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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.

.
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.

A
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 Aktivitätsassoziierte 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 Trainingsinduzierter 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.

/

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

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.

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 sciencepractice 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 (DSM5) 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, & LiuAmbrose, 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 metaanalyses). 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 costefficient 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., JPinduced 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

&%
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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).

&

/A
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 taskswitching 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 processspecific 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 preselected 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
&5
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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 lifestylerelated 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

&"

/A
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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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.
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Background
With increasing life expectancy, prevention and treatment 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 protective factor against cognitive decline and dementia [1, 2]. Individuals 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, engagement 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 results of the observational studies, interventional trials
yielded smaller and more inconsistent effects: With regard to physical training, some studies reported cognitive improvements after training interventions in healthy
older adults [10, 11], adults with elevated risk of Alzheimer’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 similar 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 cognitive constructs, and especially to everyday cognitive
functioning [25–27]. Lately, a novel cognitive training approach was developed, based on principles of neuroplasticity [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 dementia, this training program yielded inconsistent results [16, 33, 34].
In summary, there are beneficial effects of training interventions on cognition, although they appear to be
less pronounced than associations of activity with cognitive change in observational studies. The gap between
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promising observational evidence, demonstrating substantial cognitive benefits of physical and cognitive activities, and more equivocal results from interventions
may result from differing characteristics of the investigated activities in observational and interventional studies,
for example, differences in duration, variety, multimodality, or intrinsic motivation and enjoyment of the activities.
The studies are however difficult to compare, as the observation periods are entirely different. Prospective studies
often apply a time frame of several years, while interventions in the experimental studies rarely last longer than
several weeks or months. This is the first study, which directly compares training- and lifestyle-related changes in
cognition within the same sample and time period.
The first objective of this study was to evaluate intervention effects on cognition, while considering lifestylerelated 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 population 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 selfreported 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 lifestylerelated changes in cognition within the same set of participants 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 University of Ulm. Subjects were recruited in the memory
clinics of the University Hospital Ulm and of the Reichenau 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 hearing 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 dementia (Mini-Mental State Examination [MMSE] < 201),
changes in antidementive or antidepressive medication
within 3 months prior to study initiation, or physical conditions 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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Assessed for eligibility (n = 122)

Enrollment

Inclusion into training study
(n = 65)

Cognitive training
(n = 19)

Physical training
(n = 21)

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)

Wait-list control
(n = 25)

Not evaluated at posttest due to
Not evaluated at posttest due to
Not evaluated at posttest due to
Major medication changes (n = 0)
Major medication changes (n = 0)
Major medication changes (n = 1)
Adverse event (n = 0)
Adverse event (n = 2)
Adverse event (n = 3)
Withdrawal (n = 2)
Withdrawal (n = 1)
Withdrawal (n = 1)
Deviation from study design (n = 1) Deviation from study design (n = 0) Deviation from study design (n = 0)

Allocation

Posttest

Analyzed – post (n = 16)

Analyzed – post (n = 18)

Analyzed – post (n = 20)

Analysis

Did not return to follow-up
(n = 8)

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

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

Follow-up

Analyzed – follow up (n = 8)

Analyzed – follow up (n = 13)

Analyzed – follow up (n = 13)

Analysis
(Add. material)

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

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 sociodemographic variables, medication, cognitive performance, 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 sociodemographic 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 allocation 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, carried 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 allocated to the PT group until the required number of participants 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 typical 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 assessment 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 conducted the neuropsychological assessment were blinded
to the subjects’ group assignments. This was not always
maintained due to participant disclosure.
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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

χ2(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

a

Variety of activities : 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

χ2(4) = 5.80

0.21

Antidepressants: no / yes

15 / 1

18 / 0

19 / 1

χ2(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
a
Average 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

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 details 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
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

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 session. 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 reinforced 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 performance, respectively (see Additional file 1).
Physical training

The PT was carried out in groups of five to ten participants. 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 participants 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 included coordination, balance, flexibility, and strengthening elements in order to keep participants motivated
during the intervention. In each session these elements
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Post-test

3 months

Follow-up

Assessment of
Lifestyle

Physical
Training

Cognitive
Assessment

No
Intervention

Cognitive
Assessment

Cognitive
Assessment

Cognitive
Training

0 - 4 weeks

10 weeks

0 - 4 weeks

Pre-test

Enjoyment and
Motivation
regarding
Training

Wait-List
Control

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

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 intervention 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 protective lifestyle factors of dementia [35]. We thus operationalized lifestyle in this study by the amount of activity
performed before study participation. By this means, the
lifestyle measure and the training procedures were comparable 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 pretest. The questionnaire assesses frequency and duration
of 40 different physical, cognitive, and social activities of
a typical week within the previous 4 weeks. The questionnaire is valid for measuring physical activity [37], but
also assesses a large number of social and cognitive activities. The activities were categorized into physical,
cognitive, and social activity domains by three of the authors 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 domain. The three domain scores were averaged to one
score, in order to represent the overall variety of activities, as the lifestyle measure.

