu-

tive control processes enhances a shared frontoparietal control network, thus leading

to an improvement even in dissimilar tasks, which tap these task-invariant processing

capabilities (see Duncan, 2010, proposing the existence of such a common fronto-

parietal processing network). On the other hand, repeated practice on a single or a

limited amount of executive control tasks will induce initial plastic changes in

higher-order processes followed by a shift to plastic changes in increasingly

lower-order processing levels. This may be reflected by fast improvements on the

training task but with only very limited transfer to dissimilar tasks.

3.1.3 Variability in process-based cognitive trainings
But how is variability of practice implemented in current training programs targeting

executive control processes?With regard to the phenomena of learning specificity in

repeated practice of the same task, it is astonishing that current PCT studies used

interventions that included only a very limited amount of task paradigms. For exam-

ple, some studies used only a single task paradigm (Jaeggi et al., 2008, 2010;

Schweizer et al., 2011, 2013) or two task paradigms only varying in task content

(Dahlin et al., 2008b). Others used three task paradigms (Buschkuehl et al., 2008;

Olesen et al., 2003; Schmiedek et al., 2010), four task paradigms (Brehmer et al.,

2012; Klingberg et al., 2005), or five task paradigms (Thorell et al., 2009). Further-

more, not only the limited amount of tasks but also the similarity of them may limit

generalization of effects. For example, in the study by Thorell et al. (2009)—which

found strong effects on near-transfer outcomes with mixed effects and generally

smaller effect sizes on far-transfer measures—the training program focused on

visuospatial working memory trained with five different exercises. However, for

all exercises, stimuli were presented with constant presentation times and interstimu-

lus intervals and the participant had to accomplish the same general task, namely, to

remember location and order of the stimuli.

Two studies mentioned explicitly to have used variable tasks to increase general-

ization of the effects (Dahlin et al., 2008a; Karbach and Kray, 2009). Karbach and

Kray (2009) even manipulated variability systematically. Conditions included a
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task-switching trainingwith andwithout task variability.However,Karbach andKray

(2009) did not induce variability by novel task-switching paradigms but by novel di-

mensions between which participants had to switch. That is, the constant task-

switching group had to switch only between the dimensions “transportation” and

“number,” while the variable training group also needed to switch between several

additional dimensions such as “plant” and “color” or “animal” and “direction.”

The variable training group outperformed the nonvariable conditions in the near-

transfer outcome. In this outcome test, exactly the same task as during the training

sessions was administered but with novel, untrained switching dimensions. There

was no differential group effect between the variable and constant task-switching con-

ditions in far-transfer measures of intelligence, workingmemory, or interference.We

assume that variability of task paradigms rather than of stimulus dimensions is deci-

sive for far transfer. A rule of thumb may be that the variation level must be equal to

the transfer level. For example, varying speakers in an identification task may induce

transfer on new speakers in this identification task. Varying stimuli dimensions in a

task paradigm may induce transfer on new stimuli dimensions in this paradigm. That

means that a variation in task paradigms within a specific ability is needed to induce a

“farer” transfer on a new paradigm within this specific ability.

A study by Dahlin et al. (2008a) supports this idea: their 5-week training inter-

vention (45 min, three sessions/week) consisted of a single running span paradigm

with five different kinds of stimuli and a keep-track task. A numerical n-back task

and a Stroop task were assessed as a near- and far-transfer measure, respectively.

fMRI served to investigate neuroplastic changes mediating transfer effects. Despite

the fact that the Stroop and the training task activated a shared frontoparietal network

at the baseline assessment, no transfer effect was found. Only the similar near-

transfer n-back task improved as a function of training group. Strikingly, this

near-transfer effect was only evident in young adults, while no improvement was

found in older adults. As a number running span task was part of the training, the

training and the near-transfer task were identical regarding the kind of stimuli used

and differed slightly only by the response format (recalling the last four numbers as

soon as the presentation list ended vs. indicating whether each presented item

matched an item that appeared three items back). The similarity of training and

near-transfer task and the absence of transfer effects to the far-transfer Stroop task

suggest that plastic brain changes occurred at a lower-order level only. Indeed, pre–

post changes in the fMRI revealed a pattern of activation redistribution from higher-

to lower-order brain areas during the training task: while the activation in striatal,

temporal, and occipital areas increased, frontal and parietal activation decreased.

The striatal activation also increased during the near-transfer n-back task and was

interpreted as the mediating area for the transfer effect. Those results allow different

interpretations, but clearly, the higher-order frontoparietal network did not mediate

the near-transfer effects.

Taken together, the variation of stimulus dimensions improved performance on

the near-transfer but not the far-transfer outcome measures, indicating some gener-

alization effect, however only on that level where variation took place. This inter-

pretation is in line with the shift from higher- to lower-order processing in a
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training task after 5 weeks of a repeated practice protocol (see Buschkuehl et al.,

2012, for a comprehensive review of training-induced neuronal effects).

In conclusion, repeated practice of a single task leads to a shift from higher-order

to lower-order processing (see Ahissar and Hochstein, 2004, concluding the same in

the perceptual domain), whereas generalization seems to be promoted by high task

variability (see Schmidt and Bjork, 1992, concluding the same for motor and verbal

learning). On that background, it seems surprising that pervious training programs

aiming to improve working memory, shifting, or inhibition applied only a very lim-

ited amount of tasks, which sharedmost task characteristics. We suggest that enhanc-

ing variability of training tasks (not only of stimuli material but also of task

paradigms) while targeting specific executive control processes enhances generali-

zation on the cognitive ability level (see Fig. 2).

3.1.4 “Overlapping variability” framework
Process-based novelty interventions implement three components necessary to in-

duce far-transfer effects on broad cognitive abilities (see Fig. 2). According to the

framework by Lövdén et al. (2010), a prolonged mismatch between functional sup-

ply and environmental demands is a prerequisite to induce plastic change. This com-

ponent is part of almost all PCTs. In contrast to the common procedure to induce

challenge by difficulty adaptation in repeated tasks, we suggest to use primarily

novel tasks of appropriate difficulty to achieve this aim. This method enables the

application of the “overlapping variability” framework, which comprises the other

two training components of this approach: First, high task variability represents a

prerequisite for generalization and improvements on the ability level (see also

Green and Bavelier, 2012). This component is usually not found in current PCTs,

but implemented in novelty interventions. Second, specific processes should be tar-

geted based on knowledge regarding their neuronal basis and their age- and

dementia-related changes. Novelty interventions are currently not emphasizing this

component, in contrast to PCTs. Hence, the combination of variable tasks with a tar-

geted approach, which makes use of overlapping processing demands of superfi-

cially dissimilar tasks, is the main difference of this new approach from

traditional PCTs and novelty interventions (see Figs. 1 and 2). We want to stress that

the “overlapping variability” framework contrasts with multidomain trainings (see,

e.g., Cheng et al., 2012) as in process-based novelty interventions, only a common

processing demand is targeted and not several independent processes such as epi-

sodic memory, reasoning, and visuospatial ability. Though we focused on executive

control processes, this framework can be applied to several other ones ranging from

perceptual to motor and language processes.

3.1.5 Nourishing intrinsic motivation
As detailed earlier, challenge and task variability seem to be two decisive factors for

healthy brain development and prevention of dementia. Exposure to novelty inher-

ently goes along with both. Interestingly, the same concepts are a key point in

Ryan and Deci’s (2000: p. 70) definition of one of the most influential concepts

in psychology: intrinsic motivation—“the inherent tendency to seek out novelty
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and challenges, to extend and exercise one’s capacities, to explore, and to learn [. . .].

From the time of birth, children, in their healthiest states, are active, inquisitive, cu-

rious, and playful.” From an evolutionary perspective, there should be an uncondi-

tional predisposition to strive for factors that increase fitness. Moreover, Ryan and

Deci (2000) not only stressed the natural tendency of humans to strive for challenge

and variability but also proposed its value for cognitive development and psycho-

logical well-being.

Therefore, novelty interventions seem to fit well to nourish intrinsic motivation

by providing an environment which comprises the basic ingredients to elicit feelings

of interest and curiosity. In which way is intrinsic motivation functional for interven-

tions? First, intrinsic motivation determines the environment people choose (guiding

function), allowing long-term adherence to interventions. Second, the motivation-

associated psychological states such as interest and curiosity have been shown to

go hand in hand with the activation of the neuromodulatory control system—a cen-

tral regulatory system for the facilitation of plastic brain changes (plasticity facili-

tation function; see, e.g., Bao et al., 2001, for the role of dopamine). For

example, it has been shown that curiosity is associated with activation of caudate

regions, which are innervated by dopaminergic neurons and part of the neuromodu-

latory control system. Curiosity during learning was associated with improved recall

one to two weeks later, indicating its plasticity facilitating effect (Kang et al., 2009).

3.1.6 Implementation in a novel game-based intervention: Results
from a pilot study

This novel intervention aimed to implement the “overlapping variability” frame-

work, which was embedded in a socially meaningful context. We used card and

board games as the vehicle for the development of variable and challenging tasks

while tapping shared executive control processes based on the unity/diversity frame-

work of Miyake et al. (2000).

After thorough cognitive task analyses, we included a total of 15 games including

self-developed and off-the-shelf games tapping all components of executive control.

While some games stressed a single executive control component, others involved all

components to a similar degree. We selected games with a minimal amount of rules,

allowing for a quick start of the game and restricting the amount of strategies which

can be used to accomplish the task. For optimally nourishing intrinsic motivation, not

only challenge and novelty were provided but also a socially meaningful context,

which allows the fulfillment of the need for relatedness (Ryan and Deci, 2000).

In a single-blinded randomized controlled pilot study, we tested this intervention

to enhance cognitive functions in community-dwelling older adults. Participants

(N¼17) were randomized to a gaming group (n¼9; 7 females; mean age¼70.4)

and a control group (n¼8; 6 females; mean age¼69.8). The groups did not differ

significantly in age, gender, or years of higher education, ps>0.80. The 5-week

training protocol (three times per week) emphasized variability of practice by play-

ing three games in every 2 h training session. In every other session, two already-

introduced games ( 30 min each) and one game never played before ( 1 h) were
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applied. That means every game was played not more than three times and 2 h in

total. Overall, participants completed 30 training hours within 15 sessions.

Outcomemeasures were selected on the basis of the methodological prerequisites

for the assessment of broad abilities rather than task-specific skills (see Section 2.2).

Aiming to assess multiple measures of executive control dissimilar to the training

tasks, three computerized tests assessing inhibition (flanker task, Stahl et al.,

2013), switching (Stahl et al., 2013), and updating (Oberauer et al., 2000) were ap-

plied. Additionally, two complex executive control tests, namely, the Standard Pro-

gressive Matrices (Raven et al., 1990) and the Culture Fair Test 20-R (Weiß, 2006),

were used. The primary outcome operationalizing executive control was calculated

by averaging the standardized single-test scores. Despite the small sample size, linear

mixed effect modeling revealed a marginally significant Group�Session interaction

effect, F(1,15)¼4.39, p¼0.054, net effect size, 0.53 SD (see Fig. 3), indicating per-

formance improvement in the intervention group compared to the passive control

group. While the gaming group improved performance in executive control

(0.46 SD, p¼0.04), performance in the passive control group did not change

(!0.06 SD; p¼0.70). The use of a passive rather than an active control group limits

the interpretation of effects. Nevertheless, a marginally significant improvement of

the gaming group, in contrast to the control group, in a broad measure of executive

control composed of tests dissimilar to the training tasks was revealed. The result

indicates improvement in executive control, that is, a broad cognitive ability, over-

coming often observed learning specificity.
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FIGURE 3

Intervention effect. Change of executive control (standardized) from pre- to posttraining as a

function of intervention group in a pilot study of a process-based novelty intervention using

card and board games. While the waiting-list control group (dark triangles) remained stable,

the intervention group (white squares) significantly improved, resulting in a marginally

significant group� time interaction. Arrows represent standard errors. Statistically significant

effects are marked by asterisks: * p<0.05.
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3.2 Physically demanding novelty interventions

In the following, we present a rationale for the combination of novelty interventions

with a physical activity component, which is based on two arguments: First, the

combination might induce multimechanistic effects appropriate for a multicausal

disease such as dementia. Second, both components may interact in a way that

we term “guided plasticity facilitation”. Thus, this extended novelty interventions

might induce additive or synergistic effects by the integration of a physical activity

component.

3.2.1 Tackling multiple mechanisms
Dementia is a multicausal disease (see Olde Rikkert et al., 2006, for a review). For

optimal prevention, it is plausible to tackle different pathological mechanisms by mul-

tiple approaches (Gillette-Guyonnet et al., 2009). Physical and cognitive activities

have shown differential effects on disease progression in animal models (e.g., Wolf

et al., 2006). Furthermore, these multiple pathogenic mechanisms and, hence, the pre-

ventive interventions may be dependent upon person-specific characteristics. Indeed,

there is evidence that cognitive effects of physical, social, or cognitive activity interact

with such characteristics, including genetic polymorphisms such as APOE genotype

(Head et al., 2012; Luck et al., 2013; Niti et al., 2008), brain-derived neurotrophic fac-

tor (BDNF) Val66Met polymorphism (Erickson et al., 2013; Kim et al., 2011) and

dopamine-related genes (Bellander et al., 2011; Brehmer et al., 2009; Pieramico

et al., 2012) as well as baseline levels of growth factors such as VEGF (Voss et al.,

2013), gender (see, e.g., Baker et al., 2010; Kåreholt et al., 2011), or personality traits

such as neuroticism (Wang et al., 2009). If, for example, one population profits most

from physical activity due to a certain BDNF polymorphism (Erickson et al., 2013;

Kim et al., 2011), APOE genotype (Head et al., 2012; Luck et al., 2013; Niti et al.,

2008), or gender (Baker et al., 2010; Kåreholt et al., 2011), a second population profits

most from social activity due to personality traits (see Wang et al., 2009) or gender

(Wang et al., 2013) and a third population benefits most from cognitive activity

due to dopamine-related polymorphisms (Bellander et al., 2011; Brehmer et al.,

2009), the averaged effect across all populations would be best in a combined inter-

vention of all the three types of activity. Such a combination of activity types is given

in certain leisure activities such as dancing or Tai Chi.

3.2.2 Guided plasticity facilitation
In addition to addressing various potential mechanisms by a combination of physical

and cognitive activity, there is increasing evidence that the combination of both ex-

ercise types may have synergistic effects (see Kraft, 2012, for a review). While phys-

ical exercise may “facilitate plasticity,” cognitive activity may “guide” the plastic

changes (see Fig. 4). Exercise-induced plasticity facilitation was shown by enhanced

precursor cell proliferation in the hippocampus (Fabel et al., 2009) and increased

synaptic plasticity such as long-term potentiation (Van Praag et al., 1999). BDNF

418 CHAPTER 16 Novelty Interventions for Brain Health

Author's personal copy



seems to be one potential mediator of plasticity facilitation effects of exercise as ex-

ercise induces BDNF production (e.g., Neeper et al., 1995; Rasmussen et al., 2009).

BDNF, in turn, is known for its potential to increase synaptic transmission, synaptic

plasticity, and synaptic growth (see Lu et al., 2013, for a recent review). Indeed, the

learning and memory-enhancing effects of exercise were shown to disappear after

blockage of the BDNF-binding receptor TrkB (Vaynman et al., 2004).

Cognitive activity, on the other hand, may “guide” this facilitated plastic poten-

tial by (1) a survival-promoting effect on exercise-induced newborn cells (Fabel

et al., 2009) and (2) the regulation of synaptic change by time-dependent neural ac-

tivity (see Hebb, 1949). For example, Trachtenberg et al. (2002) demonstrated

experience-dependent synaptic plasticity. Experience-induced neural activity seems

to guide elimination and formation of synapses. Neurofunctional plastic changes

were induced after PCT (see Buschkuehl et al., 2012, for a review), which may

be partly attributable to the experience-dependent synaptic turnover. Cognitive

activity-induced plasticity was shown on not only the neurofunctional (see also

Elbert et al., 1995) but also the neurostructural level (see, e.g., Draganski et al.,

2004, 2006; Maguire et al., 2000; Takeuchi et al., 2011; Woollett and Maguire,

2011). Overall, cognitive activity has consistently revealed plasticity-inducing

effects by synaptic change and neurofunctional and neurostructural change.

Kempermann et al. (2010) argued that these “guiding” and “facilitation” effects

of cognitive and physical activity would be beneficial from an evolutionary point of

view given the frequent coincidence of the necessity for learning and physical activ-

ity. For example, acquisition of new spatial representations is inherently bound to

physical activity (disregarding video gaming).

Not only plasticity but also stability of the central nervous system is crucial for its

function (Koleske, 2013). It thus seems apparent that effects of physical activity on

plasticity facilitation would be dysfunctional if they were not restricted to a certain

time frame. In line with this notion, studies repeatedly reported an increase of periph-

eral BDNF during and within one hour after an acute bout of physical exercise fol-

lowed by a reduction below baseline, indicating increased BDNF production and

utilization after exercise (see Knaepen et al., 2010, for a review). Therefore, facilita-

tion of plastic mechanisms, for example, mediated by BDNF, might be most pro-

nounced during or right after physical exercise. Indeed, Winter et al. (2007)

demonstrated in humans that verbal learning and memory were improved after an

acute bout of physical exercise, compared to a period of rest. Performance parameters

of learning and memory were associated with peripheral BDNF and various

FIGURE 4

Guided plasticity facilitation framework.
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catecholamine levels supporting their effect-mediating role. In line with this result,

Roig et al. (2012) found that an acute bout of 20 min intense cycling immediately be-

fore and after a motor task, compared with a period of rest, improved retention of a

learned motor skill 24 h and 7 days after practice. Interestingly, the effect of an acute

bout of exercise after the motor task, in contrast to before practice, had even larger

effect on retention 7 days after motor practice. Taken together, the timing of physical

activity in relation to cognitive activity seems to be crucial in the “guided plasticity

facilitation” framework (see Fig. 4).

3.2.3 Evidence
There is a growing evidence from observational studies indicating that engaging in a

number of different types of activities ranging from cognitive to physical and social

activities is able to reduce cognitive decline (Chan et al., 2005; Lee et al., 2009;

Wang et al., 2013) or dementia incidence (Karp et al., 2006; Paillard-Borg et al.,

2009; Verghese et al., 2003; Wang et al., 2002). Interestingly, beneficial effects

of leisure activity types on cognition follow a dose–response relationship (Wang

et al., 2013). For example, cognition declined over a 2-year period in participants

engaged in low levels in all three activity types, while cognition was stable in par-

ticipants who engaged in high levels in one activity type, and engagement in multiple

activities even predicted cognitive improvement. In this, the different types of activ-

ities had differential effects on several cognitive domains. This result supports the

rationale that multidomain interventions induce multimechanistic effects; thus, they

may be best suited to address a multicausal disease. Karp et al. (2006) demonstrated

that even dementia risk could be reduced by engaging in physical, social, or cognitive

leisure activities and that the strongest effect was present in individuals who engaged

in more than one type of activity. A dose–response pattern of the number of different

activity types—including physical, cognitive, and social activity—for dementia risk

was also found in a study by Paillard-Borg et al. (2009): high engagement in no or

only one type of activity served as the reference group. High engagement in two

types of activities reduced the risk by 34%, and high engagement in all three types

of activities reduced the risk even by 49%. The combination of multiple lifestyle ac-

tivities is decisive for prevention of cognitive decline and dementia and should be

further investigated (see also Lee et al., 2009). One leisure activity that is a good

model for an integrative physical, cognitive, social, and emotional approach is danc-

ing. In an observational study, Kattenstroth et al. (2010) demonstrated that long-time

amateur dancers outperformed age-, education-, and gender-matched controls in re-

action times, motor behavior, and cognitive performance, exhibiting the potential of

this challenging, multicomponent activity.

However, as mentioned earlier, observational studies cannot exclude other inter-

pretations of effects. So what does experimental evidence tell us about the effective-

ness of a combined physical and cognitive approach?

Several interventional studies investigated the effect of combined physical and

cognitive interventions on cognition (Barnes et al., 2013; Fabre et al., 2002;

Legault et al., 2011;Oswald et al., 2006; Shatil, 2013).Apart from the first two studies,
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which showed better effects of the combined approach (Fabre et al., 2002; Oswald

et al., 2006), the more recent studies could not show additional or synergistic effects

of the combination of both interventions (Barnes et al., 2013; Legault et al., 2011;

Shatil, 2013). Those studies investigated the effect of combined interventions, but each

component was separated in time from each other. As depicted in the rationale for the

guided plasticity facilitation framework, simultaneous cognitive and physical activi-

ties might be crucial for interaction effects, explaining the negative findings.

Physically demanding novelty interventions provide simultaneous cognitive and

physical activity (see Fig. 5). Indeed, there are several interventional studies which

found beneficial effects on cognition for such a multimodal approach. For example,

consistent and large improvements in cognitive outcomes were found in older adults

allocated to a dancing intervention (Kattenstroth, Kalisch, Holt, Tegenthoff, and

Dinse, 2013), mind–body exercises like Tai Chi (Mortimer et al., 2012), theater play

(Noice and Noice, 2009; Noice et al., 2004), or “exergaming” (Anderson-Hanley

et al., 2012; Maillot et al., 2012), that is, physical exercise carried out in a mentally

stimulating and motivating virtual reality environment. Mixed results, showing im-

provements in some cognitive tests but not others, were found by Pieramico et al.

(2012) for a 1-year multimodal training program consisting of various activities

and by Coubard et al. (2011) for a dancing intervention.

After a 6-month dancing intervention, elderly adults significantly improved in

cognitive outcomes, such as attention and memory functions, compared to partici-

pants of an inactive control group (Kattenstroth, Kalisch, Holt, Tegenthoff, and

Dinse, 2013). Noice et al. (2004) compared the outcome of a 7-session theater course

for healthy older adults not only to the one of an inactive control group but also to an

active visual arts control group. The mentally and physically challenging theater

course resulted in an enhancement in problem solving compared to both control

groups and an improvement in episodic memory when compared to the inactive

FIGURE 5

Physically demanding novelty interventions. Dancing, Tai Chi, cybercycling, and theater arts

depict examples of this combined physical–cognitive approach. In contrast to traditional

novelty interventions, they include physical demands in addition to highly variable, novel tasks

and thus enhance the transfer to unspecific cognitive based abilities.
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control group. Similar effects were found for the same intervention with older adults

in retirement homes (Noice and Noice, 2009). Compared to physical training only,

greater improvements were yielded by cybercycling, that is, cycling within a men-

tally challenging virtual reality environment (Anderson-Hanley et al., 2012), and by

Tai Chi (Mortimer et al., 2012).

Finally, there is even initial experimental evidence that long-term Tai Chi train-

ing decreases the incidence of dementia, evaluated with the Clinical Dementia Rat-

ing (Lam et al., 2011, 2012). However, this study had some limitations with respect

to dropout rates, operationalization of dementia incidence, and baseline differences

between groups. Therefore, caution is necessary in the interpretation of results.

To sum up, the evidence for physically demanding novelty interventions such as

dancing, Tai Chi, theater play, or exergaming is promising. To elucidate whether the

combination of activities is decisive, further research is needed comparing physically

demanding novelty interventions with pure physical and novelty interventions. Also,

more research investigating the potential for dementia prevention must follow.

4 CONCLUSIONS
Observational and experimental studies suggest that novelty interventions are effec-

tive behavioral means to delay cognitive decline (e.g., Eskes et al., 2010; Klusmann

et al., 2010) and the onset of dementia (e.g., Fritsch et al., 2005). However, this ap-

proach is rather unspecific, that is, it does not tackle specific processes shown to de-

teriorate in aging and dementia (see Fig. 1). PCT addresses this problem and has

shown transfer effects on untrained cognitive tests. Crucially, however, consistent ef-

fects were only shown for cognitive tests sharing superficial training task character-

istics, suggesting learning specificity with only limited transfer to broad cognitive

abilities (see Fig. 1, e.g., Redick et al., 2013; Barnes et al., 2013). Based on a growing

literature on biological and behavioral effects of variable practice, in contrast to con-

stant practice, we propose in line with Green and Bavelier (2012) that low task var-

iability of currently available PCTs is partly responsible for limited transfer (compare

Figs. 1 and 2). A process-based novelty intervention, using variable card and board

games in a socially meaningful context, addressed this issue and showed initial evi-

dence for an enhancement in the broad cognitive ability of executive control (see

Fig. 3). Furthermore, rather small transfer effects of novelty interventions might be

enhanced by engaging in novel challenging mental activities which also comprise

physical demands such as dancing or Tai Chi (see Fig. 5). A mechanism of action

of this multimodal approach may be guided plasticity facilitation (see Fig. 4).

With respect to current evidence, we suggest four principles that behavioral

interventions for the prevention of dementia should implement:

• Challenge: The training tasks should induce a mismatch of supply and demand

(see Lövdén et al., 2010).

• “Overlapping variability”: The training tasks should have a high task variability

but a low variability in targeted processes. In other words, tasks should overlap in

422 CHAPTER 16 Novelty Interventions for Brain Health

Author's personal copy



the targeted processing demands while relying on a diverse set of nontargeted

lower-order processing demands (see Fig. 2 and Green and Bavelier, 2012).

• Multimodality: The training tasks should implement cognitive and physical

demands (see, e.g., Kempermann et al., 2010; Kraft, 2012) in temporal proximity

(see Roig et al., 2012).

• Meaningfulness: The training tasks and setting should provide elements that

match the human tendency to seek for novelty while fulfilling basic needs of

autonomy, relatedness, and competence (Ryan and Deci, 2000). Thus, an

engaging and personally meaningful environment necessary for long-term

adherence should be provided (see, e.g., Carlson et al., 2008; Park et al., 2007;

Lautenschlager and Cox, 2013).

Novelty interventions are specifically powerful with regard to these four principles

as they induce a mismatch of supply and demand, go along with high variability, and

provoke interest and curiosity, that is, nourish intrinsic motivation (see Fig. 1). For

even more beneficial effects, this approach may be implemented in a process-based

or a physically demanding approach (see Figs. 2 and 5).

According to a recent National Institute of Health consensus and state-of-the-

science statement prepared by independent panels of public representatives and

health professionals, no intervention can be recommended to delay dementia, as

“the evidence is inadequate to conclude that any are effective” (Daviglus et al.,

2010, p. 12). We propose that no single type of activity such as cognitive or physical

activity should be considered as a prevention technique. The focus should rather lie

on a style of activity engagement, a composition of activities, or underlying effective

factors such as novelty, variability, process overlap, and challenge. This is crucial as

activities interact to produce their beneficial effects, which is clearly demonstrated

by variable and constant practice protocols. Therefore, we propose that recommen-

dations for single-activity types are inherently flawed. We come to an alternate con-

clusion for dementia prevention in recommending a lifestyle composed of both

physical demands and novel challenging mental activities integrated in a socially

meaningful context. This conclusion is based on the earlier-mentioned findings of

novelty interventions and on the ratio of their potential costs and benefits: (1) poten-

tial emotional and financial benefits through dementia prevention are high on both a

personal and a societal level, and (2) costs for engagement in such activities are with

exceptions rather low.

For future interventional studies, we suggest that they should assess the most im-

portant outcome of interventions, which is the incidence of dementia. To accomplish

this aimwith clinically meaningful results, we are convinced that long-term interven-

tion with high adherence is key (see Unverzagt et al., 2012). Therefore, interventions

should be personally meaningful to participants (see, e.g., Carlson et al., 2008;

Lautenschlager and Cox, 2013) while nourishing intrinsic motivation. Thus, in the

coming years, structured programs for the prevention of dementia might be exper-

imentally validated allowing for widespread public recommendations and imple-

mentation in the health-care system (see Dehnel, 2013).
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Ehrmann, Anna Gässler, Christa Selig, and Julia Fischerkeller for selecting the outcome tests

and administering the test sessions; and Florian Schmitz for providing expert advice regarding

the assessment of executive control and for providing the computerized inhibition and swit-

ching tasks. We also thank Steven Jaeger for proofreading and Laura Loy for her ideas and

helpful comments on the chapter.

References
Adolph, K.E., 2000. Specificity of learning: why infants fall over a veritable cliff. Psychol. Sci.

11, 290–295.

Ahissar, M., Hochstein, S., 1997. Task difficulty and the specificity of perceptual learning.

Nature 387, 401–406.

Ahissar, M., Hochstein, S., 2004. The reverse hierarchy theory of visual perceptual learning.

Trends Cogn. Sci. 8, 457–464.

Anderson-Hanley, C., Arciero, P.J., Brickman, A.M., Nimon, J.P., Okuma, N., Westen, S.C.,

Merz, M.E., Pence, B.D., Woods, J.A., Kramer, A.F., Zimmerman, E.A., 2012. Exergaming

and older adult cognition: A cluster randomized clinical trial. Am. J. Prev.Med. 42, 109–119.

Angevaren, M., Vanhees, L., Wendel-Vos, W., Verhaar, H., Aufdemkampe, G., Aleman, A.,

Verschuren, W., 2007. Intensity, but not duration, of physical activities is related to cog-

nitive function. Eur. J. Cardiovasc. Prev. Rehabil. 14, 825–830.

Arnold, S.E., Louneva, N., Cao, K., Wang, L.-S., Han, L.-Y., Wolk, D.A., Negash, S.,

Leurgans, S.E., Schneider, J.A., Buchman, A.S., 2013. Cellular, synaptic, and biochemical

features of resilient cognition in Alzheimer’s disease. Neurobiol. Aging 34, 157–168.

Baker, L., Frank, L., Foster-Schubert, K., Green, P., Wilkinson, C., McTiernan, A.,

Plymate, S., Fishel, M., Watson, G., Cholerton, B., 2010. Effects of aerobic exercise on

mild cognitive impairment: A controlled trial. Arch. Neurol. 67, 71–79.

Ball, K., Berch, D., Helmers, K., Jobe, J., Leveck, M., Marsiske, M., Morris, J., Rebok, G.,

Smith, D., Tennstedt, S., 2002. Effects of cognitive training interventions with older

adults: a randomized controlled trial. JAMA 288, 2271–2281.

Bao, S., Chan, V.T., Merzenich, M.M., 2001. Cortical remodelling induced by activity of

ventral tegmental dopamine neurons. Nature 412, 79–83.

Barnes, D.E., Santos-Modesitt, W., Poelke, G., Kramer, A.F., Castro, C., Middleton, L.E.,

Yaffe, K., 2013. The Mental Activity and eXercise (MAX) Trial: a randomized controlled

trial to enhance cognitive function in older adults. JAMA Intern. Med. 173, 797–804.

Barnett, S.M., Ceci, S.J., 2002. When and where do we apply what we learn?: A taxonomy for

far transfer. Psychol. Bull. 128, 612–637.

Basak, C., Boot, W.R., Voss, M.W., Kramer, A.F., 2008. Can training in a real-time strategy

video game attenuate cognitive decline in older adults? Psychol. Aging 23, 765–777.

424 CHAPTER 16 Novelty Interventions for Brain Health

Author's personal copy



Bellander, M., Brehmer, Y., Westerberg, H., Karlsson, S., Fürth, D., Bergman, O.,
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Physical as well as cognitive training interventions improve specific cognitive functions

but effects barely generalize on global cognition. Combined physical and cognitive

training may overcome this shortcoming as physical training may facilitate the

neuroplastic potential which, in turn, may be guided by cognitive training. This study

aimed at investigating the benefits of combined training on global cognition while

assessing the effect of training dosage and exploring the role of several potential effect

modifiers. In this multi-center study, 322 older adults with or without neurocognitive

disorders (NCDs) were allocated to a computerized, game-based, combined physical

and cognitive training group (n = 237) or a passive control group (n = 85). Training

group participants were allocated to different training dosages ranging from 24 to

110 potential sessions. In a pre-post-test design, global cognition was assessed

by averaging standardized performance in working memory, episodic memory and

executive function tests. The intervention group increased in global cognition compared

to the control group, p = 0.002, Cohen’s d = 0.31. Exploratory analysis revealed a

trend for less benefits in participants with more severe NCD, p = 0.08 (cognitively

healthy: d = 0.54; mild cognitive impairment: d = 0.19; dementia: d = 0.04). In

participants without dementia, we found a dose-response effect of the potential number

and of the completed number of training sessions on global cognition, p = 0.008 and

p = 0.04, respectively. The results indicate that combined physical and cognitive training

improves global cognition in a dose-responsive manner but these benefits may be less
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pronounced in older adults with more severe NCD. The long-lasting impact of combined

training on the incidence and trajectory of NCDs in relation to its severity should be

assessed in future long-term trials.

Keywords: physical training, cognitive training, combined intervention, exergames, mild cognitive impairment,

dementia, neurocognitive disorder, aging

Introduction

As a result of the population aging, dementia affects a growing

number of individuals (Alzheimer’s Association, 2014). Next
to the rising emotional toll of dementia, the financial costs
are expected to more than double in the upcoming 30 years

(Hurd et al., 2013). As pharmacological treatment show limited
clinical effects on cognition (Schneider et al., 2014), behavioral
approaches aiming to promote cognitive performance become
increasingly important (Imtiaz et al., 2014). Single component

cognitive and physical training improved specific cognitive
functions (Kramer et al., 1999; Ball et al., 2002). However,

(1) inconsistent and limited generalizing benefits on global
cognition were found (see, e.g., Kelly et al., 2014b; Rebok

et al., 2014), (2) effect modifiers of training-induced effects
such as severity of neurocognitive disorder (NCD), age, or

gender are largely unexplored (Leckie et al., 2012; Walton
et al., 2014), (3) the impact of training dosage is still unclear

(see Liu-Ambrose et al., 2010; Ball et al., 2013 for rare
dose-response studies), and (4) current findings have limited

generalizability to potential end users as most studies applied
highly restricted selection criteria including only sedentary or

healthy participants (see, e.g., Smith et al., 2009; Erickson et al.,
2011). This study aims to overcome these four shortcomings by
using a combined physical and cognitive training intervention

in a community-dwelling sample of potential end users
with and without NCD while manipulating training dosage

and investigating effect-modifying effects in an exploratory
approach.

Cognitive as well as physical training interventions have been
shown to enhance performance in untrained cognitive tasks (see
Hindin and Zelinski, 2012 for a meta-analysis). However, both
approaches have their limitations. Cognitive training induced

only limited transfer effects, i.e., cognitive training improved
performance in untrained cognitive tasks which were structurally

very similar to the training tasks (Rebok et al., 2014) but
showed no (Ball et al., 2002; Owen et al., 2010; Chacko et al.,

2014) or only limited transfer effects to structurally dissimilar
tasks (Harrison et al., 2013). Especially in older adults, in

contrast to younger adults, far-transfer effects to structurally
dissimilar tasks could not be found (Schmiedek et al., 2010).
Some cognitive training programs revealed effects on untrained,
structurally rather dissimilar tasks, but they improved only

specific functions such as memory (Barnes et al., 2009; Zelinski
et al., 2011) rather than global cognition (but see also Lampit
et al., 2014a).

Physical training interventions such as resistant and aerobic
training have shown benefits on tasks of specific cognitive

functions (e.g., Kramer et al., 1999; Lautenschlager et al., 2008;
Liu-Ambrose et al., 2010). However, different meta-analyses and

systematic reviews did not come to univocal conclusions about

cognitive benefits (see Colcombe and Kramer, 2003; Angevaren
et al., 2008; van Uffelen et al., 2008; Smith et al., 2010b; Kelly

et al., 2014b for reviews and meta-analysis). While an older
meta-analysis showed large and specific benefits on executive

function (Colcombe and Kramer, 2003), a more recent meta-
analysis revealed small benefits on several functions (Hedges’

g < 0.16, Smith et al., 2010b). The most recent meta-analysis
by Kelly et al. (2014b) found no significant cognitive benefit of

aerobic training and very function-specific benefits of resistance
training. Taking all results together, it seems that cognitive

benefits of physical training interventions are very small-sized
and by their own not of practical significance after short-term
interventions.

How can we overcome the limitations of mono-therapeutical

approaches? As cognitive decline is multi-causal (see, e.g.,
Buckner, 2004), multi-component interventions acting by

multiple mechanisms may be necessary for practically significant
effects on global cognition (Ngandu et al., 2015). Physical and

cognitive trainings act by different mechanisms on cognition.
Some mechanisms may potentiate each other (i.e., synergistic

effects) while others may merely add up (see Kempermann,
2008; Fabel et al., 2009; Kraft, 2012; Fissler et al., 2013;

Hötting and Röder, 2013; Bamidis et al., 2014 discussing this
issue).

Synergistic effects of both interventions may arise by a
“plasticity facilitation” effect of physical training which, in turn,

is “guided” by cognitive training to induce its beneficial cognitive
effect. According to the so-called “guided plasticity facilitation”

framework by Fissler et al. (2013), physical training facilitates
synaptic plasticity and neurogenesis via growth factors such

as brain-derived neurotrophic factors and insulin-like growth
factor-1 (see, e.g., Cotman et al., 2007). Cognitive training,

in turn, “guides” the facilitated plastic potential by regulating
synapse formation and elimination (cf. Trachtenberg et al., 2002),

as well as by enhancing the survival of physical training-induced
newborn cells (Fabel et al., 2009). Thus, combined physical and
cognitive training may potentiate their impact to restructure

neuronal networks, resulting in enhanced processing efficiency
(Subramaniam et al., 2014).
Training types may also act by additive and independent

mechanisms on cognition (Wolf et al., 2006). Physical training

may reduce neuroinflammation (Cotman et al., 2007), increase
cerebral blood flow (Smith et al., 2010a) and velocity (Ainslie

et al., 2008), decrease risk factors for cognitive decline such as
cardiovascular diseases and diabetes (Cotman et al., 2007), reduce

amyloid deposition (Liang et al., 2010) and increase hippocampal
size (Erickson et al., 2011). Cognitive training may reduce the

impairment of hippocampal long-term potentiation induced by
amyloid-β oligomers (Li et al., 2013) and may reduce amyloid
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deposition independently from physical training (Lazarov et al.,
2005; Landau et al., 2012).

What is the empirical evidence for the efficacy of combined

physical and cognitive training interventions? Recent findings
indicate beneficial effects of combined training on cognitive

functions (Fissler et al., 2013; Law et al., 2014; Ngandu et al.,
2015) and some studies indicate more benefits through combined

training than through each component alone (Fabre et al.,
2002; Oswald et al., 2006; Shah et al., 2014). Also an animal

study found that combined training yielded more cognitive
benefits than each component by its own (Langdon and
Corbett, 2012). However, “research to assess the impact of
combined cognitive and physical training on cognitive functions
in older adults is still in its fledgling stage” (Law et al.,
2014).

A huge and heterogeneous set of cognitive and physical
training programs is currently available. Technology assisted
solutions engaging the elderly in physical training through

gaming have been increasingly investigated in recent years and
the term “exergaming” has even been coined to describe this

notion (Robert et al., 2014). However, in contrast to currently
available exergames, we developed a service which is tailor-
made for elderly use and integrates both physical and cognitive
game-like trainings under a unified user interface powered by

web service technologies (Konstantinidis et al., 2010; Bamidis
et al., 2011). Programs with the most robust empirical evidence

for transfer effects on cognitive functions in older adults were
implemented in this system. A Greek version of a well-validated

neuroplasticity-based training program (Brain Fitness Program;

Posit Science Corporation, San Francisco, CA, USA) was used

as the cognitive training component (Mahncke et al., 2006a).
This program improved performance in verbal memory tasks

that are structurally rather dissimilar from the training tasks
(Smith et al., 2009; Zelinski et al., 2011). It targets auditory
processes as well as working memory processes. The physical
training program included both resistance and aerobic training,
as their combination seems to be most effective (Colcombe

and Kramer, 2003; Kelly et al., 2014b). Additional balance
and flexibility exergames were designed and implemented

to meet the needs of elderly users (Konstantinidis et al.,
2014).

To address the lack of knowledge with respect to effect
modifiers of cognitive (Walton et al., 2014) and physical training
(Leckie et al., 2012), we conducted an exploratory analysis
regarding the potential impact of severity of NCD, baseline
cognitive performance, education, age, gender, and social activity
level on the intervention effect.

Previous studies of physical and cognitive training could
not clarify the impact of training dosage on cognitive

improvement (see Liu-Ambrose et al., 2010 for rare studies
investigating training dosage; Ball et al., 2013). A dose-

response effect strengthens evidence for a causal role of the
intervention components (Hill, 1965). Moreover, dose-response

effects have considerable practical relevance. Guidelines and
recommendations for end users can be derived (Robert et al.,
2014). In this study, we thus investigated the effect of training
dosage on cognitive benefits.

Lastly, the generalizability of previous findings to potential

end users was restricted as often strict selection criteria were
applied. These criteria included a sedentary lifestyle (e.g.,

Erickson et al., 2011) or no neurocognitive and psychiatric
disorders (e.g., Smith et al., 2009). To overcome this limitation,

we used unrestrictive criteria, not excluding older adults with
an active lifestyle, participants with mild cognitive impairment
(MCI), dementia and psychiatric disorders, if the conditions did
not preclude participation in the intervention.

Taken together, we hypothesized that combined cognitive
and physical training improves global cognition in contrast to

a passive control group and that the number of completed
training sessions predicts cognitive benefits. In addition, we

explored potential effect modifiers of training-induced cognitive
benefits.

Materials and Methods

Design
The multi-center study was part of the Long Lasting Memories
(LLM) project (http://www.longlastingmemories.eu), which

was funded by the European Commission [Information and
Communication Technologies Policy Support Program (ICT-

PSP)] for a 3 years period (2009–2012). The trial was registered
retrospectively in ClinicalTrials.gov (Identifier: NCT02267499).

We used a pre-post-test design and allocated participants
to the passive control group and the intervention group.

Intervention group participants were allocated to different
training dosages ranging from 24 to 110 potential sessions

(M = 59; SD = 21). This large-scale computerized intervention
study with different training dosages did not allow randomized

allocation due to feasibility and practical issues as well as due
to time and financial limitations of the project. However, both

allocation to group (training vs. passive controls) and to training
dosage was driven by non-systematic practical and logistic
reasons (such as the timing of the next start of training or
the time period until the next national holidays or the number
of successfully screened and pretested participants at a given

point in time) and was not influenced by participant’s choice,
motivation or compliance. We cannot exclude a potential bias

through this allocation procedure but we are not aware of a
mechanism which biased results favoring the intervention group
or favoring a higher training dosage.

Post-test was conducted within 2 weeks after completion of

the training period. The interventions reported in this paper
were carried out in Athens and Thessaloniki (Greece) within day
care centers, hospitals, senior care centers, a memory outpatient
center, local parishes, at university campus facilities (university

community installations), and at participant’s homes (Bamidis,
2012; Billis et al., 2013).

Severity of NCD, baseline cognitive performance, education,
age, gender, and social activity level were used as potential

effect modifiers of training effects. Global cognition served as
the primary outcome and cognitive functions such as episodic

memory, working memory, and executive function were defined
as secondary outcomes.
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Participants
The study enrolled 322 community-dwelling older adults ranging
from cognitively healthy individuals to individuals with MCI or

dementia [Mini Mental State Examination score (MMSE) 18–
30]. According to a power analysis, more participants had to be

allocated to the intervention group than the control group to
achieve the same power in the dose-response analysis and in the
group analysis. Our study had more than 95% power to detect

a medium effect size in the dose-response analysis (r = 0.3) and
the group analysis (f = 0.25) assuming two-tailed testing with a
significance level of α= 0.05.
Inclusion criteria were age ≥55 years, no severe cognitive

impairment (MMSE ≥ 18; cf. Tombaugh and McIntyre, 1992),
fluent language skills, agreement of a medical doctor and time
commitment to the test and training protocol. Exclusion criteria
were concurrent participation in another study, severe physical

or psychological disorders which precluded participation in the
intervention (i.e., inability to follow instructions), unrecovered

neurological disorders such as stroke, traumatic brain injury,
unstable medication within the past 3 months, severe and

uncorrectable vision problems, or hearing aid for less than
3 months. As there were only three participants with Parkinson’s
disease in the intervention group and none in the control group,
these were excluded from the data analysis.

Recruitment strategies included flyers, workshops,
presentations, and professional contacts in the intervention and

associated institutions, advertisement in the local newspapers,
and word of mouth. Participants received no compensation; the
training program was provided at no cost.

The protocol was approved by the Bioethics Committees of
two Medical Schools, the Medical School of the National and

Kapodistrian University of Athens and the Medical School of the
Aristotle University of Thessaloniki, as well as, the Board of the

Greek Association of Alzheimer’s Disease and Related Disorders.
Participants provided written informed consent prior to study

participation.

Intervention
The computerized training program was conducted by using an
integrated web-service system composed of a physical as well as

a cognitive training component through a universal interface,
facilitated by touch screen systems (Konstantinidis et al., 2010;
Bamidis et al., 2011). It was carried out in a group setting apart
from one participant who used the training system at home.

Physical Training

The computerized physical training program FitForAll

(llmcare.gr/el/service/fitforall, Billis et al., 2010; Konstantinidis
et al., 2014) was composed of (1) aerobic, (2) strength, (3) balance

and (4) flexibility trainings and exergames. Physiotherapists,
sport experts/physical educators, psychologists, or trained

facilitators (formal care givers) introduced participants to the
training program and consulted participants with respect to

the training intensity level. A 10-min warm-up phase preceded
the four different training components (10–15 min each),

followed by a 5-min cool-down phase. Participants started on
the light intensity level with a target heart rate (HR) of 50–60%

of maximum heart rate (HRmax) and could proceed to the very
hard level with a target HR of 80–90% of HRmax. Training was
embedded in game-like tasks using either the Wii Balance Board

or the Wii Remote which measure the center of mass and limb
movements, respectively. (1) The FitForAll exergames “Hiking”

and “Cycling” are two aerobic trainings in which participants run
on the spot or cycle on a stationary mini-bike, therebymoving the

bicycle of an avatar through a city landscape. (2) Training tasks
aiming to increase upper and lower limb strength consisted of

weightlifting and resistance trainings. Pictures of positive valence
were revealed gradually with increasing repetitions. (3) “Ski

Jump” is a static balance task asking participants to move their
center of mass to a specific position, thus controlling the avatar’s
jump performance. “Arkanoid” is designed to train dynamic
balance. Participants needed to control the horizontal position

of a bar aiming to hit a moving ball which, in turn, needed to be
directed to destroy bricks. In “Apple Tree,” participants practiced
dynamic balance by controlling a basket which served to pick

apples from a tree. “Fishing” is a dynamic balance game in which
participants needed to control the vertical position of a boat with

the goal to fish horizontally moving fishes. In “Golf” participants
moved a ball around barriers into a hole using their center of

mass. (4) Flexibility training consisted of stretching and warm-up
trainings.

Cognitive Training

A localized version (adapted in terms of Greek language and

cultural contexts) of the Brain Fitness Program (Posit Science
Corporation, San Francisco, CA, USA, see Mahncke et al.,

2006b) served as the cognitive training component (Bamidis,
2012). It consisted of six tasks targeting auditory processing and

working memory.With task progression, increasingly long arrays
of syllables up to words, sentences and narratives were used.

The stimuli were synthetically processed, enabling variations
in duration and amplitude of rapid frequency modulations

within sounds and speech to adapt difficulty. The program
presented, via head-phones, difficult-to-discriminate auditory

stimuli which were partly interwoven in tasks with high
working memory load. Two tasks were psychophysical auditory
training tasks (“High or Low” and “Tell us Apart”), while three
tasks tapped both working memory and auditory processing
(“Sound Replay,” “Listen and Do,” “Match It”). In “Story Teller,”

stories with increasing demands on auditory perception were
presented and participants subsequently needed to recognize

story facts out of multiple possible answers. Feedback was given
by rewarding correct responses with points while gradually

revealing background pictures of positive valence. Difficulty level
was continuously adapted based on participants’ performance.

Psychologists introduced participants to the training program
and consulted participants with respect to the training intensity

level.

Measures
Cognitive Outcomes

Greek versions of the California Verbal Learning Test (Delis et al.,
1987), the Digit Span Test (Wechsler, 1997), and the Trail Making
Test (TMT, Reitan, 1958) were used to assess cognitive outcomes.

Frontiers in Aging Neuroscience | www.frontiersin.org 4 August 2015 | Volume 7 | Article 152



Bamidis et al. Cognitive gains by combined training

Measures are well-validated (English versions; Sanchez-Cubillo

et al., 2009; Beck et al., 2014) and possess good reliability (retest-
reliability in the control group of this study for global cognition

was good; rpre−post = 0.82; on average, 67 days between tests).
All measures are widely used in clinical practice and comprise

a wide spectrum of cognitive functions affected in normal aging
(Park et al., 2002), MCI (Economou et al., 2007), and dementia

(American Psychiatric Association, 2013). In the verbal learning
test, five learning trials of an orally presented 16-word shopping

list (list A) were followed by an interference shopping list (list B)
as well a short-delayed recall of list A with and without category

cues. After another 20 min, participants were asked to recall list
A with and without category cues. In the Forward and Backward

Digit Span Test participants were asked to repeat an increasingly
long sequence of orally presented digits in same and in reverse

order of presentation. In the TMT part A, participants needed
to draw a line between numbers in ascending order. In part
B, numbers and letters needed to be connected in alternating

alphabetic and ascending orders. The difference of time needed
to complete part B and part A (TMT B-A) is suggested to be

a measure of the switching component of executive function
(Sanchez-Cubillo et al., 2009). If part A lasted longer than 3 min

and part B lasted longer than 5 min, the test was stopped and
coded with the maximum time of 180 or 300 s, respectively. In

case one subtest was not completed within time, TMT B-A could
not be calculated. This affected 29% of the intervention group and

26% of the control group.

Specific cognitive functions and global cognition
Secondary outcome measures including episodic memory,
working memory, and executive function were calculated by

averaging z-standardized sub-scores of the three cognitive
tests. For episodic memory sub-scores comprised the total

number of recalled words within the five learning trials and
the 20-min free delayed recall score. For working memory

the sub-scores comprised the Digit Span Forward and the
Digit Span Backward Test. Executive function was calculated

by inverting z-standardized TMT B-A scores. The primary
outcome measure, global cognition, was a composite score

derived from all three cognitive function scores, calculated by
averaging the z-standardized scores of episodic memory, working
memory, and executive function. Baseline assessment served for

z-standardization (score minus baselinemean divided by baseline
standard deviation). Global cognition was calculated if at least

two of three cognitive function scores were available for analysis.

Psychological, Physical, and Daily Living Outcomes

Quality of life was assessed with the short-version of the World
Health Organization Quality of Life questionnaire (WHOQOL-

BREF, Skevington et al., 2004), measuring physical, psychological,
social, and environmental domains. Depressive symptoms were

assessed with the short, 15-item version of the Geriatric
Depression Scale (GDS-short, Sheikh and Yesavage, 1986). Daily

life functioning was assessed with the Instrumental Activities of
Daily Living Scale (IADL, Lawton and Brody, 1969). Physical

fitness was operationalized with the composite score of the
averaged z-standardized subtests of the Senior Fitness Test (Chair

stand, Arm curl, 2-min step, Back scratch, Chair sit-and-reach,

8-foot up-and-go, Rikli and Jones, 2001). This measure was
collected only in a subsample (n = 119; intervention group,

n = 84; control group, n = 35). Greek versions (validated or
adapted for research) of all tests were used.

Moderator Variables and Group Characteristics

An interview served to collect demographic data such as

education, age, gender, and medical data. The Mini Mental State
Examination was used as a cognitive screening test (MMSE,

Folstein et al., 1975). NCDs were assessed by neurologists
on the basis of a clinical interview with the patient and

an informant, clinical examination including neurobehavioral
examination and, if available, imaging (CT or MRI) and standard

blood and biochemistry investigations according to the EFNS-
ENS guidelines (Waldemar et al., 2000; Sorbi et al., 2012) and
AAN practice parameters for differential diagnosis of dementia

(Knopman et al., 2001; Pitner and Bachman, 2004). Diagnosis
was made in accordance with the DSM-IV and ICD-10 criteria

for dementia and Petersen’s criteria for MCI (Petersen, 2004). All
individuals with MCI had a Clinical Dementia Rating (Hughes

et al., 1982) score of 0.5. To assess NCD as a moderator of
training effects it was treated as an ordinally scaled variable

with the values “healthy” < “MCI” < “dementia.” The number
of social activities including sport activities, church activities,

volunteer work, meetings for seniors, club meetings, and other
social activities served as a measure of the social activity level. In

case of missing values for one kind of social activity, the value was
estimated by themean score of the other social activities. Training

dosage was operationalized by the total number of completed
cognitive and physical training sessions which were collected

electronically via online data records and web services (Bamidis
et al., 2011).

Data Analysis
Statistical analysis was conducted using the R statistical software

package version 2.15.1 (R Development Core Team, 2011).
Baseline group characteristics were compared using t-tests for

continuous variables and χ2-tests for categorical variables.
To assess the intervention effect, multiple regression models

were used as the primary analysis. Change in cognitive
performance was the dependent variable. Covariates were

included in the primary analysis to enhance statistical power
through the reduction of variance in the dependent variable

which was attributable to other factors than the intervention.
Study center (dummy-coded; Thessaloniki vs. Athens) was

included according to established procedures in multi-center
studies (Kahan and Morris, 2013), accounting for similarities

of participant’s within centers and differences between center
characteristics. Selection of other predictors was based on the

forward and backward Akaike Information Criterion (AIC)-
stepwise regression. Baseline performance, age and education

reduced the AIC and were selected as covariates. The difference
in performance change between intervention and control

group was assessed by adding group (dummy-coded) to the
model.
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An available-case analysis – consistent with the modified

intention-to-treat approach of randomized controlled trials –
was conducted: all participants with available outcomes were

included according to the originally allocated group, irrespective
of any consideration such as the initiation and completion of

the designated intervention. Imputation methods for missing
data were not used as the strong assumptions required by these

methods cannot be justified and violation of assumptions induce
an estimation bias (Streiner, 2008). Analyzing all participants

according to the initial group assignment irrespective of the
intervention received, reduces self-selection and the risk of an

attrition bias (Flick, 1988). In contrast with a per-protocol
analysis, non-compliance with the allocated treatment is ignored,

thus depicting a more conservative analysis, which tends to
underestimates the true effect size of the treatment (Moher et al.,

2010).
To assess the robustness of group effects, we conducted a

secondary analysis without accounting for other variables (see

Supplementary Table S1). This method yields the same results
as the Group [intervention vs. control] × Session [pre vs. post]

interaction using repeated-measure ANOVA or linear mixed
effect models (Pinheiro et al., 2010; see Supplementary Table S1).

To assess moderator effects (i.e., effect modifiers), an
interaction term between each moderator variable and group

was added separately as predictor. As we tested six moderator
variables, we report both unadjusted p-values and p-values

adjusted for six multiple comparisons by using Holm’s method
(Holm, 1979). In this exploratory analysis which aims for

hypothesis generation rather than rigorous hypothesis testing,
p-value adjustment is not viewed as necessary (Rothman, 1990;

Roback and Askins, 2005). However, results should be cautiously
interpreted as the risk of false positives increases with multiple

testing.
Multiple regression models within exercising participants

served to evaluate the effect of training dosage on change in
cognitive performance. These models included the number of
completed training sessions and the covariates as predictor

variables of performance change.
To calculate effect sizes all outcome measures were

z-standardized according to the baseline data of both groups.
Cohen’s d represents the estimated z-standardized difference

between the change in the intervention group and the change
in the control group, accounting for the covariates. Statistical

significance tests were two-tailed with a significance level of
α = 0.05.

Results

Baseline Group Characteristics
A total of 322 participants were enrolled in the study from June

22, 2010 (intervention group, n = 237; passive control group,
n = 85; Thessaloniki, n = 177; Athens, n = 145), 229 completed

the post-test until April 04, 2012 (intervention group, n = 163;
passive control group, n = 66; Thessaloniki, n = 120; Athens,

n = 109). Attrition rates were 31% in the intervention group and
22% in the control group which were not significantly different,

FIGURE 1 | Flow of participant chart. Flow of participants within the

intervention and passive control group.

χ2(1) = 1.98; p = 0.16 (see Figure 1). On average, participants
of the intervention group completed 37 (SD = 19.8) training

sessions (23 cognitive and 14 physical) within an average period
of 6-weeks. Baseline characteristics are depicted in Table 1. Apart

from significantly more depressive symptoms in the intervention
group (M = 2.8, SD = 2.7) compared to the control group

[M = 2.0, SD= 2.0, t(225) = 2.08; p= 0.04], there were no other
significant group differences, ps ≥ 0.05 (see Table 1). The group

difference in the quality of life questionnaire WHOQOL-BREF
was marginally significant, p= 0.05.