difficulty was assessed. Participants completed German
versions of the MMSE [38], the Alzheimer’s Disease Assessment Scale – cognitive subscale [39], the test battery
of the Consortium to Establish a Registry for Alzheimer’s
Disease (without word list encoding, recall, and recognition) [40], the subtests digit span and digit-symbolcoding of the Wechsler Adult Intelligence Scale [41],
and the working-memory subtest of the Everyday Cognition Battery [42]. In addition, an adapted German version 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 vocabulary (German: Wortschatztest) [45] was used to estimate 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 representing memory, the other representing attention / executive
functions. Variables were z-standardized using means and
standard deviations of the pre-test data. The two component 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 component 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

Cognitive assessment

A wide set of cognitive functions sensitive to age-related
cognitive decline and dementia with different item-

R version 3.1.2 [46] was used for statistical analyses.
Baseline group differences were evaluated with one-way
analyses of variance and χ2-tests for continuous and
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Phonematic fluency
Digit span forward

.80
.74

TMT A
TMT B
Digit span backward

.73
.72

Component 1:
Attentional and
executive functions

.71
.56

Digit-symbol-coding

.44

Semantic fluency

.40

ECB computation span
MVGT long delayed free recall

.49
.94

.47

Component 2:
Memory functions

.90
MVGT encoding
.58
ADAS free recall
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

categorical variables, respectively. Correlations were calculated 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 cognition was modelled with Group (contrasts CT vs. WLC
and PT vs. WLC) × Time (pre vs. post) + Lifestyle (continuous) × Time as fixed effects in the same model and
Subject as random intercept. Effects of training on cognition were indicated by significant Group × Time interactions, while associations of lifestyle with cognitive
change over time were indicated by significant Lifestyle × Time interactions. The second aim was to compare 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 nonstandardized b-coefficients of the Lifestyle × Time interaction 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 training effects was evaluated by the inclusion of the followup as a third time-point into the analysis. In addition,
per protocol analyses were performed for the main outcomes (global cognition and composite scores), 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.
Furthermore, the Lifestyle × Time interaction was also
evaluated for the three activity domain scores for variety of physical, of cognitive, and of social activities as
lifestyle measures. Last, improvements in the CT program were analyzed with paired t-tests within the
respective training group and correlations between
change in training task performance and change in cognition were calculated. For improvements within the
training program Cohen’s d was calculated as measure
of effect size.
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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 preand 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 unintended 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 significant 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.

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

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 cognition. 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. 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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Table 3 Training- and lifestyle-related changes in cognition from pre- to post-test
Difference Post-Pre [95 % CI]

Group × Time

Outcome measure

CT (n = 16)

PT (n = 18)

WLC (n = 20)

F statistic

Global cognition

0.20 [0.03–0.37]

0.16 [0.01–0.30]

0.32 [0.22–0.43]

Memory

0.34 [0.11–0.57]

0.15 [-0.10–0.40]

0.38 [0.19–0.58]

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

Lifestyle × Time
p

F statistic

p

F(2,48) = 2.64

0.08

F(1,48) = 18.77

<0.001

F(2,48) = 1.78

0.18

F(1,48) = 23.88

<0.001

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

F(2,48) = 0.43

0.65

F(1,48) = 0.08

0.78

ADAS naming

-0.12 [-0.55–0.3]

0.00 [-0.17–0.17]

0.00 [0.00–0.00]

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

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 selfreported 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 intervention group to which the participants had been
assigned. Moreover, the association of lifestyle with cognitive change was significantly stronger than the association 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 benefits of the cognitive and physical training programs.
Previous research has also produced mixed results regarding training outcomes [16, 20]. Several factors may
influence effects of training on cognition, such as the nature of the training programs. We applied a multimodal