Does Combined Training Improve Global
Cognition?
To assess intervention effects, the dummy-coded variable group
(intervention vs. control group) was added to the regression

model accounting for baseline cognitive performance, education,
age, and study center. In accordance with our hypothesis, the
intervention group compared to the control group significantly

improved in global cognition, t(219) = 3.20, p = 0.002, Cohen’s
d = 0.31 (see Figure 2). Regarding secondary outcomes, the

intervention group compared to the control group significantly
improved in executive function, t(156) = 2.56, p= 0.01, Cohen’s

d = 0.37, and episodic memory, t(216) = 2.21, p = 0.03, Cohen’s
d = 0.20. There was no significant effect of group on change in

working memory, t(219) = 1.29, p = 0.20, Cohen’s d = 0.15 (see
Table 1).

Previous studies about the same cognitive training program
found near-transfer effects on verbal working memory in

cognitively healthy participants (Mahncke et al., 2006b; Smith
et al., 2009; Zelinski et al., 2011), but not in participants

with probable MCI (Barnes et al., 2009, 2013). Therefore, we
performed a subgroup analysis of cognitive training effects

in cognitively healthy participants. Consistent with previous
finding, a significant effect of group was found, t(83) = 2.19,

p= 0.03, Cohen’s d = 0.42.
As depressive symptoms differed significantly between groups,

we accounted for this variable in an additional analysis. Results
did not change. Using the secondary method of analysis, which
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TABLE 1 | Baseline characteristics of intervention group and passive control group.

Measure Intervention group (n = 163) Control group (n = 66) p-valuea

Demographic data

Age, mean ± SD 71.3 ± 7.1 70.1 ± 8.1 0.25

Female, n (%) 117/162 (72%) 41/66 (62%) 0.18

Education, years mean ± SD 10.9 ± 4.9 10.7 ± 4.4 0.77

Cognitive data

MMSE, mean ± SD 26.8 ± 2.9 26.4 ± 2.9 0.29

Global cognition, mean ± SD 0.0 ± 1.0 −0.1 ± 1.0 0.43

Cognitive diagnosis 0.12

Healthy, n/ngroup (%) 69/163 (42%) 21/66 (32%)

MCI, n/ngroup (%) 72/163 (44%) 39/66 (59%)

Dementia, n/ngroup (%) 22/163 (13%) 6/66 (9%)

Psychological data

GDS-short, mean ± SD 2.8 ± 2.7 2.0 ± 2.0 0.04

WHOQOL-BREF composite, mean ± SD −0.1 ± 1.0 0.2 ± 1.0 0.05

Medical data

No. of medications, mean ± SD 3.4 ± 2.3 2.8 ± 2.5 0.17

Diabetes mellitus, n/ngroup (%) 21/154 (14%) 3/55 (5%) 0.17

Hypertension, n/ngroup (%) 76/154 (49%) 21/55 (38%) 0.20

High cholesterol, n/ngroup (%) 34/153 (22%) 15/55 (27%) 0.57

Currently smoking, n/ngroup (%) 18/155 (12%) 9/56 (16%) 0.53

Social data

Number of social activities, mean ± SD 2.2 ± 1.0 2.5 ± 1.3 0.16

Number of children, mean ± SD 1.8 ± 0.9 1.9 ± 0.7 0.57

Living alone, n/ngroup (%) 48/161 (30%) 11/60 (18%) 0.12

Study data

Total training sessions, mean ± SD 37.3 ± 19.9 – –

Physical training sessions, mean ± SD 14.5 ± 11.2 – –

Cognitive training sessions, mean ± SD 22.8 ± 10.0 – –

Trial site, n/ngroup (%) of Thessaloniki 88/163 (54%) 32/66 (48%) 0.54

Days between pre- and post-test, mean ± SD 64.4 ± 30.0 67.4 ± 45.9 0.57

Attrition rates, n/ngroup (%) 74/237 (31%) 19/85 (22%) 0.16

ap-values of group comparisons refer to t-tests for continuous variables and to χ2 tests for categorical variables.
WHOQOL-BREF, short version of the World Health Organization Quality of Life questionnaire; MMSE, Mini Mental State Examination; MCI, mild cognitive impairment.

did not account for covariates, revealed consistent results,

apart from a non-significant effect in episodic memory (see
Supplementary Table S1), indicating that effects on global

cognition and executive function are most robust.

Do Cognitive Benefits Depend on Individual
Differences?
To explore modifying variables of training effects, we added
group, the respective moderator variable and an interaction

term of both variables to the regression model accounting
for baseline cognitive performance, education, age, and

study center. The ordinally coded variable severity of NCD
(healthy < MCI < dementia), baseline cognitive performance,

education, age, gender, and social activities served as moderators.
In the following, we report significant and marginally significant

interactions.
Regarding change in global cognition, the interaction term

Group × Severity of NCD proved marginally significant,
t(217) = 1.77, p = 0.08. With increasing severity of NCD,

the intervention effect on global cognition decreased (see

Figure 3). While healthy participants showed a highly significant
intervention effect on change in global cognition, t(86) = 3.48,

p = 0.0008, Cohen’s d = 0.54, participants with MCI,
t(108) = 1.45, p = 0.15, Cohen’s d = 0.19, and dementia,

t(25) = 0.14, p = 0.89, Cohen’s d = 0.04, did not show a
significant improvement. It is of note, that according to the AIC,

the model which accounted for severity of NCD as an effect
modifier (AIC = 450.1) was preferred to the model which did

not account for it (AIC = 455.5). However, taking multiple
comparisons for the six moderators into account, the interaction

effect would not remain significant, padjusted = 0.47. The results
indicate that this exploratory analysis is of use for the formulation

of specific hypothesis which need to be tested more rigorously
in future trials before clinical decisions can be based on them
(Roback and Askins, 2005).

Regarding change in executive function, the interaction
term Group × Baseline Executive Function proved significant,

t(155) = 3.59, p = 0.0004. The lower the baseline executive
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FIGURE 2 | Intervention effects on global cognition. Intervention and

passive control group comparison of z-standardized pre- and post-test global

cognition. The asterisk indicates a significant beneficial effect of the

intervention compared to the control group on post-test performance

accounted for baseline cognitive performance, education, age and study

center, p = 0.002, Cohen’s d = 0.31. Arrows represent SE.

function, the higher the intervention effect even after adjusting

for multiple comparisons, padjusted = 0.003. We also found
significant moderator effects of age and severity of NCD

which did not remain significant after adjusting for multiple
comparisons, t(155) = 2.25, p = 0.03, padjusted = 0.13,

t(154) = 2.04, p = 0.04, padjusted = 0.17, respectively. The
younger participants and the more severe the NCD, the less

improvements were induced in executive function. Importantly,

if the interaction terms of all three moderators were included
in one model, effects remained similar. The interactions

Group × Baseline Executive Function, Group × NCD
and Group × Age remained at least marginally significant,

t(152) = 3.33, p = 0.001, padjusted = 0.007, t(152) = 2.59,
p = 0.01, padjusted = 0.05 and, t(152) = 1.87, p = 0.06,

padjusted = 0.26, respectively. Lower baseline performance
moderated the intervention effects among cognitively healthy

participants, t(70) = 2.84, p = 0.006, padjusted = 0.02, as well
as, within participants with NCD, t(78) = 2.54, p = 0.01,

padjusted = 0.07, supporting the robustness of the moderator
effect independent of severity of NCD. Education, gender, and

social activity level showed no significant moderation effect, all
unadjusted ps > 0.10.

In conclusion, regarding global cognition a tendency for a
reduced intervention effect with more severe NCD was found.
Regarding executive function, with higher baseline performance,

more severe NCD and younger age, training-induced benefits
were reduced.

Does Training Dosage Matter?
To assess dose-related effects of training, we added the predictor

training dosage (i.e., number of completed training sessions)
to the regression model accounting for baseline cognitive

performance, education, age and study center. For this analysis,
we included only participants of the intervention group which

started the intervention (n = 154). The number of training
sessions marginally significantly predicted improvement in global

cognition, β = 0.17, t(146) = 1.85, p = 0.07, and executive
function, β = 0.23, t(103) = 1.92, p = 0.06 (see Table 2).

FIGURE 3 | Moderation and dose-response effects for global cognition.

(A) Change in global cognition (partial residuals accounting for covariates) of the

intervention group (light gray), compared to the passive control group (dark gray)

within cognitively healthy participants, participants with mild cognitive

impairment (MCI) and dementia. Arrows represent SE. (B) Change in global

cognition (partial residuals accounting for covariates) as a function of the

number of training sessions within a subsample which were either cognitively

healthy or diagnosed with mild cognitive impairment.
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TABLE 2 | Effects of intervention group and dosage on change in cognition.

Groupa Number of training sessionsa

Change in cognitive performance Cohen’s d t (df) p-value β b t (df) p-value

Global cognition 0.31 3.20 (219) 0.002 0.17 1.85 (146) 0.07

Executive function 0.37 2.56 (156) 0.01 0.23 1.92 (103) 0.06

Working memory 0.15 1.29 (219) 0.20 0.10 0.93 (146) 0.36

Episodic memory 0.20 2.21 (216) 0.03 −0.01 0.13 (145) 0.90

aAll regression models accounted for baseline cognitive performance, education, age, and trial site.
bStandardized coefficient: it is predicted that every 18 sessions global cognition and executive function improves by 0.17 and 0.23 SD, respectively.

With respect to episodic memory and working memory, no

significant dose-response effect was found, ps > 0.356 (see
Table 2).

Taking the moderator effect of NCD on global cognition into
account (see Figure 3A), we conducted a dose-response analysis

in the subgroup of non-demented participants (either cognitively
healthy or diagnosed with MCI; n = 131). A significant dose-

response effect was revealed for this subsample, β = 0.20,
t(126) = 2.10, p = 0.04. Taking the robust moderator effect of

baseline performance on executive function into account, we
conducted a dose-response analysis for participants with low

baseline executive function (median split; n = 56). We found
a highly significant dose-response effect for this subsample,

β = 0.54, t(51) = 2.83, p= 0.007.
The manipulation check was successful as we found a

high correlation between the number of completed training

sessions and the number of potential training sessions (r = 0.74,
p < 0.001). Importantly, not only the completed training

sessions but also the number of potential training sessions
significantly predicted improvement in global cognition

both within all participants of the intervention group,
β = 0.20, t(151) = 2.37, p = 0.02, and within non-demented

participants in the intervention group, β = 0.23, t(131) = 2.69,
p = 0.008.

Does Training Improve Secondary Physical,
Psychological, and Daily Life Outcomes?
In a subset of study participants we assessed physical fitness and

tested whether manipulation was successful. The intervention
group compared to the control group significantly improved in

physical fitness, t(117) = 6.50, p < 0.001 (see Supplementary
Table S1). Psychological and daily life outcomes did not benefit

from the intervention even without adjusting for multiple
comparisons, ps> 0.09 (see Supplementary Table S1).

Discussion

Mono-therapeutic interventions of physical and cognitive

training have shown task- and domain specific cognitive benefits,
but limited generalization effects on global cognition (Owen

et al., 2010; Smith et al., 2010b; Kelly et al., 2014b; Rebok et al.,
2014), especially in older adults (Schmiedek et al., 2010; but see

also Lampit et al., 2014a). Our results indicate that combining
physical and cognitive training can overcome this shortcoming.

In a community-dwelling sample of cognitively healthy and

impaired older adults, we provide evidence that intensive
short-term physical and cognitive training induced benefits in

global cognition (Cohen’s d = 0.31), executive function (more
specifically switching, Cohen’s d = 0.37) and episodic memory

(Cohen’s d = 0.20). Working memory improvement was not
statistically significant (Cohen’s d = 0.15).

In addition, we found evidence for effect modifiers of
cognitive gains in an exploratory approach. Regarding global

cognition, a tendency for reduced intervention effects with
more severe NCD was revealed. Regarding executive function,

we found a robust moderation effect of baseline performance.
The lower the baseline performance, the more benefits were

found. We also found that participants with more severe NCD
(healthy<MCI< dementia) and younger in age benefited less in
executive function.

Consistent with the intervention effects on global cognition
and executive function, we found evidence for dose-response

effects within the subsamples which benefited most from
the intervention. For individuals without dementia, the more

training sessions were completed, the more benefits in global
cognition were found. For individuals with low baseline executive

function (<median), the more training sessions were completed,
the more gains in executive function were revealed. These

dose-response effects strengthen the interpretation that the
cognitive benefits are attributable to the training components

rather than unspecific characteristics of the intervention (cf. Hill,
1965).

Is the effect size of practical significance? According to the
dose-response analysis global cognition is predicted to increase

by 0.9 SD after 100 training sessions. In our sample, healthy adults
were 0.56 SD better in global cognition than participants with

MCI which were, in turn, 0.61 SD better than participants with
dementia. Hence, the expected effect size of 100 training sessions
is larger than the progression from healthy toMCI and fromMCI

to dementia.

Group and Dose-Response Effects on Global
Cognition and Specific Cognitive Functions
To our knowledge, this is the first study which showed

combined training-induced improvement in global cognition
of older adults within both a control group comparison and

a dose-response analysis. The global improvement of cognitive
performance is probably induced by multiple additive and
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interacting mechanisms of physical and cognitive training. One
central mechanism of transfer effects may be the cognitive
training-induced reorganization of neuronal networks enabling

more efficient perceptual (Berry et al., 2010) and executive
processing (Subramaniam et al., 2014). Transfer effects may be

mediated via overlapping processing demands of cognitive tests
and cognitive training (Dahlin et al., 2008). Possibly, the brain’s

reorganization by cognitive training may have been potentiated
by physical training-induced “plasticity facilitation” (Fissler et al.,

2013).
Importantly, the transfer tasks we used to assess global

cognition were structurally rather dissimilar from the cognitive
training tasks (cf. Rebok et al., 2014). Therefore, it is more likely

that transfer effects are not induced by strategy use or task-
specific skills but rather by broad cognitive benefits in different
domains. At the first glance, non-significant working memory
effects seem inconsistent with other working memory studies
(Karbach and Verhaeghen, 2014). However, highly consistent

with the current literature, a subgroup analysis indicated
medium-sized near-transfer effects on verbal working memory

in cognitively healthy participants (Smith et al., 2009; Zelinski
et al., 2011; Karbach and Verhaeghen, 2014), but non-significant

effects in participants with NCD (Barnes et al., 2009, 2013).
Interestingly, the TMT, which showed the largest effect sizes

in the group and dose-response analysis, showed the lowest
structural similarities with the cognitive training tasks indicating

rather broad cognitive improvements by combined cognitive and
physical training.

Individual Differences in Training-Induced
Benefits
The mechanisms of the moderation effect of severity of
NCD, baseline performance, and age on training-induced
cognitive benefits are speculative but may be explained via

training-induced improvement in neurofunctional efficiency
(Subramaniam et al., 2014). Participants with more severe
NCD may have a reduced structural brain capacity (such as

reduced number of neurons, synapses, and level of dendritic
arborization; Arnold et al., 2013) limiting structural resources

necessary for training-induced gains in processing efficiency
(i.e., more efficient brain connectivity; Frantzidis et al., 2014).

Participants with lower baseline executive function may have
a reduced baseline processing efficiency which enables a larger

zone of potential improvement. Older participants may have
increased baseline variation in processing efficiency (Raz et al.,
2005), which on average, increases the zone of potential
improvement.

Recent studies support the finding of reduced effects in
participants with NCD. Smith et al. (2009) and Zelinski et al.
(2011) used the English version of this study’s cognitive training
program and found improvements on verbal memory in a healthy

sample. In other studies investigating participants with probable
MCI, no significant effects of this program were found (Barnes

et al., 2009, 2013). Applying a 6-months cognitive intervention,
Buschert et al. (2011) found cognitive gains in participants
with MCI but not among individuals with mild Alzheimer’s
disease. In addition, recent meta-analyses on cognitive training

revealed no cognitive benefits in participants with dementia

while cognitive improvement was found in healthy older adults
(Bahar-Fuchs et al., 2013; Karr et al., 2014; Kelly et al.,
2014a). However, none of these studies investigated effect-
modifying effects of severity of NCD through analyzing the
Group × Severity of NCD interaction which is essential for
conclusions. Thus, this study provides preliminary evidence for

effect modification which should be further assessed in future
long-term trials. It is important to note that reduced benefits

for participants with more severe NCD may be a spurious
finding because of an increased risk of false positives in an

exploratory analysis. Furthermore, effect-modifying effects may
be specific for certain training types or may not be found

with more prolonged training (cf. Sitzer et al., 2006; Buschert
et al., 2010). A prolonged increase in challenging activities

might not primarily act on the reorganization of neuronal
networks to increase processing efficiency but by disease-
modifying mechanisms such as reductions in Aβ-deposition

(Lazarov et al., 2005; Liang et al., 2010; Landau et al., 2012),
prevention of synaptic loss (Arnold et al., 2013), neuronal death

(Valenzuela et al., 2011), hippocampal atrophy (Valenzuela et al.,
2008; Erickson et al., 2011; Smith et al., 2014), and whole-

brain atrophy (Mortimer et al., 2012). Indeed, a recent study
revealed clinically significant long-term effects of prolonged

engagement in cognitively and physically challenging leisure
activities such as gaming and Tai Chi on cognitive decline

in a sample of older persons with dementia (Cheng et al.,
2013).

Enhanced training-induced cognitive gain in participants with
low baseline performance is consistent with findings from other

cognitive and physical training studies (Mahncke et al., 2006b;
Peretz et al., 2011; Barnes et al., 2013), game-based cognitive
interventions (Whitlock et al., 2012; Baniqued et al., 2014), and
a multimodal dancing intervention (Kattenstroth et al., 2013).
All of these studies found increased cognitive benefits with lower
baseline performance.

Limitations
Blinding of test administrators and participants, as well as
random allocation to intervention groups and training dosage

was not feasible due to logistic and practical issues and
time and financial limitations of the project, as discussed

above. In addition, the use of a passive control group
cannot exclude motivation or expectation-based intervention

effects such as Hawthorne and placebo effects. However, the
lack of randomization is unlikely to bias effects as baseline

characteristics between the groups are comparable. In addition,
consistent training-induced cognitive benefits in both the

group analysis and the dose-response analysis make a bias
in favor of intervention-induced cognitive benefits unlikely.
Furthermore, participants were blind with regards to the different
training dosages which make Hawthorne and placebo effects

less likely. In addition, Hawthorne and placebo effects are
unlikely to explain medium-sized global cognitive benefits as

previous large-scale studies and meta-analysis demonstrated no
differences between active and passive control groups (Ball et al.,

Frontiers in Aging Neuroscience | www.frontiersin.org 10 August 2015 | Volume 7 | Article 152



Bamidis et al. Cognitive gains by combined training

2002; Kelly et al., 2014b; Lampit et al., 2014b; Park et al.,

2014).
The number of completed training sessions was not fully

explained by the manipulation of the number of potential
training sessions (r = 0.74). Thus other variables related to

the number of completed training sessions such as participants’
motivation or time limitation might have contributed to the

dose-response effect. However, this explanation is unlikely as
not only the number of completed training sessions but also

the manipulated number of available training sessions showed a
beneficial effect on global cognition.

Outcome measures for the assessment of global cognition
were limited to three cognitive tests of three cognitive functions.

Thus, we do not know whether the measure of global cognition
would have improved if more cognitive tests measuring more

cognitive functions would have been included. However, with
our three measures of executive function (switching), working
memory and episodic memory, a wide spectrum of fronto-

parietal and mediotemporal lobe functions – most affected in
aging - were assessed (Park et al., 2002; Raz and Rodrigue,

2006; Bamidis et al., 2014). Finally, the TMT could not be
conducted within time limits by 29% of the intervention

group and 26% of the control group. As missing data did
not differ between groups, we do not expect that it biased

effects.
Due to a lack of studies investigating effect modifiers

of combined physical and cognitive training, an exploratory
approach with multiple comparisons was necessary. This

approach increases the risk for false positives or - if Type I error
is adjusted – increases the risk for false negatives (Roback and

Askins, 2005). To our knowledge, this is the largest study which
assesses an effect-modifying effect of severity of NCD revealing

small- to medium-sized differences between cognitive benefits
of cognitively healthy participants (d = 0.54), participants with

MCI (d = 0.19) and dementia (d = 0.04). These effect sizes
are of clinical significance, but not of statistical significance
after adjusting for multiple comparisons. Hence, the trend for

severity of NCD as an effect modifier in the unadjusted analysis
should be used to justify rigorous hypothesis testing in future

trials but, yet, not for clinical decisions (Roback and Askins,
2005).

Future Directions
Future studies should extend our results of combined cognitive
and physical training by investigating other outcome measures

and maintenance of effects. Sensitive and objective measures of
daily functioning should be used (Tucker-Drob, 2011) to better

understand the significance of cognitive improvements for daily
life. Effects of combined training on molecular (neurotrophins,

amyloid deposition, metabolomic and lipidomic biomarkers)
and neuronal correlates of cognition (structural and functional

brain networks) should be investigated to reveal the underlying
mechanisms of effects (see Bamidis et al., 2014 for a review).

More long-term follow-up studies need to be conducted in
order to reveal maintenance of effects (Rebok et al., 2014). Most

importantly, large-scale studies with longer training duration
need to be conducted to investigate the effect of combined

training on the long-term incidence and trajectory of NCD in

relation to NCD severity (cf. Unverzagt et al., 2012). These
important, but unexplored outcomes of combined physical and

cognitive training should be investigated within randomized
controlled trials, the gold standard to accurately estimate the true

effect of interventions because of their ability to minimize bias
(Moher et al., 2010).

Effects of combined physical and cognitive training need to
be decomposed to better understand the contribution of each

component and their synergy (see Fissler et al., 2013 for a
review). Decomposing of effects while keeping training time

constant can be established by comparing simultaneous physical
and cognitive training vs. individual components (Anderson-

Hanley et al., 2012) or by a 2 × 2 factorial design with placebo
control conditions (Barnes et al., 2013). Temporal proximity

and the sequence of combined training types (i.e., physical
before cognitive training or vice versa) should be manipulated
systematically. Temporal proximity and sequencemay be decisive

for a synergy effect of cognitive and physical training as
training-induced neurotrophin up-regulation peaks after about

2 h and declines to baseline level afterward (Rasmussen et al.,
2009).

Conclusion

Neurocognitive disorders and brain pathology are insidious
phenomena which begin decades before their diagnosis (Braak

et al., 2011). Hence, strategies for the prevention of dementia
must start long before neurocognitive deterioration impairs

activities of daily living. Here, we provide evidence that
combined training induces dose-responsive improvement in

global cognition, especially in individuals with less severe NCDs.
Whether effects on global cognition through combined training

may reduce the incidence and the trajectory of NCDs in relation
to its severity must be assessed in future long-term randomized
controlled trials.

Author Contributions

PB coordinated the whole project and study in all study
centers for the duration of all project phases, conceptualized

the integrated software system and the physical training
system for the intervention, supervised subject recruitment,

data acquisition and analysis, interpreted the data, wrote
parts of the manuscript and revised the manuscript critically

for important intellectual content. PF wrote the manuscript,
supervised the data acquisition, performed the data analysis and

interpreted the data. SP contributed to the conceptualization
and study design, worked on the data acquisition (especially

in recruiting and diagnosing participants), supervised the
neurological and neuropsychological assessments, and critically

revised the manuscript for important intellectual content. VZ
and ER worked in the localization of the training software, the

conduction of the trials, the data acquisition, data entry and
data filtering, and performed parts of the initial data analysis

Frontiers in Aging Neuroscience | www.frontiersin.org 11 August 2015 | Volume 7 | Article 152



Bamidis et al. Cognitive gains by combined training

and revised the manuscript for important trial and data-related

content. EK and AB designed and implemented the physical
training software, technically supported all trials during the whole

duration of the project, were involved in data acquisition and
data interpretation and revised the manuscript for important

technical and intervention related content. MK, IB, AT, GT,
EG, AL, AK, ES, EM, and AN were responsible for subject

recruitment, the neuropsychological assessment and conduction
of the trials, the data acquisition, data entry, performed parts of

the initial data analysis and revised the manuscript for important
process-related content. AT, MT, SM, and JP were responsible

for subject recruitment, the neurological assessments and the
subject diagnosis, data acquisition, data entry, and critically

revised the manuscript for important methodology-related
content. CF and AS were responsible for the coordination of

trial center settings, subject recruitment, the neurophysiological
recordings and assessment, the data acquisition and filtering,
data entry, performed parts of the initial data analysis and

revised the manuscript for important trial and data-related
content. WS and TE were involved in the design of the

study, monitored all trials for quality assurance, supervised
statistical analyses, and revised the manuscript critically for

important intellectual content. AV contributed to the design of
the study, conceptualized part of the trial software, supervised the

neuropsychological assessment and data collection, contributed
substantially to the data analysis and interpretation, and

revised the manuscript critically for important intellectual

content. I-TK conceptualized the study, conducted important

pre-experiments and worked in the localization of the Brain
Fitness Program, supervised statistical analyses, and revised

the manuscript critically for important intellectual content. All
authors gave their final approval to the version to be published

and agreed to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity

of any part of the work are appropriately investigated and
resolved.

Acknowledgments

This research was partially funded by the European Commission
Programme CIP-ICTPSP.2008.1.4 as the Long Lasting memories

(LLM) project (Project No.238904; www.longlastingmemories.
eu). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the

manuscript. Laura Loy contributed to data analysis and revised
the manuscript critically for important intellectual content.

Supplementary Material

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnagi.

2015.00152

References

Ainslie, P. N., Cotter, J. D., George, K. P., Lucas, S., Murrell, C., Shave, R.,

et al. (2008). Elevation in cerebral blood flow velocity with aerobic

fitness throughout healthy human ageing. J. Physiol. 586, 4005–4010. doi:

10.1113/jphysiol.2008.158279

Alzheimer’s Association. (2014). 2014 Alzheimer’s disease facts and

figures. Alzheimer’s Dement. 10:e47–e92. doi: 10.1016/j.jalz.2014.

02.001

American Psychiatric Association. (2013). Diagnostic and Statistical Manual of

Mental Disorders. Arlington, VA: American Psychiatric Publishing.

Anderson-Hanley, C., Arciero, P. J., Brickman, A. M., Nimon, J. P., Okuma, N.,

Westen, S. C., et al. (2012). Exergaming and older adult cognition: a

cluster randomized clinical trial. Am. J. Prev. Med. 42, 109–119. doi:

10.1016/j.amepre.2011.10.016

Angevaren, M., Aufdemkampe, G., Verhaar, H. J. J., Aleman, A., and Vanhees, L.

(2008). Physical activity and enhanced fitness to improve cognitive function

in older people without known cognitive impairment. Cochrane Database Syst.

Rev. CD005381. doi: 10.1002/14651858.CD005381.pub2

Arnold, S. E., Louneva, N., Cao, K., Wang, L.-S., Han, L.-Y., Wolk, D. A.,

et al. (2013). Cellular, synaptic, and biochemical features of resilient

cognition in Alzheimer’s disease. Neurobiol. Aging 34, 157–168. doi:

10.1016/j.neurobiolaging.2012.03.004

Bahar-Fuchs, A., Clare, L., and Woods, B. (2013). Cognitive training and cognitive

rehabilitation for persons withmild to moderate dementia of the Alzheimer’s or

vascular type: a review. Alzheimer’s Res. Ther. 5, 35. doi: 10.1186/alzrt189

Ball, K., Berch, D., Helmers, K., Jobe, J., Leveck, M., Marsiske, M., et al.

(2002). Effects of cognitive training interventions with older adults: a

randomized controlled trial. JAMA 288, 2271–2281. doi: 10.1001/jama.288.

18.2271

Ball, K., Ross, L. A., Roth, D. L., and Edwards, J. D. (2013). Speed of processing

training in the ACTIVE study how much is needed and who benefits? J. Aging

Health 25, 65S–84S. doi: 10.1177/0898264312470167

Bamidis, P. D. (2012). Long Lasting Memories Project Deliverable D1.4 Final

report. Available at: http://www.longlastingmemories.eu/sites/default/files/

LLM_D1.4_final_report_public_v2.2doc.pdf
Bamidis, P. D., Konstantinidis, E. I., Billis, A., Frantzidis, C., Tsolaki, M.,

Hlauschek, W., et al. (2011). A Web services-based exergaming platform

for senior citizens: the Long Lasting Memories project approach to

e-health care. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2011, 2505–2509. doi:

10.1109/iembs.2011.6090694
Bamidis, P. D., Vivas, A. B., Styliadis, C., Frantzidis, C., Klados, M.,

Schlee, W., et al. (2014). A review of physical and cognitive interventions

in aging. Neurosci. Biobehav. Rev. 44, 206–220. doi: 10.1016/j.neubiorev.2014.