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

physical training program in this study. The great majority of physical training effects are based on aerobic training, 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 processing might not have recruited the assessed cognitive
outcomes. However, high correlations between CT performance 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 indicates 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 prospective studies demonstrating a substantial risk reduction 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 physical 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 programs in older adults at risk of dementia. Physical, cognitive 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 evaluate 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 compare lifestyle and training effects would be to design an
“active lifestyle intervention”, in which previously sedentary adults engage into different, unspecific leisure activities, 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 environment”, i.e. a condition which enables cognitive, physical,
and social activity [54–56]. Effects on hippocampal volume and memory have also been associated with
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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 memory [20]. The specific relationship of lifestyle with memory, but not with attentional and executive functions,
implies that different mechanisms may underlie and influence the course of both domains.
Variety of activities within all three activity subdomains (cognitive, physical, social activities) was significantly associated with changes in global cognition and in
memory, indicating that it is not one specific activity domain which is most favorable (see Additional file 1).
If an active lifestyle causes beneficial effects on cognition indeed, then the question arises why specifically designed physical and cognitive training programs fail to
produce corresponding results. There are several aspects
in which activities of an active lifestyle and training interventions may differ: First, the intrinsic motivation and
experienced enjoyment may be different between training tasks and leisure activities. The desire to engage in
activities is predictive for activity-induced structural
brain changes, indicating that motivation plays an important role in affecting cognitive change [59]. However,
most participants in this study found the training interventions motivating and enjoyable. Thus, it seems unlikely 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 consisted 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 lifestyle 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. Finally, 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 activities, 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 battery, the sample size was sufficient to detect small effects
with a high power. The small sample size might be a reason 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 recommendations for patients. The assessment of lifestyle variables 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 lifestyle factors might have a stronger impact on cognition
than training programs. It is thus important to investigate whether a change towards a more active lifestyle in
general, with multiple cognitive, physical, and social activities, 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 duration, 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 experimental studies are necessary to investigate these factors
which may account for the beneficial effects of an active
lifestyle, such as variety, dosage or experienced enjoyment. Incorporating these factors in newly designed
programs may then results in more efficient interventions than currently available cognitive and physical
training programs.
Endnotes
1
Initial exclusion criterion was changed from MMSE
< 22 to MMSE < 20, in order to allow the participation
of participants with probable mild dementia and the
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range for mild dementia usually includes MMSE scores
of 21 and 20.
2
The number of participants was reduced from initially
planned 100, as the retest reliability of the primary outcome was higher than expected, which resulted in a high
power to detect small effects already in 65 included
participants.
3
We refrained from the ADAS-Cog sum-score as the
previously defined primary outcome and used a global
composite score instead, as its skewed distribution indicated 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

1

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
= .86, social domain:

for all domains (physical domain:

Cronbach

Cronbach

= .92, cognitive 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

2

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.

3

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.

References
1. Stewart AL, Mills KM, King AC, Haskell WL, Gillis D, Ritter PL. CHAMPS physical activity
questionnaire for older adults: outcomes for interventions. Med Sci Sports Exerc. 2001;33(7):1126-41.
doi:10.1097/00005768-200107000-00010.

4

Tables
Table A1. Categorization of activities into social, physical, and cognitive domains.
Rating scores
Activity
Multidomain activitiesa
Play basketball, soccer or racquetball
Play singles tennis
Play doubles tennis
Dance
Play cards and board games
Visit family or friends
Do volunteer work
Attend club meetings
Attend cultural events
Do Yoga or Tai Chi
Do aerobic
Play golf, with carrying equipment
Single domain activitiesb
Play musical instruments
Use a computer
Read
Do arts and crafts
Go to the senior center
Attend church activities
Jog or run
Swim moderately or fast
Skate (ice, roller, in-line)
Use an aerobic machine
Do moderate/heavy strength training
Walk uphill or hike
Do heavy gardening
Do water exercise
Bicycle
Do heavy work around the house
Low demand activitiesc
Play golf, riding in a cart
Shot pool or billiards
Do light work around the house
Do light gardening
Work on machinery
Walk fast or briskly
Walk to do errands
Walk leisurely
Swim gently
Do stretching or flexibility
Do light strength training
General conditioning exercises

Cognitive
domain
3.7
3.3
3.3
3.3
4.3
3.3
4.0
3.3
4.0
3.5d

Social domain
4.3
3.7d
3.3
4.3
4.7
5.0
4.0
4.7
3.3
3.5d
3.6d

Physical
domain
5.0
5.0
5.0
4.0

% Subjects

3.3
4.7
3.8d

10
6
0
13
29
81
56
50
62
4
0
0

4.7
4.7
4.0
4.3
4.3
3.7
3.7
3.7
3.7
3.3

10
73
98
38
25
38
21
13
2
19
15
46
35
19
71
50

5.0
4.3
3.7
3.3
4.3
3.3

0
2
88
50
23
33
71
62
21
58
23
25

5

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. aTwo and three domains with rating > 3. bOne domain with rating > 3. cNo domain with
rating > 3. dCategorization adapted to senior ratings.
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Table A2. Associations of training task performance with cognitive outcomes in the cognitive
training group.