03.019

Baniqued, P. L., Kranz, M. B., Voss, M. W., Lee, H., Cosman, J. D., Severson, J.,

et al. (2014). Cognitive training with casual video games: points to consider.

Front. Psychol. 4:1010. doi: 10.3389/fpsyg.2013.01010

Barnes, D. E., Santos-Modesitt, W., Poelke, G., Kramer, A. F., Castro, C.,

Middleton, L. E., et al. (2013). The Mental activity and eXercise (MAX) trial:

a randomized controlled trial to enhance cognitive function in older adults.

JAMA Int. Med. 173, 797–804. doi: 10.1001/jamainternmed.2013.189

Barnes, D. E., Yaffe, K., Belfor, N., Jagust, W. J., Decarli, C., Reed, B. R., et al. (2009).

Computer-based cognitive training for mild cognitive impairment: results from

a pilot randomized, controlled trial. Alzheimer Dis. Assoc. Disord. 23, 205–2010.

doi: 10.1097/WAD.0b013e31819c6137

Beck, I. R., Schmid, N. S., Berres,M., andMonsch, A. U. (2014). Establishing robust

cognitive dimensions for characterization and differentiation of patients with

Alzheimer’s disease, mild cognitive impairment, frontotemporal dementia and

depression. Int. J. Geriatr. Psychiatry 29, 624–634. doi: 10.1002/gps.4045

Berry, A. S., Zanto, T. P., Clapp, W. C., Hardy, J. L., Delahunt, P. B., Mahncke,

H. W., et al. (2010). The Influence of perceptual training on working memory

in older adults. PLoS ONE 5:e11537. doi: 10.1371/journal.pone.0011537

Billis, A. S., Konstantinidis, E. I., Mouzakidis, C., Tsolaki, M. N., Pappas, C., and

Bamidis, P. D. (2010). “A Game-Like Interface for Training Seniors’ Dynamic

Balance and Coordination,” in XII Mediterranean Conference on Medical and

Frontiers in Aging Neuroscience | www.frontiersin.org 12 August 2015 | Volume 7 | Article 152



Bamidis et al. Cognitive gains by combined training

Biological Engineering and Computing 2010, eds P. Bamidis and N. Pallikarakis

(Berlin: Springer), 691–694. doi: 10.1007/978-3-642-13039-7_174

Billis, A. S., Konstantinidis, E. I., Zilidou, V., Wadhwa, K., Ladas, A. K., and

Bamidis, P. D. (2013). Biomedical Engineering and Elderly Support. Int. J.

Reliable Quality E Health. 2, 21–37. doi: 10.4018/ijrqeh.2013040102

Braak, H., Thal, D. R., Ghebremedhin, E., and Del Tredici, K. (2011). Stages of

the pathologic process in alzheimer disease: age categories from 1 to 100 years.

J. Neuropathol. Exp. Neurol. 70, 960. doi: 10.1097/NEN.0b013e318232a379

Buckner, R. L. (2004). Memory and executive function in aging and AD: multiple

factors that cause decline and reserve factors that compensate. Neuron 44,

195–208. doi: 10.1016/j.neuron.2004.09.006

Buschert, V., Bokde, A. L. W., and Hampel, H. (2010). Cognitive

intervention in Alzheimer disease. Nat. Rev. Neurol. 6, 508–517. doi:

10.1038/nrneurol.2010.113

Buschert, V. C., Friese, U., Teipel, S. J., Schneider, P., Merensky, W., Rujescu, D.,

et al. (2011). Effects of a newly developed cognitive intervention in amnestic

mild cognitive impairment and mild Alzheimer’s disease: a pilot study.

J. Alzheimer’s Dis. 25, 679–694. doi: 10.3233/JAD-2011-100999

Chacko, A., Bedard, A. C., Marks, D. J., Feirsen, N., Uderman, J. Z., Chimiklis, A.,

et al. (2014). A randomized clinical trial of cogmed working memory

training in school-age children with ADHD: a replication in a diverse sample

using a control condition. J. Child Psychol. Psychiatry 55, 247–255. doi:

10.1111/jcpp.12146

Cheng, S.-T., Chow, P. K., Song, Y.-Q., Yu, E., Chan, A., Lee, T., et al. (2013).

Mental and physical activities delay cognitive decline in older persons with

dementia. Am. J. Geriatr. Psychiatry 10, 1–13. doi: 10.1016/j.jagp.2013.01.060

Colcombe, S. J., and Kramer, A. F. (2003). Fitness effects on the cognitive

function of older adults: a meta-analytic study. Psychol. Sci. 14, 125–130. doi:

10.1111/1467-9280.t01-1-01430

Cotman, C., Berchtold, N., and Christie, L. (2007). Exercise builds brain health: key

roles of growth factor cascades and inflammation. Trends Neurosci. 30, 464–472.

doi: 10.1016/j.tins.2007.06.011

Dahlin, E., Neely, A. S., Larsson, A., Backman, L., and Nyberg, L. (2008). Transfer

of learning after updating training mediated by the striatum. Science 320,

1510–1512. doi: 10.1126/science.1155466

Delis, D. C., Kramer, J. H., Kaplan, E., and Ober, B. A. (1987). California Verbal

Learning Test: Adult version Manual. San Antonio, TX: The Psychological

Corporation.

Economou, A., Papageorgiou, S. G., Karageorgiou, C., and Vassilopoulos, D.

(2007). Nonepisodic memory deficits in amnestic MCI. Cogn. Behav. Neurol.

20, 99–106. doi: 10.1097/WNN.0b013e31804c6fe7

Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., et al.

(2011). Exercise training increases size of hippocampus and improves memory.

Proc. Natl. Acad. Sci. U.S.A. 108, 3017–3022. doi: 10.1073/pnas.1015950108

Fabel, K., Wolf, S., Ehninger, D., Babu, H., Leal-Galicia, P., and Kempermann, G.

(2009). Additive effects of physical exercise and environmental enrichment

on adult hippocampal neurogenesis in mice. Front. Neurosci. 3:50. doi:

10.3389/neuro.22.002.2009.

Fabre, C., Chamari, K., Mucci, P., Masse-Biron, J., and Prefaut, C. (2002).

Improvement of cognitive function by mental and/or individualized aerobic

training in healthy elderly subjects. Int. J. Sports Med. 23, 415–421. doi:

10.1055/s-2002-33735

Fissler, P., Küster, O., Schlee, W., and Kolassa, I. T. (2013). Novelty interventions to

enhance broad cognitive abilities and prevent dementia: synergistic approaches

for the facilitation of positive plastic change. Prog. Brain Res. 207, 403–434. doi:

10.1016/B978-0-444-63327-9.00017-5

Flick, S. N. (1988). Managing attrition in clinical research. Clin. Psychol. Rev. 8,

499–515. doi: 10.1016/0272-7358(88)90076-1

Folstein, M. F., Folstein, S. E., and Mchugh, P. R. (1975). Mini-Mental State: a

practical method for grading the cognitive state of patients for the clinician.

J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

Frantzidis, C. A., Vivas, A. B., Tsolaki, A., Klados, M. A., Tsolaki, M., and Bamidis,

P. D. (2014). Functional disorganization of small-world brain networks in

mild Alzheimer’s Disease and amnestic Mild Cognitive Impairment: an EEG

study using Relative Wavelet Entropy (RWE). Front. Aging Neurosci. 6:224. doi:

10.3389/fnagi.2014.00224

Harrison, T. L., Shipstead, Z., Hicks, K. L., Hambrick, D. Z., Redick, T. S.,

and Engle, R. W. (2013). Working memory training may increase working

memory capacity but not fluid intelligence. Psychol. Sci. 24, 2409–2419. doi:

10.1177/0956797613492984
Hill, A. B. (1965). The environment and disease: association or causation? Proc. R.

Soc. Med. 58, 295.
Hindin, S. B., and Zelinski, E. M. (2012). Extended practice and aerobic exercise

interventions benefit untrained cognitive outcomes in older adults: a meta-

analysis. J. Am. Geriatr. Soc. 60, 136–141. doi: 10.1111/j.1532-5415.2011.

03761.x

Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scand. J.

Statist. 6, 65–70.

Hötting, K., and Röder, B. (2013). Beneficial effects of physical exercise on

neuroplasticity and cognition. Neurosci. Biobehav. Rev. 37(9Pt B), 2243–2257.

doi: 10.1016/j.neubiorev.2013.04.005

Hughes, C. P., Berg, L., Danziger, W. L., Coben, L. A., and Martin, R. L. (1982).

A new clinical scale for the staging of dementia. Br. J. Psychiatry 140, 566–572.

doi: 10.1192/bjp.140.6.566

Hurd, M. D., Martorell, P., Delavande, A., Mullen, K. J., and Langa, K. M.

(2013). Monetary costs of dementia in the United States. N. Engl. J. Med. 368,

1326–1334. doi: 10.1056/NEJMsa1204629

Imtiaz, B., Tolppanen, A.-M., Kivipelto, M., and Soininen, H. (2014). Future

directions in alzheimer’s disease from risk factors to prevention. Biochem.

Pharmacol. 88, 661–670. doi: 10.1016/j.bcp.2014.01.003

Kahan, B. C., and Morris, T. P. (2013). Analysis of multicentre trials with

continuous outcomes: when and how should we account for centre effects?

Statist. Med. 32, 1136–1149. doi: 10.1002/sim.5667

Karbach, J., and Verhaeghen, P. (2014). Making working memory work: a meta-

analysis of executive-control and working memory training in older adults.

Psychol. Sci. 25, 2027–2037. doi: 10.1177/0956797614548725

Karr, J. E., Areshenkoff, C. N., Rast, P., and Garcia-Barrera, M. A. (2014). An

empirical comparison of the therapeutic benefits of physical exercise and

cognitive training on the executive functions of older adults: a meta-analysis

of controlled trials. Neuropsychology 28, 829–845. doi: 10.1037/neu0000101

Kattenstroth, J.-C., Kalisch, T., Holt, S., Tegenthoff, M., and Dinse, H. R. (2013). Six

months of dance intervention enhances postural, sensorimotor, and cognitive

performance in elderly without affecting cardio-respiratory functions. Front.

Aging Neurosci. 5:5. doi: 10.3389/fnagi.2013.00005

Kelly, M. E., Loughrey, D., Lawlor, B. A., Robertson, I. H., Walsh, C., and

Brennan, S. (2014a). The impact of cognitive training and mental stimulation on

cognitive and everyday functioning of healthy older adults: a systematic review

and meta-analysis. Ageing Res. Rev. 15, 28–43. doi: 10.1016/j.arr.2014.02.004

Kelly, M. E., Loughrey, D., Lawlor, B. A., Robertson, I. H., Walsh, C., and

Brennan, S. (2014b). The impact of exercise on the cognitive functioning of

healthy older adults: a systematic review and meta-analysis. Ageing Res. Rev.

16, 12–31. doi: 10.1016/j.arr.2014.05.002
Kempermann, G. (2008). The neurogenic reserve hypothesis: what is adult

hippocampal neurogenesis good for? Trends Neurosci. 31, 163–169. doi:

10.1016/j.tins.2008.01.002
Knopman, D. S., Dekosky, S. T., Cummings, J. L., Chui, H., Corey-Bloom, J.,

Relkin, N., et al. (2001). Practice parameter: diagnosis of dementia (an evidence-

based review). Report of the quality standards subcommittee of the American

Academy of Neurology. Neurology 56, 1143–1153. doi: 10.1212/WNL.56.

9.1143

Konstantinidis, E. I., Billis, A., Hlauschek, W., Panek, P., and Bamidis, P. D. (2010).

Integration of cognitive and physical training in a smart home environment for

the elderly people. Stud. Health Technol. Inform. 160, 58–62.

Konstantinidis, E. I., Billis, A. S., Mouzakidis, C. A., Zilidou, V. I., Antoniou,

P. E., and Bamidis, P. D. (2014). Design, implementation and wide pilot

deployment of FitForAll: an easy to use exergaming platform improving

physical fitness and life quality of senior citizens. IEEE J. Biomed. Health Inform.

doi: 10.1109/JBHI.2014.2378814

Kraft, E. (2012). Cognitive function, physical activity, and aging: possible biological

links and implications for multimodal interventions. Aging Neuropsychol. Cogn.

19, 248–263. doi: 10.1080/13825585.2011.645010

Kramer, A. F., Hahn, S., Cohen, N. J., Banich, M. T., Mcauley, E., Harrison, C. R.,

et al. (1999). Ageing, fitness and neurocognitive function. Nature 400, 418–419.

doi: 10.1038/22682

Lampit, A., Hallock, H., Moss, R., Kwok, S., M. Rosser, M., Lukjanenko, M.,

et al. (2014a). The timecourse of global cognitive gains from supervised

computer-assisted cognitive training: a randomised, active-controlled trial in

Frontiers in Aging Neuroscience | www.frontiersin.org 13 August 2015 | Volume 7 | Article 152



Bamidis et al. Cognitive gains by combined training

elderly with multiple dementia risk factors. J. Prevent. Alzheimer’s Dis. 1,

33–39.

Lampit, A., Hallock, H., and Valenzuela, M. (2014b). Computerized

cognitive training in cognitively healthy older adults: a systematic review

and meta-analysis of effect modifiers. PLoS Med. 11:e1001756. doi:

10.1371/journal.pmed.1001756

Landau, S. M., Marks, S. M., Mormino, E. C., Rabinovici, G. D., Oh, H., O’neil, J. P.,

et al. (2012). Association of lifetime cognitive engagement and low β-amyloid

deposition. Arch. Neurol. 69, 623–629. doi: 10.1001/archneurol.2011.2748

Langdon, K. D., and Corbett, D. (2012). Improved working memory following

novel combinations of physical and cognitive activity. Neurorehabil. Neural.

Rep. 26, 523–532. doi: 10.1177/1545968311425919

Lautenschlager, N., Cox, K., Flicker, L., Foster, J., Van Bockxmeer, F., Xiao, J.,

et al. (2008). Effect of physical activity on cognitive function in older adults

at risk for Alzheimer disease: a randomized trial. JAMA 300, 1027–1037. doi:

10.1001/jama.300.9.1027

Law, L. L. F., Barnett, F., Yau, M. K., and Gray, M. A. (2014). Effects of combined

cognitive and exercise interventions on cognition in older adults with and

without cognitive impairment: a systematic review. Ageing Res. Rev. 15, 61–75.

doi: 10.1016/j.arr.2014.02.008

Lawton, M., and Brody, E. (1969). Assessment of older people: self-maintaining

and instrumental activities of daily living. Gerontologist 9, 179–186. doi:

10.1093/geront/9.3_Part_1.179

Lazarov, O., Robinson, J., Tang, Y. P., Hairston, I. S., Korade-Mirnics, Z.,

Lee, V. M. Y., et al. (2005). Environmental enrichment reduces Abeta

levels and amyloid deposition in transgenic mice. Cell 120, 701–713. doi:

10.1016/j.cell.2005.01.015

Leckie, R. L., Weinstein, A. M., Hodzic, J. C., and Erickson, K. I. (2012). Potential

moderators of physical activity on brain health. J. Aging Res. 2012:948981. doi:

10.1155/2012/948981

Li, S., Jin, M., Zhang, D., Yang, T., Koeglsperger, T., Fu, H., et al. (2013).

Environmental novelty activates β2-adrenergic signaling to prevent the

impairment of hippocampal LTP by Aβ oligomers. Neuron 77, 929–941. doi:

10.1016/j.neuron.2012.12.040

Liang, K. Y., Mintun, M. A., Fagan, A. M., Goate, A. M., Bugg, J. M., Holtzman,

D. M., et al. (2010). Exercise and Alzheimer’s disease biomarkers in cognitively

normal older adults. Ann. Neurol. 68, 311–318. doi: 10.1002/ana.22096

Liu-Ambrose, T., Nagamatsu, L. S., Graf, P., Beattie, B. L., Ashe, M. C.,

and Handy, T. C. (2010). Resistance training and executive functions: A

12-month randomized controlled trial. Arch. Int. Med. 170, 170–178. doi:

10.1001/archinternmed.2009.494

Mahncke, H. W., Bronstone, A., and Merzenich, M. M. (2006a). Brain plasticity

and functional losses in the aged: scientific bases for a novel intervention. Prog.

Brain Res. 157, 81–109. doi: 10.1016/s0079-6123(06)57006-2

Mahncke, H. W., Connor, B. B., Appelman, J., Ahsanuddin, O. N., Hardy, J. L.,

Wood, R. A., et al. (2006b). Memory enhancement in healthy older adults using

a brain plasticity-based training program: a randomized, controlled study. Proc.

Natl. Acad. Sci. U.S.A. 103, 12523–12528. doi: 10.1073/pnas.0605194103

Moher, D., Hopewell, S., Schulz, K. F., Montori, V., Gøtzsche, P. C., Devereaux,

P. J., et al. (2010). CONSORT 2010 explanation and elaboration: updated

guidelines for reporting parallel group randomised trials. BMJ 340:c869. doi:

10.1136/bmj.c869

Mortimer, J. A., Ding, D., Borenstein, A. R., Decarli, C., Guo, Q., Wu, Y., et al.

(2012). Changes in brain volume and cognition in a randomized trial of exercise

and social interaction in a community-based sample of non-demented Chinese

elders. J. Alzheimer’s Dis. 30, 757–766.

Ngandu, T., Lehtisalo, J., Solomon, A., Levälahti, E., Ahtiluoto, S., Antikainen, R.,

et al. (2015). A 2 year multidomain intervention of diet, exercise, cognitive

training, and vascular risk monitoring versus control to prevent cognitive

decline in at-risk elderly people (FINGER): a randomised contro led trial.

Lancet 385, 2255–2263. doi: 10.1016/S0140-6736(15)60461-5

Oswald, W., Gunzelmann, T., Rupprecht, R., and Hagen, B. (2006). Differential

effects of single versus combined cognitive and physical training with older

adults: the SimA study in a 5-year perspective. Eur. J. Ageing 3, 179–192. doi:

10.1007/s10433-006-0035-z

Owen, A. M., Hampshire, A., Grahn, J. A., Stenton, R., Dajani, S., Burns, A. S.,

et al. (2010). Putting brain training to the test. Nature 465, 775–778. doi:

10.1038/nature09042

Park, D. C., Lautenschlager, G., Hedden, T., Davidson, N. S., Smith, A. D., and

Smith, P. K. (2002). Models of visuospatial and verbal memory across the adult

life span. Psychol. Aging 17, 299–320. doi: 10.1037/0882-7974.17.2.299
Park, D. C., Lodi-Smith, J., Drew, L., Haber, S., Hebrank, A., Bischof,

G. N., et al. (2014). The impact of sustained engagement on cognitive

function in older adults: the synapse project. Psychol. Sci. 25, 103–112. doi:

10.1177/0956797613499592
Peretz, C., Korczyn, A. D., Shatil, E., Aharonson, V., Birnboim, S., and

Giladi, N. (2011). Computer-based, personalized cognitive training versus

classical computer games: a randomized double-blind prospective trial

of cognitive stimulation. Neuroepidemiology 36, 91–99. doi: 10.1159/0003

23950

Petersen, R. C. (2004). Mild cognitive impairment as a diagnostic entity. J. Intern.

Med. 256, 183–194. doi: 10.1111/j.1365-2796.2004.01388.x

Pinheiro, J., Bates, D., Debroy, S., Sarkar, D., and R Development Core Team.

(2010). nlme: Linear and Nonlinear Mixed Effects Models. R Package Version

3.1-97. Available at: http://CRAN.R-project.org/package=nlme.

Pitner, J. K., and Bachman, D. L. (2004). A synopsis of the practice parameters

on dementia from the american academy of neurology on the diagnosis of

dementia. Consult. Pharm. 19, 52–63. doi: 10.4140/TCP.n.2004.52

R Development Core Team. (2011). R: A Language and Environment for Statistical

Computing. (Vienna: R Foundation for Statistical Computing).

Rasmussen, P., Brassard, P., Adser, H., Pedersen, M. V., Leick, L., Hart, E.,

et al. (2009). Evidence for a release of brain-derived neurotrophic

factor from the brain during exercise. Exp. Physiol. 94, 1062–1069. doi:

10.1113/expphysiol.2009.048512

Raz, N., Lindenberger, U., Rodrigue, K., Kennedy, K., Head, D., Williamson, A.,

et al. (2005). Regional brain changes in aging healthy adults: general trends,

individual differences and modifiers. Cereb. Cortex 15, 1676–1689. doi:

10.1093/cercor/bhi044

Raz, N., and Rodrigue, K. (2006). Differential aging of the brain: patterns,

cognitive correlates and modifiers. Neurosci. Biobehav. Rev. 30, 730–748. doi:

10.1016/j.neubiorev.2006.07.001

Rebok, G. W., Ball, K., Guey, L. T., Jones, R. N., Kim, H.-Y., King, J. W.,

et al. (2014). Ten-year effects of the advanced cognitive training for

independent and vital elderly cognitive training trial on cognition and everyday

functioning in older adults. J. Am. Geriatr. Soc. 62, 16–24. doi: 10.1111/jgs.

12607
Reitan, R. M. (1958). Validity of the Trail Making Test as an indicator of organic

brain damage. Percept. Mot. Skills 8, 271–276. doi: 10.2466/pms.1958.8.3.271
Rikli, R. E., and Jones, C. J. (2001). Senior Fitness Test Manual. Champaign, IL:

Human Kinetics.

Roback, P. J., and Askins, R. A. (2005). Judicious use of multiple hypothesis tests.

Conserv. Biol. 19, 261–267. doi: 10.1111/j.1523-1739.2005.00269.x

Robert, P., König, A., Amieva, H., Andrieu, S., Bremond, F., Bullock, R., et al.

(2014). Recommendations for the use of Serious Games in people with

Alzheimer’s Disease, related disorders and frailty. Front. Aging Neurosci. 6:54.

doi: 10.3389/fnagi.2014.00054

Rothman, K. J. (1990). No adjustments are needed for multiple comparisons.

Epidemiology 1, 43–46. doi: 10.1097/00001648-199001000-00010

Sanchez-Cubillo, I., Perianez, J., Adrover-Roig, D., Rodriguez-Sanchez, J., Rios-

Lago, M., Tirapu, J., et al. (2009). Construct validity of the trail making

test: role of task-switching, working memory, inhibition/interference control,

and visuomotor abilities. J. Int. Neuropsychol. Soc. 15, 438–450. doi:

10.1017/S1355617709090626

Schmiedek, F., Lövdén, M., and Lindenberger, U. (2010). Hundred days of

cognitive training enhance broad cognitive abilities in adulthood: findings

from the COGITO study. Front. Aging Neurosci. 2:27. doi: 10.3389/fnagi.2010.

00027

Schneider, L. S., Mangialasche, F., Andreasen, N., Feldman, H., Giacobini, E.,

Jones, R., et al. (2014). Clinical trials and late-stage drug development for

Alzheimer’s disease: an appraisal from 1984 to 2014. J. Int. Med. 275, 251–283.

doi: 10.1111/joim.12191

Shah, T., Verdile, G., Sohrabi, H., Campbell, A., Putland, E., Cheetham, C.,

et al. (2014). A combination of physical activity and computerized

brain training improves verbal memory and increases cerebral glucose

metabolism in the elderly. Trans. Psychiatry 4:e487. doi: 10.1038/tp.

2014.122

Frontiers in Aging Neuroscience | www.frontiersin.org 14 August 2015 | Volume 7 | Article 152



Bamidis et al. Cognitive gains by combined training

Sheikh, J. I., and Yesavage, J. A. (1986). Geriatric depression scale (gds): recent

evidence and development of a shorter version. Clin. Gerontol. 5, 165–173. doi:

10.1300/J018v05n01_09

Sitzer, D., Twamley, E., and Jeste, D. (2006). Cognitive training in Alzheimer’s

disease: a meta analysis of the literature. Acta Psychiatr. Scand. 114, 75–90. doi:

10.1111/j.1600-0447.2006.00789.x

Skevington, S. M., Lotfy, M., and O’connell, K. A. (2004). The world

health organization’s WHOQOL-BREF quality of life assessment:

psychometric properties and results of the international field trial.

A report from the WHOQOL Group. Quality Life Res. 13, 299–310. doi:

10.1023/b:qure.0000018486.91360.00

Smith, G. E., Housen, P., Yaffe, K., Ruff, R., Kennison, R. F., Mahncke, H. W.,

et al. (2009). A cognitive training program based on principles of brain

plasticity: results from the improvement in memory with plasticity-based

adaptive cognitive training (IMPACT) study. J. Am. Geriatr. Soc. 57, 594–603.

doi: 10.1111/j.1532-5415.2008.02167.x

Smith, J. C., Nielson, K. A., Woodard, J. L., Seidenberg, M., Durgerian, S.,

Hazlett, K. E., et al. (2014). Physical activity reduces hippocampal atrophy in

elders at genetic risk for Alzheimer’s disease. Front. Aging Neurosci. 6:61. doi:

10.3389/fnagi.2014.00061

Smith, J. C., Paulson, E. S., Cook, D. B., Verber, M. D., and Tian, Q. (2010a).

Detecting changes in human cerebral blood flow after acute exercise using

arterial spin labeling: implications for fMRI. J. Neurosci. Methods 191, 258–262.

doi: 10.1016/j.jneumeth.2010.06.028

Smith, P. J., Blumenthal, J. A., Hoffman, B.M., Cooper, H., Strauman, T. A., Welsh-

Bohmer, K., et al. (2010b). Aerobic exercise and neurocognitive performance:

a meta-analytic review of randomized controlled trials. Psychosom. Med. 72,

239–252. doi: 10.1097/PSY.0b013e3181d14633

Sorbi, S., Hort, J., Erkinjuntti, T., Fladby, T., Gainotti, G., Gurvit, H., et al.

(2012). EFNS-ENS Guidelines on the diagnosis and management of disorders

associated with dementia. Eur. J. Neurol. 19, 1159–1179. doi: 10.1111/j.1468-

1331.2012.03784.x

Streiner, D. L. (2008). Missing data and the trouble with LOCF. Evid. Based Ment.

Health 11, 3–5. doi: 10.1136/ebmh.11.1.3-a

Subramaniam, K., Luks, T. L., Garrett, C., Chung, C., Fisher, M., Nagarajan, S.,

et al. (2014). Intensive cognitive training in schizophrenia enhances

working memory and associated prefrontal cortical efficiency in a manner

that drives long-term functional gains. Neuroimage 99, 281–292. doi:

10.1016/j.neuroimage.2014.05.057

Tombaugh, T. N., and McIntyre, N. J. (1992). The mini mental state examination:

a comprehensive review. J. Am. Geriatr. Soc. 40, 922–935. doi: 10.1111/j.1532-

5415.1992.tb01992.x

Trachtenberg, J. T., Chen, B. E., Knott, G.W., Feng, G., Sanes, J. R.,Welker, E., et al.

(2002). Long-term in vivo imaging of experience-dependent synaptic plasticity

in adult cortex. Nature 420, 788–794. doi: 10.1038/nature01273

Tucker-Drob, E. M. (2011). Neurocognitive functions and everyday functions

change together in old age. Neuropsychology 25, 368. doi: 10.1037/a0022348

Unverzagt, F.W., Guey, L. T., Jones, R. N., Marsiske,M., King, J.W.,Wadley, V. G.,

et al. (2012). ACTIVE Cognitive training and rates of incident dementia. J. Int.

Neuropsychol. Soc. 18, 669–677. doi: 10.1017/S1355617711001470

Valenzuela, M. J., Matthews, F. E., Brayne, C., Ince, P., Halliday, G., Kril, J. J.,

et al. (2011). Multiple biological pathways link cognitive lifestyle to protection

from dementia. Biol. Psychiatry 71, 783–791. doi: 10.1016/j.biopsych.2011.

07.036

Valenzuela, M. J., Sachdev, P., Wen, W., Chen, X., and Brodaty, H. (2008). Lifespan

mental activity predicts diminished rate of hippocampal atrophy. PLoS ONE

3:e2598. doi: 10.1371/journal.pone.0002598

van Uffelen, J., Chin, A., Hopman-Rock, M., and Van Mechelen, W. (2008).

The effects of exercise on cognition in older adults with and without

cognitive decline: a systematic review. Clin. J. Sport Med. 18, 486 –500. doi:

10.1097/JSM.0b013e3181845f0b

Waldemar, G., Dubois, B., Emre, M., Scheltens, P., Tariska, P., and Rossor, M.

(2000). Diagnosis and management of Alzheimer’s disease and other disorders

associated with dementia. The role of neurologists in Europe. European

Federation of Neurological Societies. Eur. J. Neurol. 7, 133–144. doi:

10.1046/j.1468-1331.2000.00030.x

Walton, C. C., Mowszowski, L., Lewis, S. J., and Naismith, S. L. (2014). Stuck

in the mud: time for change in the implementation of cognitive training

research in ageing? Front. Aging Neurosci. 6:43. doi: 10.3389/fnagi.2014.

00043

Wechsler, D. (1997). WAIS-III: Administration and Scoring Manual: Wechsler

Adult Intelligence Scale. San Antonio, TX: Psychological Corporation.

Whitlock, L. A., Mclaughlin, A. C., and Allaire, J. C. (2012). Individual differences

in response to cognitive training: using a multi-modal, attentionally demanding

game-based intervention for older adults. Comput. Hum. Behav. 28, 1091–1096.

doi: 10.1016/j.chb.2012.01.012

Wolf, S., Kronenberg, G., Lehmann, K., Blankenship, A., Overall, R.,

Staufenbiel, M., et al. (2006). Cognitive and physical activity differently

modulate disease progression in the amyloid precursor protein (APP)-

23 model of Alzheimer’s disease. Biol. Psychiatry 60, 1314–1323. doi:

10.1016/j.biopsych.2006.04.004

Zelinski, E. M., Spina, L. M., Yaffe, K., Ruff, R., Kennison, R. F., Mahncke, H. W.,

et al. (2011). Improvement in memory with plasticity based adaptive cognitive

training: results of the 3 month follow up. J. Am. Geriatr. Soc. 59, 258–265. doi:

10.1111/j.1532-5415.2010.03277.x

Conflict of Interest Statement: Iris-Tatjana Kolassa and Thomas Elbert are

members of the scientific advisory board of Posit Science. The other authors declare

that the research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.

Copyright © 2015 Bamidis, Fissler, Papageorgiou, Zilidou, Konstantinidis, Billis,

Romanopoulou, Karagianni, Beratis, Tsapanou, Tsilikopoulou, Grigoriadou, Ladas,

Kyrillidou, Tsolaki, Frantzidis, Sidiropoulos, Siountas, Matsi, Papatriantafyllou,

Margioti, Nika, Schlee, Elbert, Tsolaki, Vivas and Kolassa. This is an open-access

article distributed under the terms of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 15 August 2015 | Volume 7 | Article 152



 Part II: Article 4 

107 

 

4. Educational games for brain health: Revealing their unexplored potential through a 
neurocognitive approach 

Reference: Fissler, P., Kolassa, I.-T., and Schrader, C. (2015). Educational games for brain 

health: Revealing their unexplored potential through a neurocognitive approach. Frontiers in 

Psychology, 6:1056. doi: 10.3389/fpsyg.2015.01056 

This article was published as a Perspective article in Frontiers in Psychology that had a 5-year 

impact factor of 2.820 (InCites Journal Citation Report from 2016). 

This is an open-access article distributed under the terms of the Creative Commons 

Attribution License 4.0 (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/). The use, 

distribution or reproduction in other forums is permitted, provided the original author(s) or 

licensor are credited and that the original publication in this journal is cited, in accordance 

with accepted academic practice. 

My own contributions to the article: 

Completely: thematic concept of the manuscript 

Predominantly: writing the first draft of the manuscript, revision of the manuscript according 

to the comments of co-authors and reviewers 

  







β





β

β

β



β



� ������������	
����

����

�

5. Jigsaw Puzzles As Cognitive Enrichment (PACE) - The effect of solving jigsaw puzzles 

on global visuospatial cognition in adults 50 years of age and older: Study protocol for a 

randomized controlled trial 

Reference: Fissler, P.*, Küster, O.C.*, Loy, L.S., Laptinskaya, D., Rosenfelder, M.J., Von 

Arnim, C.A.F., and Kolassa, I.-T. (2017). Jigsaw Puzzles As Cognitive Enrichment (PACE) - 

The effect of solving jigsaw puzzles on global visuospatial cognition in adults 50 years of age 

and older: Study protocol for a randomized controlled trial. Trials, 18(1), 415. doi: 

10.1186/s13063-017-2151-9 

*Equal contributors 

This article was published as a Study Protocol article in Trials that had a 5-year impact factor 

of 2.203 (InCites Journal Citation Report from 2016). 

This article is distributed under the terms of the Creative Commons Attribution 4.0 

International License (http://creativecommons.org/licenses/by/4.0/), which permits 

unrestricted use, distribution, and reproduction in any medium, provided you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons 

license, and indicate if changes were made. 

My own contributions to the article: 

Predominantly: Conception of the study design, conception of the cognitive health counseling 

intervention, figures of the manuscript, writing the application for ethical approval 

Equally as Olivia C. Küster: Writing the first draft of the manuscript, revision according to 

the comments of co-authors and reviewers 

In parts: registration of the study on ClinicalTrials.gov 

� �



STUDY PROTOCOL Open Access

Jigsaw Puzzles As Cognitive Enrichment
(PACE) - the effect of solving jigsaw puzzles
on global visuospatial cognition in adults
50 years of age and older: study protocol
for a randomized controlled trial
Patrick Fissler1,2*† , Olivia C. Küster1,2†, Laura S. Loy1,3, Daria Laptinskaya1, Martin J. Rosenfelder1,

Christine A. F. von Arnim2 and Iris-Tatjana Kolassa1

Abstract

Background: Neurocognitive disorders are an important societal challenge and the need for early prevention is

increasingly recognized. Meta-analyses show beneficial effects of cognitive activities on cognition. However, high

financial costs, low intrinsic motivation, logistic challenges of group-based activities, or the need to operate digital

devices prevent their widespread application in clinical practice. Solving jigsaw puzzles is a cognitive activity

without these hindering characteristics, but cognitive effects have not been investigated yet. With this study, we

aim to evaluate the effect of solving jigsaw puzzles on visuospatial cognition, daily functioning, and psychological

outcomes.

Methods: The pre-posttest, assessor-blinded study will include 100 cognitively healthy adults 50 years of age or

older, who will be randomly assigned to a jigsaw puzzle group or a cognitive health counseling group. Within the

5-week intervention period, participants in the jigsaw puzzle group will engage in 30 days of solving jigsaw puzzles

for at least 1 h per day and additionally receive cognitive health counseling. The cognitive health counseling group

will receive the same counseling intervention but no jigsaw puzzles. The primary outcome, global visuospatial

cognition, will depict the average of the z-standardized performance scores in visuospatial tests of perception,

constructional praxis, mental rotation, processing speed, flexibility, working memory, reasoning, and episodic

memory. As secondary outcomes, we will assess the eight cognitive abilities, objective and subjective visuospatial

daily functioning, psychological well-being, general self-efficacy, and perceived stress. The primary data analysis will

be based on mixed-effects models in an intention-to-treat approach.
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Discussion: Solving jigsaw puzzles is a low-cost, intrinsically motivating, cognitive leisure activity, which can

be executed alone or with others and without the need to operate a digital device. In the case of positive

results, these characteristics allow an easy implementation of solving jigsaw puzzles in clinical practice as a

way to improve visuospatial functioning. Whether cognitive impairment and loss of independence in everyday

functioning might be prevented or delayed in the long run has to be examined in future studies.

Trial registration: ClinicalTrials.gov, NCT02667314. Registered on 27 January 2016.

Keywords: Jigsaw puzzles, Visuospatial cognition, Cognitive aging, Cognitive intervention, Cognitive

enrichment, Dementia, Cognitive impairment, Daily functioning

Background
Neurocognitive disorders such as mild cognitive impair-

ment and dementia become increasingly important health-

care issues [1]. Engagement in cognitively challenging

activities is associated with a reduced risk for future cogni-

tive impairment [2] and dementia [3]. It is among the fac-

tors with the highest projected impact on the prevalence of

Alzheimer’s dementia [4]. Randomized controlled trials

show beneficial cognitive effects of diverse cognitive activ-

ities such as cognitive training [5–9], video games [10–13],

card and board games [14, 15], and educational programs

such as computer, digital photography, or theater courses

[16–18]. However, these evidence-based cognitive activities

are characterized by obstacles such as high financial costs,

low intrinsic motivation, logistic challenges of group-based

activities, or the need to use digital devices. We believe that

these characteristics of currently investigated cognitive ac-

tivities reduce their feasibility and implementation in clin-

ical practice.

Solving jigsaw puzzles is a cognitively challenging activity,

especially within the visuospatial cognitive domain. We as-

sume that visuospatial cognitive demands comprise percep-

tion, constructional praxis, mental rotation, processing

speed, flexibility, working memory, reasoning, and episodic

memory. In contrast to other cognitive activities, men-

tioned above, it depicts a low-cost, intrinsically motivating

leisure activity which can be executed alone or with others

and without the need to operate digital devices. However,

to our knowledge, the effect of solving jigsaw puzzles on

cognition has not been investigated yet. Next to the positive

impact of a wide range of cognitively challenging activities

on cognition, several other findings indicate the potential of

jigsaw puzzles to promote visuospatial cognitive health.

Performance in solving jigsaw puzzles is highly correlated

with performance in visuospatial reasoning tasks [19]; jig-

saw puzzle play in preschoolers is associated with future

visuospatial transformation skills [20]; and engagement in

intellectual activities including jigsaw puzzles predicts a re-

duced risk of Alzheimer’s dementia [21–23]. Thus, the pri-

mary aim of this study is to evaluate the effect of solving

jigsaw puzzles on visuospatial cognition.

Furthermore, the effects of cognitive interventions

on daily functioning and psychological outcomes are

scarcely investigated [24–26]. As secondary aims, this

study thus examines the effects of solving jigsaw

puzzles on visuospatial everyday functioning such as

instrumental activities of daily living and self-reported

cognitive failures, and on psychological outcomes

such as well-being, general self-efficacy, and perceived

stress.

Methods

The Jigsaw Puzzles As Cognitive Enrichment (PACE)

study will take place at Ulm University, Germany, as

a randomized, active-controlled, assessor-blinded su-

periority trial with two parallel groups. Between

March and approximately October 2016, we will in-

clude and randomly assign 100 cognitively healthy,

middle-aged and older adults (age 50 years and

above) to a jigsaw puzzle group or a cognitive health

counseling group with a 1:1 allocation ratio in blocks

of four, stratified by cognitive status and age. Partici-

pants in the jigsaw puzzle group will engage in

30 days of solving jigsaw puzzles (6 days/week over a

period of 5 weeks for at least 1 h/day) and receive

cognitive health counseling (15-minutes face-to-face

counseling plus three telephone calls). The cognitive

health counseling group will receive the same coun-

seling intervention but will not solve any jigsaw puz-

zles during the intervention period. The SPIRIT 2013

Checklist provides an overview about the contents of

this study protocol (see Additional file 1).

Procedure

The Ethics Committee of Ulm University approved

this study. We will invite individuals interested in

participating in the study to a telephone-based inter-

view. Here, they will receive detailed study informa-

tion and give oral informed consent. A pre-screening

will assess eligibility (t1, see Figs. 1 and 2). At an ap-

pointment at Ulm University, successfully pre-

screened participants will be able to give written
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informed consent and will undergo further screening

(t2A). For included participants, the procedure will

consist of a 1.5-h pretest assessment composed of

neuropsychological tests and questionnaires (t2B)

followed by the face-to-face cognitive health counsel-

ing (t2C). Subsequently, non-blinded study staff will

disclose the group allocation to the participants (t2D).

Within 2 weeks after the baseline assessment, the 5-

week intervention period will start. We will contact

all participants three times via telephone for cognitive

health counseling and the assessment of adverse

events (AEs, t3 – t5). These telephone-based inter-

views will also serve to monitor the jigsaw puzzle

experience and protocol adherence in the jigsaw puz-

zle group. Within 2 weeks after the intervention

period, we will assess the same outcomes as in the

pretest assessments in the 1.5-h posttest assessment

at Ulm University (t6). Psychologists who are blind to

Study period 

Enroll-
ment 
(tele-

phone) 

Enroll-
ment 

(on site) 

Allo-
cation 

(2-week 
period) Post-allocation (5-week period) 

Close-out 
(2-week period) 

Timepoint t1 t2A t2B, C & D t3 t4 t5 t6

ENROLLMENT:

Oral informed consent X 

Telephone-based pre-screen X       

Written informed consent  X      

On site eligibility screen  X      

Allocation   X     

INTERVENTIONS:

P
u

z
z
le

 

g
ro

u
p

 Jigsaw 

Counseling X X X X 

C
o

n
tr

o
l 

g
ro

u
p

 

No Jigsaw 

Counseling X X X X 

ASSESSMENTS: 

V
is

u
o

s
p

a
ti

a
l 

c
o

g
n

it
io

n
 

Perception   X    X 

Praxis   X    X 

Mental rotation   X    X 

Speed   X    X 

Flexibility   X    X 

Working memory   X    X 

Reasoning   X    X 

Episodic memory   X    X 

D
a
il
y

  

li
fe

 o
u

t-

c
o

m
e

s
 

Timed IADL   X    X 

Cognitive failures   X    X 

P
s
y
c
h

o
-

lo
g

ic
a
l 

o
u

tc
o

m
e
s

 Perceived Stress   X    X 

Well-being   X    X 

Self-efficacy   X    X 

M
o

d
if

ia
b

le
 

p
re

d
ic

ti
v
e
 

fa
c
to

rs
 Risk factors   X    X 

Mediterranean diet   X    X 

Physical, cognitive 
and social lifestyle 

  X    X 

Evaluation of the 
counseling sessions 

      X 

Amount of lifetime 
puzzle experience 

      X 

F
o

r 
p

u
z
z
le

 
g

ro
u

p
 

Protocol compliance    X X X X 

Puzzle experience    X X X X 

Adverse events    X X X X 

Expectations about effects      X  

Test motivation       X 

Fig. 1 SPIRIT schedule of enrollment, interventions, and assessments. IADL instrumental activities of daily living
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group allocation will conduct the pretest and posttest

assessments.

Participants

The study aims to include 100 participants who we will

recruit via local newspaper articles and flyers. Inclusion

criteria are 50 years of age or older, unimpaired cogni-

tion defined by a Mini-Mental State Examination

(MMSE) [27] score ≥ 24, the commitment to invest at

least 1 h per day for 30 days in solving jigsaw puzzles

within a 5-week period, an interest in solving jigsaw puz-

zles, and low jigsaw puzzle experience in the past 5 years

(fewer than five completed jigsaw puzzles).

Exclusion criteria are the participation in another

interventional study and self-reported, uncorrected im-

pairment in vision (e.g., red-green color blindness) or

motor function of the upper extremity (e.g., hand

tremor) that considerably impairs jigsaw puzzle perform-

ance. In addition, individuals with any self-reported psy-

chiatric, neurological, or other diseases that could affect

Fig. 2 Flow chart of the study procedures. Expectations are the participants’ expectations about benefits in visuospatial cognitive performance.

AE adverse event
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cognitive change over time will be excluded. These

diseases comprise current major depression, dementia or

Parkinson’s disease, a history of stroke with current

impairment, epilepsy, multiple sclerosis, or a current

malignant tumor. Apart from the cognitive impairment,

which we will assess at the on-site screening (t2A),

telephone-based pre-screening will examine inclusion

and exclusion criteria after oral informed consent (t1, see

Figs. 1 and 2).

Measures

All outcomes of the study are continuously scaled

and we will assess the mean change between baseline

(t1) and posttest assessments (t6, approximately

5 weeks after t1). The outcome domains and their

specific measurement, and the assessment of partici-

pants’ expectations, predictive variables of cognitive

decline, and adverse events are described in the

following sections.

Primary outcome

A composite score of global visuospatial cognition

will depict the primary outcome reducing α-error in-

flation [28]. This score will constitute the average of

the eight, z-standardized visuospatial cognitive ability

scores that include visual perception, visuoconstruc-

tion, mental rotation, processing speed, flexibility,

working memory, reasoning, and episodic memory

(see “Secondary outcomes”). We will calculate the in-

dividual composite scores, if at least five cognitive

ability scores are available for both pretest and post-

test for an individual. Analysis will be based on

individuals for whom both pretest and posttest ability

scores are available. We will z-standardize all test

scores based on pretest means and standard

deviations.

Secondary outcomes

Secondary outcomes of visuospatial cognition will include

the eight visuospatial cognitive ability scores. An adapted

version of Benton’s Judgment of Line Orientation Test will

assess visual perception [29]. In addition to Benton’s 30

original test items, the version in this study will also

include five new test items of greater difficulty to differen-

tiate performance in the higher performance range (visual

perception score: number of correct items). The Rey

Complex Figure Test (pretest) [30] and the Taylor

Complex Figure Test (posttest) [31] will serve to evaluate

visuoconstruction and visuospatial episodic memory.

Pretest and posttest assessments will apply different

figures to minimize the risk that recall of the pretest figure

affects posttest performance (visuoconstruction score:

points in the copy trial; episodic memory score: sum of

the points in the immediate and delayed free recall trials;

two raters (DL and HA) will rate all trials; points for

each trial depict the mean of both ratings). The

Mental Rotations Test (MRT)-Letters (12 items;

maximum (max.) time: 90 s) adapted from [32] and

the MRT-A (items 1–12; max. time: 240 s) [33] will

measure 2D and 3D mental rotation performance,

respectively, in order to produce a score of mental

rotation ability (2D and 3D sub-scores: seconds per

correct item; in the case of no correct item, the

score will depict twice the max. time; mental

rotation score: average of both z-standardized sub-

scores). The Trail Making Test (TMT) A and B will

assess visuospatial processing speed and flexibility,

respectively (both ability scores: seconds per correct

connection; max. time: 180 s for TMT A and 300 s

for TMT B) [34, 35]. The Visual Memory Span from

the German edition of the Wechsler Memory Scale-

Revised [36] will serve to measure visuospatial work-

ing memory (working memory score: sum of points

for forward and backward block tapping). Finally, we

apply the Block Design subtest from the German

edition of the Wechsler Adult Intelligence Scale-III

to assess visuospatial reasoning (reasoning score:

sum of points) [37].

The study assesses secondary visuospatial daily

functioning outcomes both objectively and subject-

ively. The objective assessment of daily life function-

ing comprises three visuospatial subtests of the

Timed Instrumental Activities of Daily Living

(TIADL) [38, 39] (sub-scores: seconds for correct

completion of task A - finding a telephone number, task B

- making change, and task C - reading the list of ingredi-

ents on cans; objective daily functioning score: average of

all three z-standardized sub-scores). Eleven visuospatial

items of the Cognitive Failures Questionnaire will assess

subjective function in everyday life (subjective daily func-

tioning score: sum of points) [40, 41].

Self-report questionnaires will serve to assess secondary

psychological outcomes. We will measure psychological

well-being during the past 2 weeks with the World Health

Organization (WHO)-5 Well-Being Index [42], general

self-efficacy with the Generalized Self-Efficacy Scale [43],

and perceived stress during the past month with the

Perceived Stress Scale-14 [44].

We will use a 40-piece jigsaw puzzle (image: Rothenburg

ob der Tauber by Ravensburger Spieleverlag GmbH (RSV);

piece size: ca. 2.45 × 2.4 cm) to measure jigsaw puzzle skill.

Thereby participants will complete the frame first and then

the inner section of the puzzle (sub-scores for frame and

inner section: seconds per connected piece; max. time for

each task: 300 s; jigsaw puzzle score: average of both sub-

scores).

In case of floor or ceiling effects (skewness ≥ 1 or ≤ − 1),

we will use skewness minimization transformations (Blom
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transformations [45]) for all relevant ability scores and

sub-scores. To increase measurement reliability and there-

fore the power of the study, the same psychologist will

conduct pretest and posttest assessment of each partici-

pant, if possible. In addition, we will apply different

methods to detect data entry errors, including range

checks, plotting of pretest and posttest scores, and assess-

ment of the retest-reliability for each score. Low retest-

reliability of the primary outcome (r < .80) will result in

double data entry.

Participants’ expectations

To account for potential effects of participants’ expecta-

tions regarding cognitive benefits of the interventions, we

will assess these expectations within the last telephone call

between week 3 and 4 after the start of the intervention

(t5, see Figs. 1 and 2). Participants will be asked (1)

whether they expect that their performance in the visuo-

spatial cognitive tests has been influenced positively since

the pretest (answers: “yes” or “no”), and (2) how much

they expect their performance in the visuospatial cognitive

tests to change from pretest to posttest assessment on a

5-point rating scale (answers range from “improve

markedly” to “decline markedly”). We will use the same

questions with respect to participants’ expectations of im-

provement in jigsaw puzzle performance.

Predictive variables of cognitive decline and dementia

The investigators will obtain the predictive socio-

demographic variables age, gender, years of education,

and main profession, using interview-based question-

naires. Three questions on the subjective degree of

jigsaw puzzle experience on a 5-point rating scale (an-

swers range from “very high” to “not at all”), the number

of jigsaw puzzle hours, and the number of connected

jigsaw puzzle pieces within participants’ lifetime will as-

sess lifetime jigsaw puzzle experience. The assessment of

risk factors for cognitive decline and dementia with self-

rating questionnaires will include items on high blood

pressure, hypercholesterolemia, diabetes mellitus,

smoking, alcohol misuse, and obesity. The newly devel-

oped Challenging Leisure Activity Questionnaire is

based on the CHAMPS Physical Activity Questionnaire

for Older Adults [46] and will serve as a measure of the

protective factors social, physical, and cognitive activ-

ities. Participants will indicate for each of 44 socially,

physically, and cognitively challenging activities whether

they performed them at least once during the past

4 weeks. A short 14-item Mediterranean diet question-

naire [47] will assess components of a Mediterranean

diet. The measurement of risk and protective factors will

serve as the basis for individual feedback in the cognitive

health counseling and for the assessment of behavior

changes between pretest and posttest assessments.

Adverse events

Non-blinded study staff will address potential adverse

events at the beginning of the three telephone-based

cognitive health counseling sessions (t3, t4, t5; see

Figs. 1 and 2) and after completion of the posttest

outcome measures.

Interventions

Participants will be randomly assigned to one of two

groups, the jigsaw puzzle group or the cognitive health

counseling group (see Fig. 2). The jigsaw puzzle group will

receive the 30-day jigsaw puzzle intervention and the

cognitive health counseling, while the cognitive health

counseling group will receive the cognitive health counsel-

ing only. We will ask the participants of the cognitive

health counseling group not to solve any jigsaw puzzles

within the 5-week intervention period. Participants of the

cognitive health counseling group will receive a jigsaw

puzzle after completion of the posttest assessments.

Cognitive health counseling

All participants will receive a 15-minute session of

cognitive health counseling in an individual face-to-

face setting, including a take-home brochure (see

Figs. 1 and 2). The counseling will inform about

modifiable protective factors and risk factors for cog-

nitive decline and dementia according to current re-

search evidence. It will be based on the guidelines of

the German Association for Psychiatry, Psychotherapy,

and Psychosomatics on dementia. In particular, the

counselors will explain protective effects of physical,

cognitive, and social activities, and a Mediterranean

diet. The counseling will further inform about the

modifiable risk factors obesity, hypertension, diabetes

mellitus, high cholesterol and homocysteine levels,

smoking, and alcohol misuse.

In addition, the cognitive health counseling will

comprise three telephone calls during the 5-week

intervention period. In the first call (t3; week 1),

participants will receive individual feedback based on

their responses in the questionnaires on modifiable

risk and protective factors at the pretest assessment.

Here, we will give information about potential behav-

ior changes and ask the participants whether they are

motivated to adapt any of them. In the second and

third telephone-based interview, we will ask for

changes in behavior with respect to the predictive fac-

tors. Taken together, the behavior change techniques

of the cognitive health counseling include the shaping

of knowledge about cognitively healthy behaviors (t2),

providing individual feedback on these behaviors (t3),

and monitoring behaviors by the study staff with

participants’ awareness (t4 and t5, cf. [48]).
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Jigsaw puzzle intervention

Participants of the jigsaw puzzle group will solve jigsaw

puzzles on 6 days a week for 5 weeks for at least 1 h per

day. Every participant will get the same 300 piece jigsaw

puzzle at first (Beautiful Prague by RSV; piece size: 2.45 ×

2.4 cm). The participants will select subsequent puzzles

out of a catalogue with 200, 300, 500, 1000, and 1500

piece jigsaw puzzles of the RSV adult puzzle 2016 collec-

tion (piece sizes included: 2.8 × 3.0 cm; 2.45 × 2.4 cm;

2.0 × 1.8 cm; 1.9 × 1.7 cm; and 1.8 × 1.7 cm, respectively).

The intervention will take place at participants’ homes.

They will protocol their jigsaw puzzle time in a diary im-

mediately after each jigsaw puzzle session. On each jig-

saw puzzle day, participants will note the jigsaw puzzle

name, the jigsaw puzzle duration, and if necessary add-

itional comments about their experiences. Immediately

after each of the three telephone-based cognitive health

counseling sessions, participants will report the content

of the diary for the monitoring of the protocol adher-

ence and of the jigsaw puzzle performance (time per

connected piece). Finally, the telephone-based interview

includes questions about participants’ jigsaw puzzle ex-

perience for each solved jigsaw. Jigsaw puzzle experience

will include the desire to solve the jigsaw puzzle, the

pleasure in solving the jigsaw puzzle, the experienced

competence of solving the jigsaw puzzle, and the per-

ceived difficulty of the jigsaw puzzle. We will evaluate all

four measures with a single question and a 5-point rat-

ing scale that ranges from “very high” to “not at all”. Par-

ticipants will be able to freely choose their preferred

jigsaw puzzles. However, we will recommend them to

constantly increase the difficulty and challenge of the jig-

saw puzzles through the increase of pieces per puzzle -

which is accompanied with a decrease in piece size - as

long as this does not reduce their pleasure and fun. These

recommendations will depend on the reported perceived

difficulty, challenge, pleasure, and fun, and their jigsaw

puzzle performance (time per connected piece). If partici-

pants report adverse conditions associated with solving

jigsaw puzzles (e.g., muscle pain during jigsaw puzzling or

the development of a strong craving to solve jigsaw puz-

zles), the study staff will recommend to reduce puzzle

time, not to stick to the protocol of at least 1 h per day, or

to stop solving jigsaw puzzles as appropriate.

Randomization

We will use stratified, blocked randomization to avoid

baseline differences in age and cognitive status between

the cognitive health counseling group and the jigsaw

puzzle group, while at the same time achieving groups

of similar sizes. We will stratify participants into two age

bands (50–64 years and 65 years and older) and two

cognitive status bands (MMSE: 24–27 and 28–30)

resulting in four strata (stratum 1, age ≥ 64 years, MMSE

28–30; stratum 2, age ≥ 64 years, MMSE 24–27; stratum

3, age 50–64 years, MMSE 28–30; and stratum 4, age

50–64 years, MMSE 24–27). In each stratum, random-

ized allocation of the participants will happen in blocks

of four (two participants to each group) using the online

randomization software random.org (https://www.rando-

m.org/). LSL will generate the random allocation

sequence for each stratum and conceal it in sequentially

numbered opaque envelopes which we will store in a

separate box for each stratum. OCK, PF, and DL will

conduct the telephone-based pre-screening. DL, MJR, or

HA will enroll participants after on-site assessment of

the MMSE inclusion criterion and conduct the blinded

assessment. OCK or PF will conduct the face-to-face

cognitive health counseling. Immediately afterwards,

they will disclose group assignment. Thus, the research

staff responsible for enrollment and the first part of the

cognitive health counseling will be blinded to group as-

signment and not able to predict future group

assignment.

Blinding and strategies to deal with expectation and

motivation effects

Outcome assessors will be blinded to group allocation of

participants. To prevent disclosure of group assignment

by participants, we will remind them at the last tele-

phone interview (t5) not to bring the solved jigsaw

puzzles to the posttest assessment. Second, we will re-

mind them at the last telephone interview (t5) and im-

mediately before the posttest assessment (t6) not to tell

the assessor anything that may give hints to the allocated

group. Here, the participants will also sign a confirm-

ation statement that they received this information.

Blinding participants to the assigned group is by nature

not feasible. Given the lack of a double-blind design,

several strategies will serve to reduce potentially differ-

ent expectations and motivation between groups [49].