a

Start high or low
Start tell us apart
Start match it
Start sound replay

a

End high or low
End tell us apart
End match it
End sound replay

Difference high or lowa
Difference tell us apart
Difference match it
Difference sound replay

Global cognition pre
r
p
-.07
.83
.58
.03
-.13
.65
.62
.02

Memory pre
r
.02
.63
-.23
.57

p
.95
.02
.42
.03

Global cognition post
r
p
-.46
.11
.59
.03
.76
.002
.54
.046
Difference global
cognition
r
p
-.28
.36
-.03
.91
-.13
.67
.33
.25

Memory post
r
-.51
.65
.66
.35

p
.07
.01
.01
.22

Difference memory
r
p
-.39
.19
.35
.21
-.15
.61
.23
.42

Attention / executive
functions pre
r
p
-.17
.57
.44
.12
.02
.94
.62
.02
Attention / executive
functions post
r
p
-.23
.45
.33
.24
.73
.003
.72
.003
Difference attention /
executive functions
r
p
-.03
.93
-.37
.19
-.03
.92
.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. aLower scores
indicate better performance.
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Synergistic approaches for the facilitation of positive plastic change
Reference: 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. Progress in Brain Research, 207, 403-434. doi:
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Abstract
Process-based cognitive trainings (PCTs) and novelty interventions are two traditional approaches aiming to prevent cognitive decline and dementia. However, both have their limitations. 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 intervention using a card and board game-based training approach. Here, we use highly variable tasks,
which overlap in targeted processing demands (“overlapping variability” framework). Another 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.
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challenging mental activity, novelty intervention, process-based cognitive training, processbased novelty intervention, physically demanding novelty intervention, learning specificity,
variability of practice, executive control, dementia
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CHAPTER 16 Novelty Interventions for Brain Health

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 urgently 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 conclude 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 processbased 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 multiple languages (Bialystok et al., 2007; Craik et al., 2010; Perquin et al., 2013), acquired 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 cognitive 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 excluded (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 processbased cognitive training (PCT).
Novelty intervention is defined as a program which enables participants to engage 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 processes. This mismatch is not maintained by introducing novel tasks but by the adaptation 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 subject. 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 ratio ¼ 0.25; 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, drawing, 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 participants 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 activities (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); participating 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 outcomes. 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 cognition 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; d ¼ 0.48) on the MiniMental 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 interventions 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 improvements 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 auditory 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 improvements in assessed outcomes represented improvements in a broad cognitive
ability or only the acquisition of task-specific skills (e.g., stimulus–response mappings 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 methodological 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 aspect 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 processes may have contributed to the effects but also lower-order processes not representing the broad cognitive ability (see, e.g., Shipstead et al., 2012). The similarity
between training and transfer measure is rather subjective, and judgments are

personal copy
2 Effects of Challenging Mental Activities

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.

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 performance 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).
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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 younger 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 characteristics. Improvements in latent factors, which were based on dissimilar tests, were
not significant, indicating that in older adults, improvements were limited to taskspecific skills (see Dahlin et al. (2008a) for similar differential age-related transfer
effects). Even a more pessimistic view arises with respect to a recent working memory
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 cognitive 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. However, 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 particularly prone to deterioration in aging and dementia (see Fig. 1). It seems reasonable 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 interventions 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 discussed 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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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.

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 prefrontal 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, disrupted 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 dementia (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 processes (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,
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plastic changes can be induced in broad cognitive abilities by variable practice regimes, 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 impaired cognitive performance, for example, alcohol intoxication, can improve memory 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 protocol (see Schmidt and Bjork, 1992, for a review). Although variable practice, in contrast 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 unfamiliar speaker presented the words, they performed significantly worse, indicating
learning specificity for the single speaker. In another experiment, words were presented not by a single but by five different speakers during learning. Participants successfully 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 cognitive function. We might speculate that different mental activities have shared processing 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 generalizing 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 transcranial 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 dependent on the dlPFC. In contrast, interference in the primary motor cortex was exclusively 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 lowerorder areas, even including the primary visual cortex (Schoups et al., 2001).
Furthermore, we argue that investigations of the neural processing in multilingualism 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 bilinguals might be regarded as a model for variable and constant training regimes, respectively. Technically speaking, early bilinguals were exposed to a variable
training protocol in early childhood, while late bilinguals initially learned only a single 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 bilinguals 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). Furthermore, 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 utilized 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 enabling 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 studies 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 executive control, we propose that training of variable tasks tapping overlapping executive 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 frontoparietal 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 example, 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). Furthermore, 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 interstimulus 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 generalization 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 training with and without task variability. However, Karbach and Kray
(2009) did not induce variability by novel task-switching paradigms but by novel dimensions between which participants had to switch. That is, the constant taskswitching 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 neartransfer 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 conditions in far-transfer measures of intelligence, working memory, or interference. We
assume that variability of task paradigms rather than of stimulus dimensions is decisive 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 intervention (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 neartransfer 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 higherto 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 generalization effect, however only on that level where variation took place. This interpretation 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 limited amount of tasks, which shared most task characteristics. We suggest that enhancing variability of training tasks (not only of stimuli material but also of task
paradigms) while targeting specific executive control processes enhances generalization on the cognitive ability level (see Fig. 2).

3.1.4 “Overlapping variability” framework
Process-based novelty interventions implement three components necessary to induce far-transfer effects on broad cognitive abilities (see Fig. 2). According to the
framework by Lövdén et al. (2010), a prolonged mismatch between functional supply and environmental demands is a prerequisite to induce plastic change. This component 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 targeted 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 targeted approach, which makes use of overlapping processing demands of superficially 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 episodic 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 inherently 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, curious, and playful.” From an evolutionary perspective, there should be an unconditional 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 psychological 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 interventions? First, intrinsic motivation determines the environment people choose (guiding
function), allowing long-term adherence to interventions. Second, the motivationassociated psychological states such as interest and curiosity have been shown to
go hand in hand with the activation of the neuromodulatory control system—a central regulatory system for the facilitation of plastic brain changes (plasticity facilitation 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 neuromodulatory 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” framework, 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 framework 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
(N ¼ 17) were randomized to a gaming group (n ¼ 9; 7 females; mean age ¼ 70.4)
and a control group (n ¼ 8; 6 females; mean age ¼ 69.8). 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 playing three games in every 2 h training session. In every other session, two alreadyintroduced games ( 30 min each) and one game never played before ( 1 h) were
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Executive control (standardized)

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.
Outcome measures 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 applied. Additionally, two complex executive control tests, namely, the Standard Progressive 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) ¼ 4.39, p ¼ 0.054, net effect size, 0.53 SD (see Fig. 3), indicating performance improvement in the intervention group compared to the passive control
group. While the gaming group improved performance in executive control
(0.46 SD, p ¼ 0.04), performance in the passive control group did not change
(!0.06 SD; p ¼ 0.70). 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, overcoming often observed learning specificity.

1.0

Gaming group
Control group

0.5

*

0.0

−0.5

Pretest

Posttest

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 multiple 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 preventive 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 factor (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 intervention 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 exercise types may have synergistic effects (see Kraft, 2012, for a review). While physical 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
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FIGURE 4
Guided plasticity facilitation framework.

seems to be one potential mediator of plasticity facilitation effects of exercise as exercise 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 potential 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 activity (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 activity. 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 peripheral BDNF during and within one hour after an acute bout of physical exercise followed by a reduction below baseline, indicating increased BDNF production and
utilization after exercise (see Knaepen et al., 2010, for a review). Therefore, facilitation of plastic mechanisms, for example, mediated by BDNF, might be most pronounced 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
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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 before 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 participants who engaged in high levels in one activity type, and engagement in multiple
activities even predicted cognitive improvement. In this, the different types of activities 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 activities 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 dancing. In an observational study, Kattenstroth et al. (2010) demonstrated that long-time
amateur dancers outperformed age-, education-, and gender-matched controls in reaction times, motor behavior, and cognitive performance, exhibiting the potential of
this challenging, multicomponent activity.
However, as mentioned earlier, observational studies cannot exclude other interpretations of effects. So what does experimental evidence tell us about the effectiveness 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 activities 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 improvements 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 participants 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 mentally 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 training decreases the incidence of dementia, evaluated with the Clinical Dementia Rating (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 effective 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 approach is rather unspecific, that is, it does not tackle specific processes shown to deteriorate in aging and dementia (see Fig. 1). PCT addresses this problem and has
shown transfer effects on untrained cognitive tests. Crucially, however, consistent effects were only shown for cognitive tests sharing superficial training task characteristics, 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 constant practice, we propose in line with Green and Bavelier (2012) that low task variability 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 evidence 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
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•

•

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-thescience 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 recommendations for single-activity types are inherently flawed. We come to an alternate conclusion 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) potential 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 important outcome of interventions, which is the incidence of dementia. To accomplish
this aim with clinically meaningful results, we are convinced that long-term intervention 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 experimentally validated allowing for widespread public recommendations and implementation in the health-care system (see Dehnel, 2013).
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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

Frontiers in Aging Neuroscience | www.frontiersin.org

1

August 2015 | Volume 7 | Article 152

Bamidis et al.