First, implementing an additional component in both

groups (i.e., cognitive health counseling) aims to induce

similar positive expectations regarding cognitive benefits

(cf. component control design; [49, 50]). Second, the in-

vestigators will tell all participants before disclosure of

group assignment that (a) both groups should benefit

cognitively from the cognitive health counseling and that

(b) it is currently not known whether solving jigsaw puz-

zles has a positive impact on cognition. Third,

participants of both groups will receive the same amount

of study staff contact during the intervention period

(apart from questions regarding jigsaw puzzle experi-

ences and adherence) and the same opportunities to ex-

press their concerns and to receive attention (face-to-

face health counseling, three telephone calls, and the

possibility to contact the study staff whenever wished).

As differential expectations between groups are still
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likely to some degree and cannot be completely ex-

cluded, the study assesses expectations on a continuous

and on a categorical scale in the last telephone call ap-

proximately 9 days before the follow-up test (see con-

founding variables section). We avoid an assessment at

the follow-up, as this might either influence test per-

formance through activated expectations (when assessed

directly before the neuropsychological tests) or might

alter expectations according to test performance (when

assessed directly after the neuropsychological tests) [49].

In addition, we will aim to keep test motivation high in

both groups by asking participants again, directly before

the follow up, whether they want to receive their

normed individual test results after study completion.

One item on a 5-point rating scale at the posttest assess-

ment (t6) will assess test motivation.

Prevention of dropouts, noncompliance, and missing data

To ensure the application of the intention-to-treat

principle, great effort must be invested to prevent

dropouts, noncompliance, and missing outcome data,

which introduce deviation from the randomization

scheme [51, 52]. We will use different strategies

including good personal contact through the

telephone-based counseling; payment of 20€ for

pretest and posttest assessments; communication of

personal neuropsychological test results after the post-

test assessments; interest in solving jigsaw puzzles

and time commitment as study inclusion criteria;

good availability of appointments for the pretest and

posttest assessments (if appointments are not possible

within the 2-week pretest and posttest period, we will

arrange them as close as possible to this period);

reminders for the posttest appointment at the last

telephone-based counseling (t5); also if participants do

not adhere to the intervention protocol, we will ask

them to complete the posttest assessment; construc-

tion of a global ability score that allows some amount

of missing data in the neuropsychological test battery;

and prevention of excessive and insufficient mental

demands through a large number of jigsaw puzzle

difficulty levels (200 to 1500 piece puzzles; 2.8 ×

3.0 cm to 1.8 × 1.7 cm piece sizes), adapted according

to participants’ preferences, jigsaw puzzle experiences,

and performance.

Statistical analysis

The primary efficacy analysis will be based on mixed-

effects models' group × time interaction [53] in an

intention-to-treat approach [54] that includes all ran-

domly assigned participants with follow-up observations.

Effect sizes will include standardized differences in the

pretest-posttest change scores between both groups.

Standardization will be based on (1) baseline scores and

(2) pretest-posttest change scores. In additional analyses,

we will account for potential confounding variables such

as baseline performance, the number of challenging so-

cial, physical, and cognitive activities performed in the

past 4 weeks, the pretest-posttest change in these

activities, Mediterranean diet in the past 4 weeks, and

pre-posttest change in diet, age, education, participants’

test motivation at the posttest assessment, and their

expectations of cognitive benefits.

As the primary intention-to-treat analysis is a conser-

vative method, which may underestimate the true effect

size of solving jigsaw puzzles for individuals who follow

the protocol, we will use a supportive per-protocol

analysis, which includes only participants who com-

pleted at least 80% of the jigsaw puzzle protocol (≥24

jigsaw puzzle days with a minimum of 45 min). With

this supportive analysis, we do not only assess the ro-

bustness of effects, but may also receive a more accurate

estimate of the true effect size given optimal conditions.

For subgroup and moderator analyses, pre-specified

variables comprise baseline global visuospatial cognition,

amount of lifetime puzzle experience, number of chal-

lenging social, physical, and cognitive activities within

the intervention period, age, MMSE, and experienced

pleasure in solving jigsaw puzzles.

Finally, we will assess cognitive demands of solving

jigsaw puzzles and the transfer potential of gains in

jigsaw puzzle skill on gains in the study outcomes by cal-

culating the correlation between jigsaw puzzle skill in

the 40-piece puzzle and the study outcomes at baseline.

Power analysis

The probability to find a significant effect with 50 in-

cluded participants per group, a dropout rate of 15%, a

small true effect size of f = 0.1, pretest-posttest correl-

ation of r = .85, and an α-error of 0.05 is 90%. We used

G*Power 3.1.6. for power analysis [55].

Discussion

Our upcoming findings might have a clinical implication

for adults over 50 years of age who have low puzzle experi-

ence in the past 5 years but are interested in solving jigsaw

puzzles. As solving jigsaw puzzles depicts a low-cost, intrin-

sically motivating leisure activity, which can be executed

alone or with others, and without the need to operate a

digital device, positive results would indicate a highly feas-

ible cognitive intervention to improve visuospatial cogni-

tion and everyday functioning, and psychological outcomes

in this population. We will not investigate the effect of jig-

saw puzzling on overall cognitive functioning including

cognitive domains such as language or verbal working

memory as generalization to non-trained cognitive domains

cannot be expected from a theoretical and an empirical

point of view [56, 57]. However, as visuospatial dysfunctions
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(e.g., deficits in visuoconstruction or visuospatial episodic

memory and missed traffic signs or relocated objects) are

common in neurocognitive diseases such as mild cognitive

impairment and dementia - especially due to Alzheimer’s

disease, dementia with Lewy bodies, and posterior cortical

atrophy [23] - lifelong jigsaw puzzle experience might be

one out of many cognitive activities that may contribute to

a delayed clinical manifestation of neurocognitive disorders.

Limitations of the study design are the lack of a long-

term follow-up and of the investigation of biological

mediators, and the lack of participants’ blinding to group

allocation, which could lead to differential expectation

effects. In addition, the selected outcomes may have lim-

itations in assessing the effects of jigsaw puzzling on

cognitive abilities and daily functioning. Finally, the cog-

nitive health counseling might have different behavioral

effects in the counseling and the puzzle group that could

mask the effects of jigsaw puzzling.

To address the lack of long-term follow-up, we will ask

participants after study completion whether they will be

interested in future long-term follow-up that we aim to

conduct approximately 1.5 years after posttest assessment.

Blinding of participants is by nature not feasible in

behavioral intervention studies as participants are always

aware of what they are doing. Thus, expectation effects

can never be fully excluded. Multiple approaches to

minimize expectation effects will be used and

participants’ expectations with regard to performance

improvement will be measured in a telephone-based

interview approximately 9 days prior to the posttest

assessment. Thus, it will be possible to statistically

account for potential expectation effects.

Even if not expected, the selected outcomes of the

study may not cover the cognitive abilities that are actu-

ally engaged and improved through jigsaw puzzling (e.g.,

verbal working memory) or may include abilities that are

not recruited and improved through the intervention

(e.g., cognitive flexibility). To prevent this problem, the

selection of the outcomes was based on a cognitive task

analysis of jigsaw puzzling that indicated the expected

cognitive demands [58, 59]. Furthermore, we will assess

the association between the outcome measures and jig-

saw puzzle skill at baseline, in order to validate the re-

cruited cognitive abilities of jigsaw puzzling [60] and the

transfer potential of gains in jigsaw puzzle performance

on gains in the respective outcomes [61]. Finally, there is

a not fully preventable risk that gains in outcomes may

be a result of skill acquisition or newly learned strategies

rather than the improvement of broad cognitive abilities

[14]. However, in contrast to many previous cognitive

training studies, we use a large set of transfer tasks and

these task paradigms are substantially dissimilar from

the training task. Thus, we avoid the risk that skill-

induced or strategy-induced gains in single and

structurally similar tasks with the training task will be

misinterpreted as gains in broad cognitive abilities.

Finally, we cannot fully exclude that the cognitive

health counseling intervention that is conducted in both

groups may have a differential effect between the groups.

However, we will assess this potential by evaluating

group differences in behavioral changes in cognitive,

physical, and social activities, and in Mediterranean diet.

In additional analyses of the group effect on the study

outcomes, we will statistically account for these behav-

ioral changes (see “Statistical analysis”).

In the case of positive results, future research should in-

vestigate maintenance of effects, biological mechanisms of

effects, potential effects in other populations such as

people with impairments in visuospatial cognition, and ef-

fects of long-term experience in solving jigsaw puzzles on

the prevention of neurocognitive disorders such as mild

cognitive impairment and dementia.
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where other details of the statistical analysis plan can be found, if not in the 
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needed 
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21b Description of any interim analyses and stopping guidelines, including who will 

have access to these interim results and make the final decision to terminate the 

trial 

No interim analyses and stopping 

guidelines planned 

Harms 22 Plans for collecting, assessing, reporting, and managing solicited and 
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process will be independent from investigators and the sponsor 
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Ethics and dissemination 

Research ethics 
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See ethical approval and clinicaltrial.gov 

registration 
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interests 
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Abstract 

Solving jigsaw puzzles (JPs) is a frequently performed leisure activity, but its cognitive demands 

and effects have not been studied so far. Here, we aim to close this science-practice gap. A total 

of 100 cognitively healthy adults (� 50 years of age) were randomized to a 30-day JP intervention 

(�1h/day) plus cognitive health counseling or cognitive health counseling only. We measured 

global visuospatial cognition with eight cognitive tests, JP skill with a 40 piece JP, and lifetime JP 

experience with self-report. Global visuospatial cognition and multiple cognitive abilities were 

associated with both JP skill and lifetime JP experience, even after accounting for covariates. 

Compared to the counseling group, the JP group, improved in JP skill, but not in global 

visuospatial cognition. In sum, our results indicate that jigsaw puzzling engages multiple 

cognitive abilities and is a protective factor for cognitive aging, even though causality remains 

elusive. 

Trial Registration: ClinicalTrials.gov Identifier: NCT02667314 

Keywords: Jigsaw puzzles, Visuospatial cognition, Cognitive aging, Cognitive intervention, 
Cognitive enrichment, Dementia, Cognitive impairment



1 Introduction 

Engagement in cognitively demanding activities is associated with a reduced risk of cognitive decline and 

dementia in observational studies (Valenzuela & Sachdev, 2006a, 2006b). Randomized controlled trials 

are necessary to establish cause and effect. However, these studies are currently highly restricted to 

cognitive training programs which are characterized by repeated practice on theory-driven, standardized 

cognitive task paradigms that adapt in difficulty levels (Karbach & Verhaeghen, 2014; Lampit, Hallock, 

& Valenzuela, 2014). The number of people actually engaging in these programs over a prolonged period 

of time is rather limited. The worldwide estimated computerized cognitive training market in 2013 was 

about $220 million (Simons et al., 2016). In contrast, solving jigsaw puzzles (JPs) is a frequently 

performed leisure activity with almost 7 million sold JPs and an estimated market of �75 million alone in 

Germany in 2016 (npdgroup deutschland GmbH, 2016). The estimated market of 2016 was �224 million 

in Europe (The NPD Group Inc., 2016), and $197 million in the US (The NPD Group Inc., 2017). Despite 

its frequent use, the impact of solving JPs on cognitive health has not been investigated so far. Here, we 

aim to close this science-practice gap by assessing the cognitive demands and benefits of solving JPs. 

Solving JPs is a low-cost cognitive activity that can be solved alone or with others without the need of 

computers, specific facilities, language capabilities or other prior knowledge. It is often experienced as 

relaxing, fun, and intrinsically motivating. Finally, difficulty levels of JPs can be easily adapted by 

varying piece sizes and numbers of pieces per JP allowing its use in a wide range of cognitive 

functioning. Taken together, solving JPs is a frequently performed and highly applicable cognitive leisure 

activity in various populations worldwide. However, cognitive demands and effects are currently 

unknown. 

The aims of our study were fourfold. First, we evaluated whether and which visuospatial cognitive 

abilities are tapped by solving JPs. Second, we explored whether lifetime JP experience is a protective 

factor for visuospatial cognitive aging in an observational design. Protective factors are correlational and 

hence not necessarily causal. To establish cause and effect, we investigated the impact of a 30-day JP 

intervention on visuospatial cognition in a randomized, assessor-blinded, active-controlled clinical trial. 
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Finally, we aimed at revealing a dose-response relationship between the amount of jigsaw puzzling and 

visuospatial cognitive improvement within the JP group.  
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2 Methods 

This randomized, active-controlled, assessor-blinded superiority trial with two parallel groups was 

conducted from March 1 to September 12, 2016 at Ulm University, Germany. The study protocol article 

has been published (http://rdcu.be/vEhX) (Fissler et al., 2017), the study was preregistered 

(https://clinicaltrials.gov/ct2/show/NCT02667314) and the CONSORT Checklist is provided in the 

Supplemental Material, Table S7. 

2.1 Procedure 

The Ethics Committee of Ulm University approved the study. We described the methods in more detail in 

the study protocol (Fissler et al., 2017). All participants gave written informed consent prior to 

participation and received 40� as financial compensation. We recruited participants via newspaper articles 

and flyers. Eligibility was assessed in a telephone-based pre-screening (t1) and an on-site screening at 

Ulm University before the pretest assessment (t2). Eligible participants completed a 1.5-hour pretest. 

Subsequently, we provided a 15-minute cognitive health counseling and disclosed the group allocation. 

The 30-day intervention period started within 2 weeks after the pretest. During the intervention period, all 

participants were contacted via telephone three times (t3-t5). After the intervention, the posttest (t6) was 

scheduled within 2 weeks. 

2.2 Eligibility criteria 

Inclusion criteria were a minimum age of 50 years, low JP experience within the past 5 years (< 5 

completed JPs), interest in solving JPs, commitment of spending 30 hours with solving JPs, intact vision 

and motor function of the upper extremities, and unimpaired cognition (Mini Mental State Examination 

(Folstein, Folstein, & McHugh, 1975) [MMSE] � 24). Exclusion criteria were self-reported psychiatric, 

neurologic, or other diseases potentially influencing changes in cognitive performance and current 

participation in another intervention study. 

2.3 Interventions 

Participants were randomly allocated to solving JPs plus cognitive health counseling (JP group) or 

cognitive health counseling only (counseling group).   
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2.3.1 Cognitive health counseling 

Participants received general information about modifiable lifestyle risk and protective factors for 

cognitive decline and dementia such as cognitive, physical, and social activity, and nutrition (session 1 at 

t2). In the telephone calls during the intervention period, we gave individual feedback regarding risk and 

protective factors for dementia based on participants� individual lifestyle (session 2 at t3) and monitored 

behavior changes by asking participant for changes in the respective lifestyle domains (session 3 and 4 at 

t4 and t5).  

2.3.2 Jigsaw puzzle intervention 

The JP group was instructed to solve JPs at home (30 days within 5 weeks, � 1h/day). The first JP was 

standardized (Beautiful Prague, 300 pieces; by Ravensburger Spieleverlag GmbH, RSV), while all 

subsequent JPs were freely selected by the participants (200 to 1500 piece JPs). However, we encouraged 

participants to increase difficulty of the JPs by increasing the number of pieces per JP as long as this did 

not reduce their pleasure and fun. Recommendations were based on JP performance (time per connected 

piece) and participants� reports about perceived difficulty, challenge, pleasure, and fun that were assessed 

in each of the three telephone interviews (Fissler et al., 2017). 

2.4 Randomization and blinding 

We applied stratified, blocked randomization with two age bands (50-64 years; � 65 years) and two 

cognitive status bands (MMSE: 24-27; 28-30). We randomly allocated participants to the two groups in 

each stratum in blocks of four with a 1:1 allocation ratio. An author uninvolved in data collection (L.S.L.) 

generated the allocation sequence (https://www.random.org/), which was concealed in numbered 

envelopes for each stratum. 

The staff involved in enrollment (O.C.K., P.F., D.L.), assessment (D.L., M.J.R., H.A.), and on-site 

cognitive health counseling (O.C.K., P.F.) were blind to group assignment, which was disclosed to 

participants after on-site counseling (O.C.K., P.F.). They were instructed verbally and in a written and 

signed form not to disclose group assignment to the outcome assessors. However, two participants 

disclosed group assignment before completion of the primary outcome assessment of the posttest. 
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2.5 Outcomes 

2.5.1 Primary and secondary outcomes 

As primary outcome, a composite score representing global visuospatial cognition was created by 

averaging eight z-standardized domain scores: visual perception (adapted from Benton�s Judgement of 

Line Orientation Test) (Benton, Sivan, Hamsher, Varney, & Spreen, 1994), visuospatial processing speed 

and flexibility (Trail Making Test part A and B, Reitan, 1958; Welsh et al., 1994), visuospatial working 

memory (Visual Memory Span of the Wechsler Memory Scale-Revised, German edition, Härting et al., 

2000), constructional praxis and visuospatial episodic memory (Rey Complex Figure Test, Osterrieth, 

1944), mental rotation (adapted version of the Mental Rotations Test�Letters, Neuburger, Jansen, Heil, & 

Quaiser-Pohl, 2011; Mental Rotations Test A, Peters et al., 1995), and visuospatial reasoning (Block 

Design of the Wechsler Adult Intelligence Scale�III, German edition, Von Aster, Neubauer, & Horn, 

2006). As predefined in the study protocol (Fissler et al., 2017), ability scores with skewness over |1| were 

Blom-transformed (Ball et al., 2002; Blom, 1958) in order to minimize ceiling and floor effects and 

increase reliability (retest-reliability without transformation, r = .88, with transformation, r = .90). 

2.5.2 Other measures 

We assessed age, gender, education, and profession in an interview. Adverse events were recorded at the 

telephone calls (t3 - t5) and the posttest (t6). We asked for modifiable lifestyle risk and protective factors 

for dementia such as cardiovascular risk factors, Mediterranean diet (Martínez-González et al., 2012), and 

the number of recently performed cognitive, physical, and social activity types (Challenging Leisure 

Activities Questionnaire, based on the CHAMPS Physical Activity Questionnaire for Older Adults, 

Stewart et al., 2001). 

We assessed JP skill as the average time per connected piece for frame and inner parts of a 40 piece JP 

(Rothenburg ob der Tauber, by RSV). Within the JP group, we also assessed the self-reported time for 

solving the first 300 piece JP in the intervention for an additional analysis (Beautiful Prague, by RSV). 

Participants retrospectively rated their lifetime experience in solving JPs from 1 (none) to 5 (very high) 

and estimated the time spent with solving JPs over the lifetime from 1 (< 50 hours) to 5 (> 350 hours) 
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and the number of connected JP pieces from 1 (< 2000 pieces) to 5 (> 8000 pieces). The mean of all three 

ratings served as measure of lifetime JP experience. The average of the z-standardized time spent with 

solving JPs and of the number of completed JP pieces during the intervention period served as measure of 

the amount of solving JPs. 

Participants subjectively estimated the effects of the interventions at the last telephone interview (t5)

before the posttest (t6). They were asked whether they expected that their performance in the visuospatial 

cognitive tests at the posttest would be positively influenced (yes or no) and to estimate how their 

performance would change from pre- to posttest from 1 (improve markedly) to 5 (decline markedly). Both 

questions were also asked regarding JP skill. After primary outcome assessment at the posttest, we asked 

the participants how motivated they were while performing the visuospatial cognitive tests from 1 (not at 

all) to 5 (very much). 

2.6 Statistical analysis 

G*Power and the R software package were used (Faul, Erdfelder, Lang, & Buchner, 2007; R 

Development Core Team, 2015). In line with reported effect sizes of meta-analyses on cognitive training 

effects (Karbach & Verhaeghen, 2014; Lampit et al., 2014), we calculated the power to detect 

associations between JP and cognition given a medium effect size (r = .30) and intervention effects given 

a small effect size (f = .10), a retest-correlation of .90 for the primary outcome, and a two-sided �-error of 

.05. The power to detect intervention effects was approximately 99%. The power to detect associations of 

the primary outcome with the amount of solving JPs was 60%, and with both JP skill and lifetime JP 

experience 87%. 

Associations were evaluated with linear regression analyses (visuospatial cognition and lifetime JP 

experience; amount of jigsaw puzzling and visuospatial cognitive change) or Pearson correlations 

(visuospatial cognition and JP skill). 

Intervention effects were assessed with linear mixed effects models with time and group as fixed effects 

and subject as random intercept in a modified intention-to-treat analysis (all participants with follow-up 

data). Cohen�s d served as effect size measure. Analyses regarding the eight secondary outcomes and the 
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two dosage parameters (JP pieces and time) were adjusted for multiple comparisons using Holm�s 

method.  
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3 Results 

From March 1 to August 3, 2016, we screened 168 interested adults for eligibility, of which 100 

participants (64 women, 36 men) were included into the study (see Figure 1). Data collection was 

completed on September 12, 2016. Forty individuals refused study participation after detailed study 

information, 28 participants did not meet eligibility criteria. Out of 100 included adults, 52 were 

randomized to the JP group and 48 to the counseling group. One participant was lost to follow-up. 

Baseline demographic (age, gender, education) and cognitive characteristics (MMST, global visuospatial 

cognition) in the two groups were well balanced and differences were below a small effect size (Cohen�s 

d � |0.19|; see Supplemental Material, Table S1). 

Fig. 1. CONSORT Flow chart. Participants who completed the interventions per protocol (a) performed 
at least 24 days of jigsaw puzzling with a minimum of 45 minutes and received at least 3 of 4 cognitive 
health counseling sessions (jigsaw puzzle group), or (b) received at least 3 of 4 cognitive health 
counseling sessions, and (c) did not report solving jigsaw puzzles in the intervention period (counseling 
group)
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3.1 Association between global visuospatial cognition and jigsaw puzzle skill 

JP skill, as measured with an untrained 40 piece JP, was highly associated with global visuospatial 

cognition (r = .80 [95% CI: .72 to .86], p < .001, see Figure 2) and with all eight visuospatial cognitive 

abilities (rs � .45 , ps < .001; see Supplemental Material, Table S2). Similarly, self-reported time to 

complete the 300 piece JP was associated with global visuospatial cognition (r = .70, p < .001) and with 

all eight visuospatial cognitive abilities (rs  � .29, ps < .04; see Supplemental Material, Results S1, Table 

S2). 

Fig. 2. Cognitive demands of solving jigsaw puzzles. Association between jigsaw puzzle skill and 
global visuospatial cognition in the complete sample (n = 100). 

3.2 Association between global visuospatial cognition and lifetime jigsaw puzzle experience 

Lifetime JP experience was associated with global visuospatial cognition at baseline (� = .51 [95% CI: 

.33 to .68], p < .001, see Figure 3) and with all eight visuospatial cognitive abilities (�s � .28 , ps � .008; 

see Supplemental Material, Table S3). Importantly, the associations with global visuospatial cognition, 

and two secondary outcomes (visuospatial reasoning and cognitive flexibility) remained significant after 

accounting for the known risk and protective factors age, education, and the number of recently 
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performed social, physical and cognitive activity types (�s � .32, ps � .004; see Supplemental Material, 

Table S3 and S4). 

Fig. 3. Lifetime jigsaw puzzles experience as a protective factor of cognitive aging. Association 
between lifetime jigsaw puzzle experience and global visuospatial cognition in the complete sample (n = 
99, 1 missing value). 

3.3 Intervention effects 

JP skill improved significantly in the JP group compared to the counseling group (Cohen�s d = 0.38 [95% 

CI: 0.21 to 0.54], F (97) = 20.43, ps � .001). However, the primary outcome global visuospatial cognition 

and all secondary outcomes did not show significant Group × Time interactions (see Table 1). From 

pretest to posttest, both groups improved in global visuospatial cognition, mental rotation, processing 

speed, cognitive flexibility, and episodic memory (Cohen�s d � 0.20; ps � .05). The JP group also 

improved in reasoning (Cohen�s d = 0.20, p = .02). The supportive per-protocol analysis and pre-defined 

additional analyses that accounted for confounding variables yielded consistent results. 



Table 1. 
Intervention effects on jigsaw puzzle skill and visuospatial cognition 
Measure Group Pretest Posttest Pre-posttest Training benefit 

Name rreliability Name Score Score Change
a
 [95% CI]

b
 Cohen's d [95% CI]

b p-value
d

Jigsaw puzzle skill 0.90 
Jigsaw puzzle -0.10 0.33 0.46 [0.35 to 0.57] 

0.38 [0.21 to 0.54]  < .001 
Counseling 0.10 0.19 0.08 [-0.04 to 0.21] 

Global visuospatial cognition 0.90 
Jigsaw puzzle -0.03 0.34 0.38 [0.25 to 0.51] 

-0.08 [-0.27 to 0.10] .39 
Counseling 0.03 0.49 0.46 [0.32 to 0.60] 

  Visual perception 0.72 
Jigsaw puzzle -0.06 -0.20 -0.11 [-0.31 to 0.09] 

-0.27 [-0.58 to 0.03] .50 
Counseling 0.06 0.23 0.16 [-0.07 to 0.40] 

  Constructional praxis 0.42 
Jigsaw puzzle 0.16 0.27 0.11 [-0.19 to 0.40] 

-0.14 [-0.55 to 0.27] > .99 
Counseling -0.17 0.08 0.25 [-0.04 to 0.54] 

  Mental rotation 0.83 
Jigsaw puzzle 0.04 0.24 0.23 [0.06 to 0.41] 

-0.31 [-0.55 to -0.07] .08 
Counseling -0.05 0.50 0.54 [0.38 to 0.70] 

  Processing speed 0.71 
Jigsaw puzzle -0.07 0.17 0.24 [0.05 to 0.43] 

-0.01 [-0.30 to 0.28] > .99 
Counseling 0.08 0.33 0.25 [0.02 to 0.48] 

  Cognitive flexibility 0.74 
Jigsaw puzzle -0.05 0.21 0.26 [0.05 to 0.48] 

0.06 [-0.23 to 0.35] > .99 
Counseling 0.06 0.26 0.20 [0.005 to 0.40] 

  Working memory 0.72 
Jigsaw puzzle -0.13 0.05 0.20 [-0.02 to 0.42] 

0.03 [-0.27 to 0.33] > .99 
Counseling 0.15 0.32 0.17 [-0.04 to 0.38] 

  Episodic memory 0.65 
Jigsaw puzzle 0.04 1.01 0.97 [0.72 to 1.21] 

0.07 [-0.27 to 0.42]  > .99 
Counseling -0.05 0.85 0.90 [0.65 to 1.15] 

  Reasoning 
0.84 
  

Jigsaw puzzle -0.08 0.11 0.20 [0.03 to 0.36] 
0.12 [-0.11 to 0.35] > .99 

Counseling 0.08 0.16 0.08 [-0.09 to 0.24] 

CI = confidence intervals 
a positive values indicate beneficial change scores 
b confidence intervals are not adjusted for multiple comparisons
c positive values indicate benefits of the Jigsaw puzzle group
d 
p-values of the Group × Time interaction of the mixed effects model including 99 participants for each outcome 



3.4 Dose-response relationship 

Despite the lack of an effect of the JP intervention on visuospatial cognition, the dose-response analysis 

revealed an association of the change in global visuospatial cognition from pre- to posttest with the 

amount of jigsaw puzzling and with the number of connected JP pieces within the JP intervention, after 

accounting for baseline performance to adjust for the regression-to-the-mean effect (� = .33 [95% CI: .02 

to .63], p = .03, and � = .43, p(Holm corrected) = .03, respectively, see Figure 4 and Supplemental Material, 

Table S5). A post hoc analysis that removed one influential data point of a participant with a very high 

amount of jigsaw puzzling, revealed a robust dose-response relationship with an even increased effect 

size for the primary outcome (� = .39, p = .01). 

Based on the linear model parameters of the dose-response analysis and the observed pre-posttest gains in 

the counseling group, we estimate that individuals would need to connect 9108 JP pieces to induce gains 

in global visuospatial cognition of medium size (Cohen�s d = 0.5). 

Fig. 4. Dose-response analysis. Association between the number of connected puzzle pieces and change 
in global visuospatial cognition (adjusted for baseline performance) in the puzzle group (n = 51, 1 
missing value) 
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3.5 Assessment of opportunity costs and placebo effects 

The counseling group increased the number of performed cognitive, physical, and social leisure activity 

types (excluding JP solving) by 1.4, which is a marginally significant increase relative to the JP group (p

= .07). This indicates that increased engagement in one activity type - such as solving JPs � goes along 

with a reduced potential of gain from other activity types (opportunity costs). Thus, the use of a 

counseling control group efficiently accounted for such opportunity costs. 

Placebo effects may be induced through expectations and test motivation. Participants� expectations about 

improvements in cognitive test performance were higher in the JP group than in the active control group 

(76% vs. 33%, p < .001). Despite this group difference, expectations that performance will improve in the 

visuospatial tests from pre-to-posttest were positive in the control group (p < 0.001, Cohen�s d = 0.62). 

Furthermore, expectations were not related to the amount of solving JPs within the JP group (see 

Supplemental Material, Results S2 for more details). Most importantly, expectations were not related to 

actual cognitive changes and statistically accounting for expectations did not alter group effects and dose-

response relationships (see Supplemental Material, Results S2).  

Test motivation at posttest did not differ significantly between the groups and was not related to the 

amount of solving JPs within the JP group (see Supplemental Material, Results S3, S4, and Table S6). 

Taken together, the counseling group controlled for the potential gains from alternative activity types, test 

motivation, and practice effects, but only partly for expectations of cognitive gains. Statistically 

accounting for expectations did not change our findings and expectations were not related to objective 

cognitive changes. Therefore, we efficiently took opportunity costs into account and potential placebo 

effects seem not to affect our results. 

3.6 Adverse events 

The total number of adverse events did not differ significantly between the groups. The number of 

adverse events probably due to the intervention were all temporarily, but were significantly higher in the 

JP group, compared to the control group (n = 11 vs. n = 0, p = .005). These events included back and 
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shoulder pain (n = 4), loss of motivation in puzzling (n = 3), �craving� to solve JPs (n = 3), and 

uncommon headache (n = 1; see Supplemental Material, Results S4 and Table S6). 



4 Discussion 

4.1 Principal findings 

We found that JP skill was highly associated with global visuospatial cognition and all measured 

visuospatial cognitive abilities indicating that solving JPs strongly taps multiple visuospatial cognitive 

processes. We revealed that self-reported lifetime JP experience was associated with visuospatial 

cognition in healthy adults above 50 years of age, even after accounting for known predictive factors for 

cognitive aging. However, this association may be due to an effect of jigsaw puzzling on cognition, vice 

versa, or due to non-measured confounding variables (e.g., people who solve more JPs may play more 

games in general). Thirty days of solving JPs improved JP skill in an untrained JP, but did not improve 

global visuospatial cognition in comparison to an active control group in a clinically relevant way. Both 

groups improved in global visuospatial cognitive performance which may largely reflect practice effects 

but also true cognitive benefits in both groups cannot be excluded. Finally, we found dose-response 

associations between the amount of jigsaw puzzling and improvement in visuospatial cognition. 

Assuming that our estimated model parameters of this association are true and fully due to an effect of 

jigsaw puzzling on cognition, we expect that at least 9100 JP pieces need to be connected for clinically 

relevant cognitive gains (Cohen�s d = 0.5). Our results are in line with a study that showed a positive 

association between the frequency of early puzzle play (including jigsaws) and preschooler�s 2-D spatial 

transformation skills (Levine, Ratliff, Huttenlocher, & Cannon, 2012), as well as with studies 

demonstrating lifetime cognitive activity as a protective factor for cognitive aging (Vemuri et al., 2014). 

4.2 Implications 

Jigsaw puzzling recruits multiple visuospatial cognitive abilities and is a protective factor for cognitive 

aging, even though cause and effect still needs to be disentangled. A low amount of jigsaw puzzling over 

a 30-day period (approximately 3600 connected pieces) does not improve cognition in a clinically 

relevant way. However, based on the results of the dose-response relationship, higher amounts (> 9100 

connected pieces) might have the theoretical potential to induce relevant cognitive benefits. Our results 

strengthen the evidence that cognitively demanding activities benefit cognition over the long-term but are 

no �quick-fix� solution to improve cognition (Gathercole, 2014). Longer intervention periods may be 
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necessary to translate promising evidence from observational studies into a higher-order evidence level 

from randomized controlled trials (Ngandu et al., 2015). Our findings are especially important as solving 

JPs is a frequently performed and easily applicable leisure activity: it can be executed alone or in groups 

at almost all places without the need of technical devices, language capabilities, or prior knowledge. 

Given the potential cognitive benefit of solving JPs and no known harms, we think that solving JPs might 

be considered for recommendations regarding healthy cognitive aging in people who are not willing or 

able to engage in other validated cognitively challenging activities but are motivated to engage in high 

amounts of jigsaw puzzling. 

4.3 Strengths and limitations 

The randomized, active-controlled, assessor-blinded clinical trial conforms to best-practice standards of 

cognitive intervention trials (Simons et al., 2016). However, there is no consensus regarding a gold-

standard active control group (Boot, Simons, Stothart, & Stutts, 2013). We used a counseling group to 

control for the potential cognitive benefits through other activity types when solving JPs is chosen 

(opportunity costs). In addition, we aimed to control for placebo effects induced through group 

differences in test motivation and expectations about cognitive benefits. 

We efficiently accounted for potential opportunity costs, as we did not use a control group of a 

theoretically inefficient alternative activity type and the counseling group engaged in 1.4 more 

challenging leisure activity types during the intervention period than the JP group (excluding solving JPs). 

However, solving JPs may be superior in inducing cognitive benefits compared to activities, with no 

expected influence on cognition (e.g., watching TV). To evaluate this, future studies could include a 

second control condition using a theoretically inefficient activity type.  

A limitation of the study is the higher expectation regarding benefits in visuospatial cognitive task 

performance in the JP group than in the counseling group. However, the counseling group had 

significantly positive expectations, and statistically accounting for expectations, did not alter our results. 

In addition, neither the amount of solving JPs nor the cognitive improvements were related to 

expectations. As in behavioral interventions participants are aware of their behavioral changes, future 
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studies may need to actively manipulate expectations to prevent expectation differences in two differently 

effective interventions. 

Finally, as the study did not use a representative sample of the population, the association between 

lifetime JP experience and cognition needs to be confirmed within such a sample. 

4.4 Conclusions 

Our findings indicate that jigsaw puzzling recruits multiple visuospatial cognitive abilities and is a 

protective factor for visuospatial cognitive aging, even though the question of causality remains to be 

clarified. In addition, we found no evidence that low amounts of jigsaw puzzling over a 30-day period 

(approximately 3600 connected JP pieces) induce clinically relevant cognitive benefits. 
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Results S1. Link between jigsaw puzzle skill and global visuospatial cognition after 

accounting for covariates 

The associations between jigsaw puzzle skill and global visuospatial cognition remained similar 

after accounting for lifetime jigsaw puzzle experience (40 piece puzzle: r = .72, p < .001; 300 

piece puzzle: r = .63, p < .001). 

Results S2. Group differences of participant�s expectations regarding cognitive change 

In comparison to the counseling group, the JP group expected more often that their performance 

in the visuospatial cognitive tests was positively affected (76% vs. 33%, respectively; p < .001). 

Similar results were observed for expected gains in JP performance (96% vs. 39%, respectively; 

p < .001). Additionally, the JP group had higher expectations regarding positive performance 

changes from pre- to posttest in the visuospatial cognitive tests (Cohen�s d = 1.3; p < .001) and in 

solving JPs (Cohen�s d = 2.0; p < .001), in comparison to the counseling group. Despite group 

differences, also the counseling group expected that their performance in the visuospatial tests 

will improve in the posttest (p < 0.001, Cohen�s d = 0.62). The amount of jigsaw puzzling within 

the JP group was not associated with expectations regarding cognitive changes (ps � .76) or 

changes in JP skill (ps � .52). Expectations regarding cognitive changes were not associated with 

actual cognitive changes (� < 0.0, ps � .14), but expectations regarding changes in JP skill were 

related to actual changes in JP skill (ps � .03). Importantly, the effect of the JP group on JP skill 

as well as the dose-response associations between visuospatial cognitive improvement and the 

amount of solving JPs were not altered after accounting for respective expectations. 

Results S3. Group differences in test motivation at posttest 

Motivation during the neuropsychological tests at the posttest did not differ between the JP group 

(M = 4.2 out of 5; SD = 0.6) and the counseling group (M = 4.5 out of 5; SD = 0.7; Cohen�s d = -

0.38, p = .09) and was not correlated with the amount of jigsaw puzzling (r = .09, p = .56) or with 

pre-posttest changes in global visuospatial cognition and JP skill (ps � .72). 

Results S4. Group differences in adverse events 

The total number of adverse events did not differ between the JP group (n = 49) and the 

counseling group (n = 35, p = .98). However, there were more adverse events due to the 

intervention within the JP group (n = 11) than within the counseling group (n = 0, p = .005). All 

adverse events probably due to the JP intervention were temporarily, including uncomfortable 



craving for solving JPs (n = 3), back and shoulder pain (n = 4), frustration or loss of motivation 

(n = 3), and uncommon headache (n = 1, see Table S5).  



Table S1. Baseline characteristics of the jigsaw puzzle and counseling group

Measure 
Jigsaw puzzle group (n 

= 52) 

Counseling group (n 

= 48) 
Cohen�s d

Demographic data 

  Age, mean (SD), y 62.7 (8.4) 64.0 (7.8) -0.15 

  Female, n (%) 36 (69%) 28 (58%) 

  Education, years mean (SD), y 14.2 (2.8) 13.8 (2.7) 0.14 

Cognitive data 

  MMST, mean (SD), points 28.6 (1.4) 28.9 (1.1) -0.19 

  Global visuospatial cognition -0.03 (0.9) 0.03 (1.1) -0.06 

MMST = Mini Mental State Examination 

Table S2. Association between jigsaw puzzle skill and cognition

  

 Measure 
Pearson's r

40 piece puzzle (n = 100) 300 piece puzzle (n = 51) 

Global visuospatial cognition .80a .70a

  Visual perception .45a .35c

  Constructional praxis .47a .37c

  Mental rotation .60a .46b

  Processing speed .66a .53a

  Cognitive flexibility .65a .59a

  Working memory .46a .29c

  Episodic memory .44a .44b

  Reasoning .72a .59a

a p-value < .001
b p-value < .01
c p-value < .05

  



Table S3. Association between lifetime jigsaw puzzle experience and cognition

Measure  �unadjusted model
a

�adjusted model
b

Global visuospatial cognition .51d .34d

  Visual perception .29e .22g

  Constructional praxis .28e .21g

  Mental rotation .32e .14 

  Processing speed .35e .21g

  Cognitive flexibility .47d .32e

  Working memory .33e .19 

  Episodic memory .30e .24g

  Reasoning .46d .34e

a association without accounting for known risk and protective factors 
b association accounting for age, education, and recently performed social, physical and cognitive activity types 
c association accounting for jigsaw puzzle skill, age, education, and lifestyle 
d p-value < .001
e p-value < .01
g p-value < .05 without adjusting for multiple comparisons of the secondary outcomes 

Table S4. Global visuospatial cognition predicted by lifetime jigsaw puzzle experience after accounting for other 
predictive factors

Model and variable 
Global visuospatial cognition 

�R
2
 B � p-value 

Model 1 .41 < .001 

  Age -0.06 -.53 < .001 

  Education 0.06 .16 .06 

  Activity types 0.78 .13 .12 

Model 2 .09 < .001 

  Age -0.05 -.38 < .001 

  Education 0.06 .16 .04 

  Activity types 1.55 .16 .04 

  Jigsaw puzzle experience   0.26 .34 < .001 

Activity types = number of recently performed social, physical and cognitive activity types

  



Table S5. Association between the amount of puzzling and cognitive change

Pre-posttest change score 
Amount of jigsaw puzzling

a
 Puzzle pieces Puzzle time 

�unadjusted model
b

�adjusted model
c

�adjusted model
c

�adjusted model
c

Global visuospatial cognition .27e .33d .43d .23 

  Visual perception .17 .22 .19 .21 

  Constructional praxis .12 .26f .33e,f .16 

  Mental rotation .17 .22 .29f .12 

  Processing speed -.12 .14 .19 .08 

  Cognitive flexibility -.08 .06 .19 .05 

  Working memory .30f .34f .42d .21 

  Episodic memory .26 .31f .35f .23 

  Reasoning -.04 .09 .15 .03 
a composite score of the number of connected jigsaw puzzle pieces and the jigsaw puzzle time 
b without accounting for baseline scores 
c accounting for baseline scores to reduce the regression-to-the-mean effect 
d p-Value < 0.05 
e p-Value < 0.10
f p-Value < 0.05 without adjusting for multiple comparisons of the eight secondary outcomes and the two dosage parameters

Table S6. Adverse events

Measure 
Jigsaw puzzle group 

(n= 52) 

Counseling group 

(n= 48) 
p-value

a

AEs, mean (SD), n 0.94 (1.5) 0.73 (0.9) .98 

AEs due to interventionb, mean (SD), n 0.21 (0.5) 0.00 (0.0) .005 

  Back or shoulder pain, mean (SD), n 0.08 (0.3) 0.00 (0.0) .05 

  Craving to solve jigsaw puzzles, mean (SD), n 0.06 (0.2) 0.00 (0.0) .10 

  Loss of motivation, mean (SD), n 0.06 (0.2) 0.00 (0.0) .10 

  Uncommon headache, mean (SD), n 0.02 (0.1) 0.00 (0.0) .35 

AE = adverse event 
a Mann-Whitney U test without adjusting for multiple comparisons 
b all adverse events were temporarily  



�

Table S7. CONSORT 2010 checklist of information to include when reporting a randomised trial*

Section/Topic 
Item 

No 
Checklist item Reported on page No 

Title and abstract 

1a Identification as a randomised trial in the title Not possible

1b Structured summary of trial design, methods, results, and conclusions Not possible

Introduction 

Background and objectives 
2a Scientific background and explanation of rationale p. 4 

2b Specific objectives or hypotheses p. 4-5 

Methods 

Trial design 
3a Description of trial design (such as parallel, factorial) including allocation ratio p. 5 

3b 
Important changes to methods after trial commencement (such as eligibility criteria), with 
reasons 

No changes

Participants 
4a Eligibility criteria for participants p. 5 

4b Settings and locations where the data were collected p. 5 

Interventions 5 
The interventions for each group with sufficient details to allow replication, including how 
and when they were actually administered

p. 5-6 and study protocol article 

Outcomes 
6a 

Completely defined pre-specified primary and secondary outcome measures, including how 
and when they were assessed 

p. 7 and ClinicalTrials.gov 
Identifier: NCT02667314 

6b Any changes to trial outcomes after the trial commenced, with reasons 
No changes for the reported part 
of the study

Sample size 
7a How sample size was determined p. 8 

7b When applicable, explanation of any interim analyses and stopping guidelines No interim analysis

Randomisation:   

 Sequence generation 
8a Method used to generate the random allocation sequence p. 6-7 

8b Type of randomisation; details of any restriction (such as blocking and block size) p. 6-7 

 Allocation concealment 
mechanism 

9 
Mechanism used to implement the random allocation sequence (such as sequentially 
numbered containers), describing any steps taken to conceal the sequence until interventions 
were assigned

p. 6-7 

 Implementation 10 
Who generated the random allocation sequence, who enrolled participants, and who 
assigned participants to interventions

p. 6-7 



Blinding 
11a 

If done, who was blinded after assignment to interventions (for example, participants, care 
providers, those assessing outcomes) and how 

p. 6-7 

11b If relevant, description of the similarity of interventions 
Not relevant (component control 
design) 

Statistical methods 
12a Statistical methods used to compare groups for primary and secondary outcomes p. 9 

12b Methods for additional analyses, such as subgroup analyses and adjusted analyses p. 9 

Results 

Participant flow (a diagram is 
strongly recommended) 

13a 
For each group, the numbers of participants who were randomly assigned, received intended 
treatment, and were analysed for the primary outcome 

p. 9 & Figure 1 

13b For each group, losses and exclusions after randomisation, together with reasons p. 9 & Figure 1 

Recruitment 
14a Dates defining the periods of recruitment and follow-up p. 9 

14b Why the trial ended or was stopped Was not stopped 

Baseline data 15 A table showing baseline demographic and clinical characteristics for each group p. 9 & SI Appendix, Table S1  

Numbers analysed 16 
For each group, number of participants (denominator) included in each analysis and whether 
the analysis was by original assigned groups 

Figure 1 and Table 1 

Outcomes and estimation 
17a 

For each primary and secondary outcome, results for each group, and the estimated effect 
size and its precision (such as 95% confidence interval)

Table 1 and p. 10 

17b For binary outcomes, presentation of both absolute and relative effect sizes is recommended No binary outcomes

Ancillary analyses 18 
Results of any other analyses performed, including subgroup analyses and adjusted 
analyses, distinguishing pre-specified from exploratory

p. 9-12 and SI Appendix

Harms 19 All important harms or unintended effects in each group p. 12 and SI Appendix

Discussion 

Limitations 20 
Trial limitations, addressing sources of potential bias, imprecision, and, if relevant, 
multiplicity of analyses

p. 13-14 

Generalisability 21 Generalisability (external validity, applicability) of the trial findings p. 13 

Interpretation 22 
Interpretation consistent with results, balancing benefits and harms, and considering other 
relevant evidence

p. 13 

Other information 

Registration 23 Registration number and name of trial registry p. 2 

Protocol 24 Where the full trial protocol can be accessed, if available http://rdcu.be/vEhX

Funding 25 Sources of funding and other support (such as supply of drugs), role of funders p. 16 
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Franka Thurm3, Alexander Woll4, Thomas Elbert5, Jan Kassubek2,

Christine A. F. von Arnim2 and Iris-Tatjana Kolassa1

1 Clinical and Biological Psychology, Institute of Psychology and Education, Ulm University, Ulm, Germany, 2 Department of

Neurology, University Hospital Ulm, Ulm, Germany, 3 Department of Psychology, Technische Universität Dresden, Dresden,
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Cognitive and physical activities can benefit cognition. However, knowledge about the

neurobiological mechanisms underlying these activity-induced cognitive benefits is still

limited, especially with regard to the role of white matter integrity (WMI), which is

affected in cognitive aging and Alzheimer’s disease. To address this knowledge gap,

we investigated the immediate and long-term effects of cognitive or physical training on

WMI, as well as the association between cognitive and physical lifestyles and changes

in WMI over a 6-month period. Additionally, we explored whether changes in WMI

underlie activity-related cognitive changes, and estimated the potential of both trainings

to improve WMI by correlating training outcomes with WMI. In an observational and

interventional pretest, posttest, 3-month follow-up design, we assigned 47 community-

dwelling older adults at risk of dementia to 50 sessions of auditory processing and

working memory training (n = 13), 50 sessions of cardiovascular, strength, coordination,

balance and flexibility exercises (n = 14), or a control group (n = 20). We measured

lifestyles trough self-reports, cognitive training skills through training performance,

functional physical fitness through the Senior Fitness Test, and global cognition through

a cognitive test battery. WMI was assessed via a composite score of diffusion tensor

imaging-based fractional anisotropy (FA) of three regions of interest shown to be

affected in aging and Alzheimer’s disease: the genu of corpus callosum, the fornix,

and the hippocampal cingulum. Effects for training interventions on FA outcomes,

as well as associations between lifestyles and changes in FA outcomes were not

significant. Additional analyses did show associations between cognitive lifestyle and

global cognitive changes at the posttest and the 3-month follow-up (β ≥ 0.40, p ≤ 0.02)

and accounting for changes in WMI did not affect these relationships. The targeted

training outcomes were related to FA scores at baseline (cognitive training skills and

FA composite score, rs = 0.68, p = 0.05; functional physical fitness and fornix FA,
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r = 0.35, p= 0.03). Overall, we found no evidence of a link between short-term physical

or cognitive activities and WMI changes, despite activity-related cognitive changes in

older adults at risk of dementia. However, we found positive associations between the

two targeted training outcomes and WMI, hinting at a potential of long-term activities to

affect WMI.

Keywords: white matter integrity, cognitive training, physical training, cognitive lifestyle, physical lifestyle, older

adults, memory complaints, dementia

INTRODUCTION

An active cognitive and physical lifestyle can reduce the risk of
cognitive decline (Valenzuela and Sachdev, 2006; Sofi et al., 2011;
Ngandu et al., 2015) and dementia (Valenzuela and Sachdev,
2006; Hamer and Chida, 2009; Barnes and Yaffe, 2011). Cognitive
training programs and video games showed cognitive benefits
(Karbach and Verhaeghen, 2014; Lampit et al., 2014; Toril et al.,
2014; Ballesteros et al., 2015), and first evidence indicated that
cognitive training reduces the incidence of dementia over a 10-
year period (Edwards et al., 2016). Similarly, physical activity has
yielded promising results with regard to cognitive benefits (Smith
et al., 2010; Nagamatsu et al., 2012; Kattenstroth et al., 2013).

Revealing the neurobiological mechanisms of the activity-
induced prevention of cognitive decline and dementia
could pave the way for an endogenous (Sale et al., 2014),
personalized treatment approach (Cuthbert and Insel, 2013).
By understanding the mechanisms of intervention effects, the
identified neuropathological processes in a given patient can be
targeted in an individualized fashion (Cuthbert and Insel, 2013).
For example, cognitively impaired patients with deteriorated
white matter integrity (WMI) may benefit more from an
intervention that targets this microstructural impairment than a
patient with the same behavioral syndrome but normal WMI.

However, our knowledge of the neurobiological mechanisms
underlying the beneficial cognitive effects of an active lifestyle
and training interventions is still in its infancy. Although there
is initial evidence of functional and structural brain changes
through cognitive and physical activity (Valenzuela et al., 2008,
2011; Erickson et al., 2011; Buschkuehl et al., 2012; Voss et al.,
2012; Bennett D.A. et al., 2014; von Bastian and Oberauer, 2014;
Constantinidis and Klingberg, 2016), the role of WMI in activity-
related cognitive changes is largely unclear.

Cognitive and physical activity may increase WMI through
activity-related myelination (Fields, 2015) that could lead to
cognitive benefits. However, current evidence is inconsistent.
While some studies support this mechanism for cognitive
(Lövdén et al., 2010; Takeuchi et al., 2010; Engvig et al., 2011; Sagi
et al., 2012; Steele et al., 2013; Salminen et al., 2016) and physical
activities (Chaddock-Heyman et al., 2014; Svatkova et al., 2015),
others do not (Voss et al., 2012; Chapman et al., 2013; Strenziok
et al., 2014; Lampit et al., 2015). For example, Lampit et al. (2015)
did not find cognitive training-induced changes in WMI, despite
positive effects on global cognition, and Voss et al. (2012) did not
observe positive effects on WMI following an extensive exercise
program of three weekly 40-min sessions over the period of 1 year
in a sample of 70 participants.

Moreover, there are four knowledge gaps in our understanding
of physical and cognitive activity-related WMI changes. These
comprise, first, training-induced WMI changes in tracts shown
to be affected in cognitive aging and Alzheimer’s disease
(Head et al., 2004; Ringman et al., 2007; Madden et al.,
2012; Wang et al., 2012; Kantarci, 2014; Salat, 2014), second,
training-induced WMI changes in a population of older
adults at risk of dementia, third, maintenance of training-
induced WMI changes, and fourth, lifestyle-related WMI
changes.

To address the inconsistent findings and the knowledge
gaps, this study had two primary aims: First, to assess the
immediate and long-term effects of cognitive and physical
training programs on the integrity of tracts shown to be
affected in cognitive aging and Alzheimer’s disease (the genu
of the corpus callosum, the fornix, and the hippocampal
cingulum) in older adults at risk of dementia, and second,
to investigate the relationship between cognitive and physical
lifestyles and changes in WMI over the 6-month study
period.

As additional analyses, we assessed the association at baseline
between the two targeted training outcomes (cognitive training
skills, functional physical fitness) and WMI in order to reveal
the potential of training programs to affect WMI. Finally, we
investigated whether changes in WMI could account for activity-
related cognitive changes to understand whether changes inWMI
underlie these cognitive changes.

For the cognitive training program, we used a computer-
based training program targeting auditory processing and
working memory that has been shown to have robust cognitive
benefits (Smith et al., 2009; Zelinski et al., 2011, 2014; Bamidis
et al., 2015; Shah et al., 2017). For the physical training
program, we used a multimodal training regime based on a
program that has previously been shown to have cognitive
benefits (Thurm et al., 2011). The use of a multimodal
exercise program is consistent with findings of larger cognitive
benefits through combined aerobic and strength training versus
aerobic exercise only (Colcombe et al., 2006; Smith et al.,
2010).

With regard to our primary objectives, we hypothesized
that the cognitive and physical training groups, in contrast
to a passive control group, would exhibit an increase in the
fractional anisotropy (FA) composite score at posttest and at
the 3-month follow-up. We expected that self-reported active
cognitive and physical lifestyles at baseline would be positively
associated with changes in the FA composite score at both
follow-ups.
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MATERIALS AND METHODS

Study Design
This 10-week interventional, two-center, controlled clinical
trial (Ulm and Konstanz, Germany) entailed a three-arm
assessor-blinded study evaluating training- and lifestyle-related
changes in WMI. This diffusion tensor imaging (DTI) study
comprises a subsample of participants of the main study whose
results on the cognitive outcomes have previously been reported
(Küster et al., 2016). We found that the associations of an active
lifestyle with cognitive changes over time were stronger than
the effects of specifically designed cognitive or physical training
interventions in the same period.

Participants
For inclusion in the study, participants had to be 55 or
older, suffer from subjective memory complaints and either
objective [Munich Verbal Learning Test (Ilmberger, 1988):
average of the learning and free long-delayed recall trials
below −1 SD of the age norm] or clinically apparent memory
impairment (e.g., increased difficulty locating objects, keeping
appointments, remembering conversations or events), have
vision and hearing adjusted to normal, and be fluent in German.
Exclusion criteria were a moderate or severe stage of dementia
[Mini Mental State Examination (MMSE) < 20], changes in
antidementive or antidepressive medication within 3 months
prior to study initiation, a history of severe psychiatric or
neurologic disorders, or physical impairment that would prevent
participation in the physical training program. Participants
without contraindications for magnet resonance imaging (MRI)
were offered the opportunity to participate in theMRI subsample.

Subjects were recruited via newspaper articles, flyers,
informative meetings at community centers, and personal
contacts in the memory clinics of the University Hospital Ulm
and the Reichenau Psychiatry Center in Konstanz. The study
was approved by the Ethics Committees of the University of
Konstanz and Ulm University, Germany. Participants gave
written informed consent at screening visits before enrollment in
the study.

Of the 122 individuals we screened, 65 were enrolled in the
intervention study (Küster et al., 2016); of these, 47 participated
in the MRI subsample and were assigned to a 10-week cognitive
training group (five sessions/week, n = 13), a physical training
group (five sessions/week, n = 14), or a passive control group
(n= 20, see Figure 1).

The analysis included 39 participants (83% of all enrolled
participants). Apart from the FA of the hippocampal cingulum,
the three groups did not significantly differ in terms of
demographics, FA outcomes, cognitive outcomes, lifestyles,
or study-related data, even without adjusting for multiple
comparisons (see Table 1).

Procedure
Outcome variables were assessed within 4 weeks before the
10-week intervention, within 4 weeks after the intervention,

and another 3 months later to measure training and lifestyle-
related changes in WMI. Due to logistic issues (e.g., limited
available facilities, a highly selected study sample with more
than 60% exclusions at screening, the required time commitment
of participants, the limited time period between pretest and
the start of the intervention, and the time slots of the
physical training program), it was not possible to achieve
the necessary number of included participants that allowed
both randomized allocation and a sufficient number of
participants to start a new group-based physical training
program. To avoid any selection bias, the groups were
matched in terms of age, education, gender, and MMSE.
When a new physical training program started, all successfully
screened participants were allocated to this group until the
required number of participants was reached. During the other
time periods, a minimization approach was implemented for
the allocation of participants to the cognitive training and
control groups in order to minimize group differences in age,
gender, education, and MMSE. Neuropsychological outcome
assessors were blind to the group allocation of participants.
In rare cases, participants disclosed their group assignment
during the neuropsychological assessment. The blinding of
participants was not feasible due to the nature of the behavioral
interventions.

Outcomes
MRI Analysis

Data recording

The MRI analysis was performed on 1.5 Tesla scanners at
the two study centers, Ulm University (center 1, Magnetom
Symphony, Siemens Medical) and the University of Konstanz
(center 2, Intera, Philips Medical Systems). The DTI study
protocol consisted of 2 × 30 gradient directions with
b = 1000 s/mm2 and two b = 0 gradient directions. At
both centers, slice thickness was 2.5 mm and in-plane pixel size
was 1.875 mm × 1.875 mm; 55 slices (128 pixels × 128 pixels)
and 62 slices (128 pixels × 128 pixels) were recorded at center
1 and center 2, respectively. The echo time and repetition time
were 28 and 3080 ms at center 1 and 70 ms and 8035 ms at
center 2.