Cognitive gains by combined training

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

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 metaanalysis 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

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
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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.

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 tailormade 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 doseresponse 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.

Frontiers in Aging Neuroscience | www.frontiersin.org

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 (ICTPSP)] 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

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, thereby moving 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.

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.

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.

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%
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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.
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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.

Measures are well-validated (English versions; Sanchez-Cubillo
et al., 2009; Beck et al., 2014) and possess good reliability (retestreliability 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.

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 EFNSENS 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 the mean 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).

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 baseline mean divided by baseline
standard deviation). Global cognition was calculated if at least
two of three cognitive function scores were available for analysis.

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.

Psychological, Physical, and Daily Living Outcomes
Quality of life was assessed with the short-version of the World
Health Organization Quality of Life questionnaire (WHOQOLBREF, 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
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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.

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

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,
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TABLE 1 | Baseline characteristics of intervention group and passive control group.
Intervention group (n = 163)

Control group (n = 66)

p-valuea

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

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

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%)

Measure
Demographic data

Cognitive data

Cognitive diagnosis

0.12

Psychological data
GDS-short, mean ± SD

2.8 ± 2.7

2.0 ± 2.0

0.04

−0.1 ± 1.0

0.2 ± 1.0

0.05

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

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

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

WHOQOL-BREF composite, mean ± SD
Medical data

Social data

Study data

a p-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.

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

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,
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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.

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.

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).

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

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
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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
Change in cognitive performance

Cohen’s d

Number of training sessionsa

t (df)

p-value

βb

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

a All

regression models accounted for baseline cognitive performance, education, age, and trial site.
b Standardized coefficient: it is predicted that every 18 sessions global cognition and executive function improves by 0.17 and 0.23 SD, respectively.

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 to MCI and from MCI
to dementia.

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 doseresponse 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
Group and Dose-Response Effects on Global
Cognition and Specific Cognitive Functions

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.
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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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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 effectmodifying 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 diseasemodifying 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 wholebrain 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.

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 taskspecific 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
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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.,
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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 (AndersonHanley 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 sequence may 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).

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 frontoparietal 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).

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.
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&EVDBUJPOBM HBNFT GPS CSBJO IFBMUI
SFWFBMJOH UIFJS VOFYQMPSFE QPUFOUJBM
UISPVHI B OFVSPDPHOJUJWF BQQSPBDI
1BUSJDL 'JTTMFS 
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$PSSFTQPOEFODF
1BUSJDL 'JTTMFS
*OTUJUVUF PG 1TZDIPMPHZ BOE &EVDBUJPO
$MJOJDBM BOE #JPMPHJDBM 1TZDIPMPHZ
6MN 6OJWFSTJUZ "MCFSU&JOTUFJO"MMFF
  6MN (FSNBOZ
QBUSJDLGJTTMFS!VOJVMNEF
4QFDJBMUZ TFDUJPO
5IJT BSUJDMF XBT TVCNJUUFE UP
&EVDBUJPOBM 1TZDIPMPHZ
B TFDUJPO PG UIF KPVSOBM
'SPOUJFST JO 1TZDIPMPHZ
3FDFJWFE  .BSDI 
"DDFQUFE  +VMZ 
1VCMJTIFE  +VMZ 
$JUBUJPO
'JTTMFS 1 ,PMBTTB *5 BOE 4DISBEFS $
 &EVDBUJPOBM HBNFT GPS CSBJO
IFBMUI SFWFBMJOH UIFJS VOFYQMPSFE
QPUFOUJBM UISPVHI B OFVSPDPHOJUJWF
BQQSPBDI
'SPOU 1TZDIPM 
EPJ GQTZH

&EVDBUJPOBM HBNFT MJOL UIF NPUJWBUJPOBM OBUVSF PG HBNFT XJUI MFBSOJOH PG LOPXMFEHF BOE
TLJMMT )FSF XF HP CFZPOE FGGFDUT PO UIFTF MFBSOJOH PVUDPNFT 8F SFWJFX UXP MJOFT
PG FWJEFODF XIJDI JOEJDBUF UIF DVSSFOUMZ VOFYQMPSFE QPUFOUJBM PG FEVDBUJPOBM HBNFT UP
QSPNPUF CSBJO IFBMUI 'JSTU HBNJOH XJUI TQFDJGJD OFVSPDPHOJUJWF EFNBOET FH FYFDVUJWF
DPOUSPM BOE TFDPOE FEVDBUJPOBM MFBSOJOH FYQFSJFODFT FH TUVEZJOH GPSFJHO MBOHVBHFT
JNQSPWF CSBJO IFBMUI NBSLFST 5IFTF NBSLFST JODMVEF DPHOJUJWF BCJMJUZ CSBJO GVODUJPO BOE
CSBJO TUSVDUVSF "T FEVDBUJPOBM HBNFT BMMPX UIF DPNCJOBUJPO PG TQFDJGJD OFVSPDPHOJUJWF
EFNBOET XJUI FEVDBUJPOBM MFBSOJOH FYQFSJFODFT UIFZ TFFN UP CF PQUJNBMMZ TVJUFE GPS
QSPNPUJOH CSBJO IFBMUI 8F QSPQPTF B OFVSPDPHOJUJWF BQQSPBDI UP SFWFBM UIJT VOFYQMPSFE
QPUFOUJBM PG FEVDBUJPOBM HBNFT JO GVUVSF SFTFBSDI
,FZXPSET FEVDBUJPOBM HBNFT TFSJPVT HBNFT CSBJO IFBMUI HBNJOH FEVDBUJPO DPHOJUJWF BCJMJUZ CSBJO GVODUJPO
CSBJO TUSVDUVSF

5IF 1PXFS PG &EVDBUJPOBM (BNFT
1MBZJOH HBNFT JT POF PG UIF NPTU QPQVMBS MFJTVSF BDUJWJUJFT 'PS FYBNQMF  PG "NFSJDBOT QMBZ
WJEFP HBNFT &OUFSUBJONFOU 4PGUXBSF "TTPDJBUJPO   *O DPOUSBTU UP XBUDIJOH B WJEFP PS SFBEJOH
B CPPL WJEFP HBNFT BGGPSE JOUFSBDUJWF FYQMPSBUJPO BOE DIBMMFOHF EVF UP VTFS DPOUSPM DPNQFUJUJPO
MFWFMT PG EJGGJDVMUZ BOE SFXBSE .BMPOF  -VDBT BOE 4IFSSZ   5IFTF EFTJHO DIBSBDUFSJTUJDT
BSF FTTFOUJBM GPS QMBZFST NPUJWBUJPO JO HBNFT 4XFFUTFS BOE 8ZFUI  
&EVDBUJPOBM HBNFT BJN UP VTF UIJT NPUJWBUJPOBM RVBMJUZ PG HBNFT GPS FEVDBUJPOBMMZ SFMFWBOU MFBSOJOH
QVSQPTFT LOPXMFEHF BOE TLJMM BDRVJTJUJPO  5IFZ BSF B CSBODI PG TFSJPVT HBNFT XIJDI BSF EFGJOFE BT
iHBNFT UIBU EP OPU IBWF FOUFSUBJONFOU FOKPZNFOU PS GVO BT UIFJS QSJNBSZ QVSQPTFw .JDIBFM BOE
$IFO  Q   %PNBJOT PG MFBSOJOH JODMVEF IJTUPSZ FOHJOFFSJOH CJPMPHZ NBUI BOE MBOHVBHF
:PVOH FU BM  8PVUFST FU BM   'PS FYBNQMF 3FNJTTJPO BJNT UP JNQSPWF DBODFSSFMBUFE
LOPXMFEHF #FBMF FU BM  BOE 5XFMWF B %P[FO UFBDIFT NBUIFNBUJDBM PQFSBUJPOT 5IF OVNCFS
PG UIFTF HBNFT JODSFBTFE FYQPOFOUJBMMZ TJODF UIF T JO JOEVTUSZ BOE JO SFTFBSDI -BBNBSUJ FU BM
  " SFDFOU NFUBBOBMZTJT CZ 8PVUFST FU BM  JOWFTUJHBUFE UIF FGGFDUJWFOFTT PG FEVDBUJPOBM
HBNFT JO UFSNT PG MFBSOJOH *U JODMVEFE  TUVEJFT XJUI NPSF UIBO   QBSUJDJQBOUT BOE GPVOE
UIBU UIF HBNFT JOEVDFE FWFO NPSF LOPXMFEHF BOE TLJMM BDRVJTJUJPO UIBO DPOWFOUJPOBM JOTUSVDUJPO
NFUIPET
*O UIJT QFSTQFDUJWF BSUJDMF IPXFWFS XF HP CFZPOE FEVDBUJPOBM HBNFT FGGFDUT PO MFBSOJOH PG
LOPXMFEHF BOE TLJMMT JF QMBTUJDJUZ PG SFQSFTFOUBUJPOT DG $SBJL BOE #JBMZTUPL  -ÚWEÏO FU BM
  8F SFWJFX SFTFBSDI XIJDI TVHHFTUT UIF DVSSFOUMZ VOFYQMPSFE QPUFOUJBM PG FEVDBUJPOBM HBNFT