Data processing

DTI analysis was performed using the software package
Tensor Imaging and Fiber Tracking (TIFT, Müller et al.,
2007; Müller and Kassubek, 2013). For longitudinal data
analysis, affine halfway linear registration (Menke et al., 2014)
was employed. Pretest and posttest images were halfway-
transformed, whereas follow-up images were affine transformed
to the transformed pretest images. FA maps were calculated
and smoothed with a Gaussian filter of 2 voxels full-width
at the half maximum (FWHM, Madhyastha et al., 2014).
Individualized FA templates were calculated by using FA
maps of all available measurements of each individual. Based
on these individualized FA templates, regions of interest
(ROIs) were set. Because this processing procedure was
implemented, Montreal Neurological Institute transformation
was not necessary.
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FIGURE 1 | Flow of participants. Flow of participants within the physical training, cognitive training, and passive control groups. ∗all participants that were

assessed at least once at the posttest or at the 3-month follow up were included in the analysis using mixed-effects models that includes all time points in a single

analysis without excluding participants with missing values at one time point.

Regions of Interest

Regions of interests were defined in an attempt to focus on
white matter correlates of cognitive aging and Alzheimer’s
disease (Head et al., 2004; Ringman et al., 2007; Madden
et al., 2012; Wang et al., 2012; Kantarci, 2014; Salat, 2014).
To this end, the WM integrity of hippocampus-related
limbic tracts and prefrontal cortex tracts were examined:
the genu of the corpus callosum, the fornix and the
hippocampal cingulum (see Figure 2). The tracts in the
genu of the corpus callosum connect the two prefrontal
cortices (Hofer and Frahm, 2006), and their white mater
integrity has been shown to correlate with executive function
(Madden et al., 2009). The fornix and the hippocampal
cingulum interconnect the hippocampus with distributed
brain areas; their WMI correlates with episodic memory
(Bennett I.J. et al., 2014; Bennett and Stark, 2015; Ezzati et al.,
2015).

Within the three ROIs (the genu of the corpus callosum, the
fornix, and the hippocampal cingulum), two non-overlapping
subregions were set and averaged in order to increase
reliability. In the genu of the corpus callosum, the two

515-voxel subregions were set in the center of the genu
of the midsagittal slice and six voxels to the right lateral
direction in the center of the tract. In the fornix, the two
33-voxel subregions were set halfway between the anterior
and posterior ends of the fornix in the center of the
tract of the midsagittal slice and four voxels apart in the
anterior-ventral direction in the center of the tract. In the
hippocampal cingulum, the two 33-voxel subregions were set
on the same coronal slice in the center of the tract in both
hemispheres. The coronal slice was selected as the most anterior
and dorsal area of the pyramidal tract. This slice – located
anterior to the posterior commissure – generally cuts through
the anterior pons and the midsection of the hippocampal
cingulum.

The lower threshold for FA values was set to 0.2 to increase the
probability that only whitematter voxels would be included in the
measurements (Kunimatsu et al., 2004). If fewer than 75% of all
possible voxels in each subregion were above the threshold, it was
lowered accordingly. Only in one participant did the threshold
have to be lowered to 0.17 to include more than 75% of the fornix
voxels.
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TABLE 1 | Baseline characteristics of study groups.

Measure Control group (n = 16) Cognitive training (n = 11) Physical training (n = 12) p-valuea

Demographic data

Age, mean years ± SD 70.5 ± 5.0 71.4 ± 5.6 74.0 ± 5.2 0.22

Female, n (%) 8 (50%) 6 (55%) 9 (75%) 0.39

Education, mean years ± SD 15.1 ± 4.1 13.0 ± 4.2 13.9 ± 4.4 0.37

Fractional anisotropy data

Composite score, mean FA ± SD 0.43 ± 0.04 0.44 ± 0.05 0.42 ± 0.04 0.40

gCC, mean FA ± SD 0.59 ± 0.05 0.58 ± 0.06 0.59 ± 0.06 0.85

Fornix, mean FA ± SD 0.37 ± 0.08 0.37 ± 0.06 0.33 ± 0.06 0.26

HC, mean FA ± SD 0.34 ± 0.05 0.38 ± 0.04 0.34 ± 0.04 0.05

Cognitive data

MMSE, mean ± SD 28.3 ± 2.2 28.0 ± 1.7 27.8 ± 1.7 0.79

Global cognition, mean ± SD −0.1 ± 1.2 0.2 ± 0.9 −0.1 ± 0.9 0.71

Executive function, mean ± SD 0.0 ± 1.0 0.3 ± 0.9 −0.2 ± 1.1 0.40

Episodic memory, mean ± SD −0.1 ± 1.2 0.1 ± 1.0 0.1 ± 0.9 0.81

Lifestyle data

Physical lifestyle, mean % ± SD 20.2 ± 8.8 20.3 ± 13.2 20.1 ± 9.2 >0.99

Cognitive lifestyle, mean % ± SD 43.3 ± 12.1 35.7 ± 15.9 36.3 ± 9.8 0.23

Study-related data

Included in analysis, n/ngroup (%) 16/20 (80%) 11/13 (85%) 12/14 (86%) 0.89

ap-values of group comparisons refer to one-way ANOVA for continuous variables and to χ2 tests for categorical variables. gCC, genu of the corpus callosum; HC,

hippocampal cingulum; MMSE, Mini Mental State Examination; n, number of participants.

FIGURE 2 | Regions of interest. These examples depict a 515-voxel region of interest (ROI) in the genu of the corpus callosum (A, midsagittal slice), a 33-voxel

ROI in the fornix (B, midsagittal slice), and a 33-voxel ROI in the left hippocampal cingulum (C, coronal slice).

Composite Score of WMI

A composite score of the three ROIs was constructed in order
to increase statistical power by avoiding multiple comparison
problems and by improving the reliability of the outcome. The
composite score was calculated by averaging the FA values of the
fornix, the hippocampal cingulum, and the genu of the corpus
callosum.

Cognitive Outcomes
Global cognition, episodic memory, and executive functions
were assessed through an extensive cognitive test battery.
Principal component analysis served to construct the
three composite scores (see Küster et al., 2016). The two
composite scores for episodic memory and executive function
represent the weighted average of the z-standardized
cognitive test scores with loadings of at least aij = 0.4

on the respective components. The global cognition
score represents the average of the two component
scores.

The test battery consisted of the phonemic and semantic

fluency tasks, the Trail Making Test (A and B) from the
CERAD neuropsychological battery (Welsh et al., 1994), the
forward and backward digit span, the digit symbol coding
subtest from the Wechsler Adult Intelligence Scale-III (WAIS-
III, Von Aster et al., 2006), the working-memory subtest
from the Everyday Cognition Battery (Allaire and Marsiske,
1999), the free recall trial from the Alzheimer’s Disease
Assessment Scale – cognitive subscale (ADAS-cog, Ihl and
Weyer, 1993), and the learning and free long-delayed recall
trials from an adapted version of the California Verbal
Learning Test (Munich Verbal Memory Test, Ilmberger,
1988).
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Interventions
Cognitive Training

Participants were asked to complete a total of 50 h of
computerized, home-based cognitive training within a period
of 10 weeks, with five 1-h sessions per week. The training
consisted of six different tasks targeting auditory processing and
working memory (for details see Mahncke et al., 2006a,b; Küster
et al., 2016). In each session, four different 15-min training
tasks were completed. The order of the tasks varied in each
session; moreover, the difficulty was adapted according to the
participant’s performance, and correct answers were positively
reinforced. This training program was originally developed
by Posit Science (San Francisco, CA, USA) and has been
adapted and translated into German in a collaboration between
Posit Science and the University of Konstanz. In the German
version, a sound frequency discrimination task replaces the
original auditory working memory task “listen and do” (see
Mahncke et al., 2006b; Küster et al., 2016 for detailed training
descriptions).

Physical Training

Participants were asked to attend a total of 20 sessions of a
multimodal physical training program at the respective trial sites
within a period of 10 weeks, with two 1-h sessions per week.
The training was carried out in groups of 5–10 participants. In
addition, a total of 30 sessions of a 20-min home-based physical
training program was to be performed three times per week.
These training sessions were documented by participants and
monitored by the trainers. The multimodal training program
involved aerobic, strength, coordination, balance, and flexibility
elements and was designed in the form of an imaginary journey.
The difficulty was adapted individually by the trainers to match
the needs of participants. The structure of this training regime
was based on a program that induced positive effects on cognition
in a previous study on frail nursing-home residents (Thurm et al.,
2011).

Passive Control Group

Wait-list control participants (controls) were asked to continue
their daily life as usual and were given the opportunity to
participate in one of the training programs after their follow-up
assessment.

Assessment of Lifestyle
The cognitive and physical lifestyles of participants were
assessed through the Community Healthy Activities Model
Program for Seniors Physical Activity Questionnaire for Older
Adults (CHAMPS, Stewart et al., 2001). This questionnaire
describes 40 possible activities in the participants’ daily
life, categorized into physical activities (such as running,
swimming, or bicycling) and cognitively challenging activities
(such as playing card or board games, performing voluntary
work, or playing a musical instrument; see Küster et al.,
2016). Participants were asked to report the activities in
which they had engaged in the previous four weeks. The
number of completed activities was divided by the potential
number of activities in each domain. These scores reflect the

variety in the participants’ cognitive and physical lifestyles,
respectively.

Cognitive Training Skills
Cognitive training skills were measured by averaging the
standardized training performance in the most frequently used
cognitive training tasks: “high or low,” “tell us apart,” “sound
replay,” and “match it.” Changes in cognitive training skills were
measured in terms of the difference between the third and the
last training session (the first two training sessions were guided
by trainers). Unfortunately, the cognitive training data from two
individuals were not properly stored and could not be included
in the analysis.

Functional Physical Fitness
Functional physical fitness was assessed with four tasks from
the Senior Fitness Test (Rikli and Jones, 2001): “chair stand,”
“chair sit-and-reach,” “2-min step,” and “8-feet up-and-go” which
measure strength, flexibility, endurance, and agility, respectively.
Z-standardized scores were averaged to create the functional
physical fitness composite score.

Statistical Analyses
Statistical analyses were conducted using R version 3.2.1 for
Windows (R Development Core Team, 2015). To assess baseline
differences between the three groups, χ2-tests and one-way
analyses of variance were used for categorical variables and
continuous variables, respectively.

Training- and Lifestyle-Related FA and Cognitive

Changes

The effects of training interventions on WMI as well as
lifestyle-related changes in WMI were assessed with linear
mixed-effects models with maximum likelihood estimation
(nlme package, Pinheiro et al., 2000). Group (with contrasts
cognitive training vs. controls and physical training vs. controls),
physical lifestyle, cognitive lifestyle, and time (with contrasts
pre vs. post and pre vs. follow-up) were defined as fixed
effects, and subject as the random intercept. Hypothesis-
relevant effects were indicated by Group × Time, Physical
Lifestyle × Time, and Cognitive Lifestyle × Time interactions.
Hedges’ g was based on the pretest standard deviation; this
was calculated by the difference in change scores between
(1) the physical training group vs. the control group and (2)
the cognitive training group vs. the control group divided by
the pooled baseline standard deviation corrected for bias in
small samples (Lakens, 2013). Positive values indicate beneficial
effects of the intervention. Standardized regression coefficients of
cognitive and physical lifestyles predicting changes in outcomes
were used as effect size measure for lifestyle-related outcome
changes.

The Potential of the Two Training Programs to Affect

White Matter Integrity

To assess the potential of the cognitive and physical training
programs to improve hippocampus-related and prefrontal WMI,
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we performed two analyses: (1) at pretest, we assessed the cross-
sectional correlations of cognitive training skills and functional
physical fitness with FA and cognitive outcomes, and (2)
we investigated the improvement in cognitive training skills
and functional physical fitness within the respective training
groups. For the analyses of cognitive training skills, we used
non-parametric procedures (Spearman’s rank correlation and
Wilcoxon signed rank test for paired differences) due to the small
sample size (n= 9).

Reliability of FA Scores

Retest-reliability was assessed through correlations between
pretest and posttest scores within the total study sample including
all three groups.

RESULTS

Effects of Cognitive and Physical
Training on WMI and Cognition
We did not find a significant influence of the cognitive or
physical training program on WMI compared to the control
group, neither at the posttest (all ps ≥ 0.18 before adjustment
of multiple comparisons; Hedges’ gs ≤ 0.25) nor at the
3-month follow-up (all ps ≥ 0.16; Hedges’ gs ≤ 0.31). Hedges’
gs of the FA composite score were −0.09, 95% CI [−0.43,
0.22] at posttest and −0.14, 95% CI [−0.90, 0.57] at the
3-month follow-up for the cognitive training, and 0.03, 95%
CI [−0.41, 0.47] at posttest and −0.18, 95% CI [−0.79,
0.40] at the 3-month follow-up for the physical training (see
Table 2).

Likewise, we did not find a significant impact of both training
programs on global cognition compared to the control group,
neither at the posttest (all ps ≥ 0.09; Hedges’ gs ≤ −0.16) nor
at the 3-month follow-up (all ps ≥ 0.12; Hedges’ gs ≤ −0.12; see
Table 2).

Cognitive and Physical Lifestyle-Related
Changes in WMI and Cognition
We did not find significant associations between self-reported
cognitive and physical lifestyles at baseline and changes in WMI,
neither at the posttest (all ps ≥ 0.08 before adjustment of
multiple comparisons; all βs ≤ 0.34) nor at the 3-month follow-
up (all ps ≥ 0.31 before adjustment of multiple comparisons;
all βs ≤ 0.20). Effect sizes for the FA composite score were
β = 0.20, 95% CI [−0.16, 0.56] at the posttest and β = −0.04,
95% CI [−0.54, 0.45] at the 3-month follow-up with respect
to cognitive lifestyle, and β = −0.04, 95% CI [−0.40, 0.32]
at the posttest and β = 0.15, 95% CI [−0.34, 0.64] at
the 3-month follow-up with respect to physical lifestyle (see
Table 3).

Despite the lack of significant lifestyle-related FA changes, we
found an association between cognitive lifestyle and changes in
both global cognition and episodic memory from the pretest to
the posttest and to the 3-month follow-up (all ps ≤ 0.02, all
βs ≥ 0.40; see Figure 3 and Table 3).

Additional Analyses
The Potential of the Two Training Programs to Affect

White Matter Integrity

Additional analyses showed that cognitive training skills at the
start of the program were correlated with the FA composite score,
rs = 0.68, p = 0.05, indicating the potential of the cognitive
training program to affect WMI and the fact that engagement
in cognitive training taps the neural connections of interest
(see Figure 4). Associations between the various ROIs and the
cognitive training skills were similar, with medium to large
effect sizes: fornix, rs = 0.50, p = 0.18; hippocampal cingulum,
rs = 0.33, p = 0.39; genu of the corpus callosum, rs = 0.60;
p= 0.01.

In the cognitive training group, we found a significant increase
in cognitive training skills over the training period, with a very
large effect size, g = 1.68, p = 0.008. Performance changes in
all four training tasks revealed medium to very large effect sizes:
“match it,” g = 1.47, p = 0.02; “sound replay,” g = 0.52, p = 0.20;
“high or low,” g = 0.89, p = 0.008; “tell us apart,” g = 0.95,
p= 0.10.

Functional physical fitness was marginally significantly
associated with the FA composite score, r = 0.28, p = 0.08, and
significantly related to the fornix FA, r = 0.35, p = 0.03 (see
Figure 5) indicating that interventions that target physical fitness
have the potential to affect WMI.

In the physical training group, we found a significant increase
in functional physical fitness over the study period, p = 0.02.
This increase was marginally significant at the posttest, β = 0.51,
p = 0.07, and significant at the 3-month follow-up, β = 0.88,
p= 0.007.

Associations between Changes in Targeted Training

Outcomes and FA Changes

Changes in cognitive training skills were not associated with
changes in the FA composite score, rs = −0.27, p = 0.49, or
in global cognition, rs = 0.20, p = 0.61. Likewise, changes in
functional physical fitness did not correlate with changes in the
FA composite score at posttest, r = −0.19, p = 0.28, or at
follow-up, r = 0.01, p = 0.96, nor in global cognition at posttest,
r =−0.10, p= 0.58, or at follow-up, r =−0.14, p= 0.54.

Reliability of FA Measures

Retest-reliability between pretest and posttest was high for the
composite FA score, r = 0.91, and ranged from r = 0.92 for the
genu of the corpus callosum to r= 0.91 for the fornix and r= 0.80
for the hippocampal cingulum.

DISCUSSION

We found no evidence of an effect of short-term cognitive
or physical training programs on WMI in regions that have
previously been shown to be affected in cognitive aging and
Alzheimer’s disease (the genu of the corpus callosum, the fornix,
and the hippocampal cingulum) in a sample of older adults
at risk of dementia (Head et al., 2004; Ringman et al., 2007;
Madden et al., 2012; Wang et al., 2012; Kantarci, 2014; Salat,
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TABLE 2 | Effects of training interventions.

Measure Control group (n = 16) Cognitive training (n = 11) Physical training (n = 12)

Time point Change (95% CI) Change (95% CI) pa gb Change (95% CI) pa gb

Composite scores

FA composite

Posttest 0.0004 (−0.010 to 0.011) −0.004 (−0.012 to 0.004) 0.57 −0.09 0.001 (−0.013 to 0.016) 0.85 0.03

3-month FU 0.0001 (−0.018 to 0.018) −0.006 (−0.039 to 0.026) 0.41 −0.14 −0.007 (−0.023 to 0.008) 0.49 −0.18

Global cognition

Posttest 0.53 (0.34 to 0.72) 0.35 (0.06 to 0.65) 0.32 −0.16 0.23 (−0.07 to 0.53) 0.09 −0.27

3-month FU 1.28 (1.00 to 1.56) 0.91 (0.00 to 1.81) 0.12 −0.33 1.14 (0.63 to 1.65) 0.61 −0.12

Specific scores

gCC

Posttest 0.013 (0.001 to 0.025) −0.001 (−0.011 to 0.009) 0.18 −0.25 0.002 (−0.019 to 0.024) 0.45 −0.19

3-month FU 0.000 (−0.016 to 0.016) 0.013 (−0.001 to 0.027) 0.50 0.22 −0.017 (−0.043 to 0.009) 0.16 −0.29

Fornix

Posttest −0.018 (−0.034 to −0.002) −0.003 (−0.022 to 0.016) 0.23 0.21 0.001 (−0.018 to 0.019) 0.18 0.25

3-month FU −0.008 (−0.042 to 0.027) −0.030 (−0.073 to 0.013) 0.17 −0.29 0.016 (−0.017 to 0.049) 0.25 0.31

HC

Posttest 0.006 (−0.011 to 0.024) −0.007 (−0.018 to 0.004) 0.23 −0.28 0.001 (−0.022 to 0.024) 0.58 −0.11

3-month FU 0.008 (−0.020 to 0.036) −0.003 (−0.063 to 0.058) 0.54 −0.20 −0.020 (−0.038 to −0.003) 0.18 −0.59

Executive function

Posttest 0.39 (0.14 to 0.65) 0.20 (−0.00 to 0.41) 0.34 −0.19 0.30 (−0.09 to 0.69) 0.63 −0.09

3-month FU 0.39 (−0.01 to 0.79) −0.09 (−0.86 to 0.67) 0.04 −0.46 0.35 (−0.23 to 0.94) 0.65 −0.03

Episodic memory

Posttest 0.54 (0.28 to 0.81) 0.41 (0.01 to 0.82) 0.62 −0.12 0.12 (−0.27 to 0.52) 0.10 −0.39

3-month FU 1.82 (1.40 to 2.24) 1.62 (0.23 to 3.01) 0.64 −0.17 1.61 (0.86 to 2.37) 0.70 −0.18

ap-value of the Group [Control vs. Cognitive/Physical Training] × Session [pre vs. post and pre vs. 3-month FU] interaction, before adjustment for multiple comparisons.
bHedges’ g: change in cognitive/physical training minus change in control group divided by the pooled baseline standard deviation corrected for bias in small samples.

Positive values indicate beneficial effects of the interventions. gCC, genu of the corpus callosum; FA, fractional anisotropy; FU, follow-up; FX, fornix; HC, hippocampal

cingulum; MMSE, Mini Mental State Examination; n, number of participants.

2014). The estimated effect sizes of the two training programs
at the posttest were not of relevance (Hedges’ g < 0.1), and the
two 95% confidence intervals did not include medium effects
(Hedges’ g < 0.5).

The lack of training-induced changes in FA is consistent with
several previous findings. For example, for the cognitive training
program used in our study, Strenziok et al. (2014) did not find
any effect on FA scores compared to two other video games.
Moreover, in one of the largest studies in the field, Voss et al.
(2012) did not show significant FA increases in a 1-year aerobic
fitness training intervention compared to a stretching control
intervention.

It is worth to note that physical training has been shown to
increase FA in fiber tracts implicated in motor functioning such
as the corticospinal tract (Svatkova et al., 2015). These tracts were
not of interest in this study and potential effects could not be
detected in our ROI analysis.

The lack of a cognitive training effect contrasts with three
studies that found significant effects of different working
memory training programs on regions of the anterior part
of the corpus callosum (Lövdén et al., 2010; Takeuchi et al.,
2010; Salminen et al., 2016). These inconsistent results might
be explained by the working memory training and by the
study population. In contrast to the other studies our working

memory training did not include an updating component
and our sample comprised older adults at risk of dementia
vs. younger adults in Takeuchi et al. (2010) and Salminen
et al. (2016), and healthy older adults in Lövdén et al.
(2010).

The associations between cognitive training skills and the FA
composite, as well as between functional physical fitness with
the fornix FA hint at the potential of cognitive and physical
activities to improve WMI in these tracts. Correlations between
these two training outcomes and FA transfer outcomes allow us
to estimate the maximal transfer gains given a specific increase
in the training outcomes (Jaeggi et al., 2010; Baniqued et al.,
2013; Rode et al., 2014). The higher the association, the higher
is the transfer potential. Therefore, long-term rather than short-
term training programs and lifestyles that induce larger effects on
training outcomes may significantly increase the targeted white
matter tracts.

Self-reported lifestyles at baseline were not associated with
changes in WMI. In addition, positive associations between
cognitive lifestyle and changes in global cognition and episodic
memory were not altered after accounting for WMI. To our
knowledge, there has been no other study that has assessed the
relationship between lifestyles and changes in WMI. Therefore,
this is initial evidence that other brain mechanisms than changes
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TABLE 3 | Associations with cognitive and physical lifestyles.

Measures Cognitive lifestyle (n = 39) Physical lifestyle (n = 39)

Time point βa (95% CI) p-valueb βa (95% CI) p-valuec

Composite scores

FA composite

Posttest 0.20 (− 0.16 to 0.56) 0.27 −0.04 (− 0.40 to 0.32) 0.80

3-month FU −0.04 (− 0.54 to 0.45) 0.97 0.15 (− 0.34 to 0.64) 0.69

Global cognition

Posttest 0.51 (0.23 to 0.80) 0.004 0.12 (− 0.17 to 0.41) 0.49

3-month FU 0.40 (− 0.01 to 0.82) 0.01 0.12 (− 0.29 to 0.54) 0.71

Specific scores

gCC

Posttest 0.34 (− 0.00 to 0.69) 0.08 0.02 (− 0.32 to 0.36) 0.92

3-month FU −0.20 (− 0.68 to 0.29) 0.31 0.12 (− 0.37 to 0.61) 0.71

Fornix

Posttest −0.10 (− 0.46 to 0.26) 0.63 0.19 (− 0.17 to 0.55) 0.36

3-month FU −0.06 (− 0.56 to 0.43) 0.95 0.15 (− 0.34 to 0.64) 0.74

HC

Posttest 0.18 (− 0.17 to 0.53) 0.30 −0.28 (− 0.64 to 0.07) 0.13

3-month FU 0.16 (− 0.32 to 0.66) 0.33 −0.01 (− 0.50 to 0.48) 0.92

Executive function

Posttest 0.26 (− 0.08 to 0.60) 0.16 −0.08 (− 0.42 to 0.26) 0.67

3-month FU 0.08 (− 0.39 to 0.54) 0.21 −0.02 (− 0.49 to 0.44) 0.77

Episodic memory

Posttest 0.45 (0.15 to 0.74) 0.02 0.21 (− 0.09 to 0.50) 0.28

3-month FU 0.41 (0.00 to 0.82) 0.02 0.16 (− 0.25 to 0.57) 0.57

aβs represent the standardized regression coefficients of cognitive and physical lifestyles predicting changes in outcomes. bp-value of the Cognitive Lifestyle × Session

[pre vs. post and pre vs. 3-month FU] interaction. cp-value of the Physical Lifestyle × Session [pre vs. post and pre vs. 3-month FU] interaction. gCC, genu of the corpus

callosum; FA, fractional anisotropy; FU, follow-up; FX, fornix; HC, hippocampal cingulum; MMSE, Mini Mental State Examination; n, number of participants.

in WMI do underlie lifestyle-related cognitive changes in older
adults at risk of dementia.

Limitations
Our use of ROI analyses rather than whole brain-based
approaches means that any changes in other brain regions
would not be detected. However, in this sample of older
adults at risk of dementia, we were particularly interested
in the white matter tracts that are affected in cognitive
aging and Alzheimer’s disease. Importantly, by using ROIs, we
limited the problems of alpha-error inflation and a reduction
in power through multiple comparisons – an issue that is
particularly important in analyses with limited sample sizes.
Other limitations include the lack of randomization, which
was not feasible due to logistic issues (see above). However,
we used a minimization approach instead to prevent group
differences in participants’ characteristics from inducing bias.
The limited sample size likely impeded the detection of very
small effects. However, the sample size was sufficient to detect
lifestyle-related cognitive changes and to reveal associations
between WMI and both cognitive training skills and functional
physical fitness. In addition, the confidence intervals of the
training effects immediately after the training period were lower
than a Hedges’ g of 0.5, suggesting that effects of medium
size are unlikely. Finally, the lack of a lifestyle intervention

FIGURE 3 | Cognitive lifestyle as a predictor of cognitive change.

Association between self-reported cognitive lifestyle at baseline and changes

in global cognition from pretest to posttest (β = 0.51, p = 0.004) and from

pretest to 3-month follow-up (β = 0.40, p = 0.01).

prevented a causal inference regarding associations between
lifestyles and FA changes. However, before implementing cost-
intensive experimental designs, it is a reasonable strategy to
initially employ observational designs.
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FIGURE 4 | The potential of the cognitive training program to affect

white matter integrity. Association between cognitive training skills at the

beginning of the training and FA composite score at baseline (rs = 0.68,

p = 0.05). The cognitive training data from two individuals were not properly

stored and could not be included in the analysis.

FIGURE 5 | The potential of the physical training program to affect

white matter integrity. Association between functional physical fitness and

fornix FA at baseline (r = 0.35, p = 0.03).

Future Perspectives
Future studies should use larger samples to increase the
probability of finding small effect sizes; moreover, they should
lengthen the training periods to enhance the potential to
induce larger effects. In addition, little is known about the
time course and maintenance of activity-induced white matter
changes, suggesting that future studies should implement
multiple assessments during the training regime and after
the training period. Activity-related white matter changes
may be differential for specific populations; thus, younger
participants without cognitive impairments may profit more
than older adults at risk of dementia. Future meta-analyses
should assess these potential moderators. Interventional
studies have only rarely reported the correlation of training
outcomes with potential neurobiological mechanisms and have

neglected the relation between cognitive and neurobiological
changes. Future interventional studies should include these
analyses to allow a better understanding of the mediating
role of WMI for cognitive benefits. Finally, to our knowledge,
cognitive and physical lifestyle-related changes in WMI
have not yet been reported. Large-scale studies investigating
this association should be conducted as a first step to
explore the role of active cognitive and physical lifestyles
for WMI.

Conclusion
First, we found no evidence that short-term cognitive
and physical training programs do affect the integrity of
hippocampus-related and prefrontal white matter tracts in older
adults at risk of dementia. Second, we provide first evidence that
WMI changes do not underlie the positive association between
a cognitive lifestyle and cognitive change. However, as the two
training outcomes (cognitive training skills and functional
physical fitness) were related to WMI, engagement in long-term
cognitive and physical activities might have the potential to affect
WMI.
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