'SPOUJFST JO 1TZDIPMPHZ ] XXXGSPOUJFSTJOPSH

 IUUQXXXCPTTBTUVEJPTDPNHBNFTUXFMWF



+VMZ  ] 7PMVNF  ] "SUJDMF 

'JTTMFS FU BM

$IBOHJOH CSBJOT UISPVHI FEVDBUJPOBM HBNFT

UFTU QFSGPSNBODF BOEPS B CSBJO JNBHJOH BQQSPBDI UP EFUFSNJOF UIF SFDSVJUFE
OFVSPOBM OFUXPSLT GPS UBTL DPNQMFUJPO #BTFE PO UIJT BQQSPBDI BQQSPQSJBUF
FEVDBUJPOBM HBNFT DBO CF TFMFDUFE UP FOBCMF SBOEPNJ[FE DPOUSPMMFE DMJOJDBM
USJBMT UIBU BTTFTT UIF FGGJDBDZ PG FEVDBUJPOBM HBNFT UP JNQSPWF CSBJO IFBMUI
NBSLFST JODMVEJOH DPHOJUJWF BCJMJUZ CSBJO GVODUJPO BOE CSBJO TUSVDUVSF

'*(63&  ] " OFVSPDPHOJUJWF BQQSPBDI UP SFWFBM UIF VOFYQMPSFE QPUFOUJBM
PG FEVDBUJPOBM HBNFT GPS CSBJO IFBMUI *O B UXPTUFQ BQQSPBDI B DPHOJUJWF
UBTL BOBMZTJT PG FEVDBUJPOBM HBNFT JT GPMMPXFE CZ UIFJS WBMJEBUJPO UISPVHI
PCKFDUJWF NFUIPET 5IJT TFDPOE TUFQ DPOTJTUT PG B CFIBWJPSBM BOBMZTJT UP
EFUFSNJOF UIF BTTPDJBUJPO CFUXFFO HBNF QFSGPSNBODF BOE OFVSPQTZDIPMPHJDBM

CSBJOT GVODUJPOBM TVQQMZ JOEVDF CFOFGJDJBM OFVSPQMBTUJD DIBOHFT
-ÚWEÏO FU BM   *U JT BTTVNFE UIBU UIJT TVQQMZEFNBOE
NJTNBUDI OFFET UP CF QSPMPOHFE BU MFBTU NPSF UIBO TFWFSBM IPVST
GPS TNBMM FGGFDU TJ[FT UP PWFSDPNF UIF JOFSUJB BOE TMVHHJTIOFTT
PG QMBTUJDJUZ -ÚWEÏO FU BM   (BNFT DBO QPTF QSPMPOHFE
OFVSPDPHOJUJWF EFNBOET PO XPSLJOH NFNPSZ QFSDFQUVBM TQFFE
BOE FQJTPEJD NFNPSZ #BOJRVFE FU BM   5IVT HBNFT NJHIU
JOEVDF SFTQFDUJWF OFVSPDPHOJUJWF CFOFGJUT 'PS FYBNQMF HBNFT
UIBU IFBWJMZ UBQ FYFDVUJWF DPOUSPM QSPDFTTFT TVDI BT XPSLJOH
NFNPSZ BSF UIPVHIU UP JOEVDF QPTJUJWF QMBTUJD DIBOHFT JO UIFTF
DPHOJUJWF QSPDFTTFT BOE UIFJS VOEFSMZJOH QSFGSPOUBM OFUXPSL 4VDI
DIBOHFT NBZ SBOHF GSPN NPSF FGGJDJFOU CSBJO GVODUJPO #BWFMJFS
FU BM  "OHVFSB FU BM  UP CFOFGJUT JO CSBJO TUSVDUVSF TVDI
BT JODSFBTFT JO HSBZ NBUUFS WPMVNF ,àIO FU BM  DPSUJDBM
UIJDLOFTT ,àIO FU BM  BOE OFVSPUSBOTNJUUFS SFDFQUPST
.D/BC FU BM  
$VSSFOU BEWBODFT JO HBNJOH SFTFBSDI TVQQPSU UIF TVQQMZ
EFNBOE NJTNBUDI NPEFM TFF 1PXFST FU BM  #JTPHMJP
FU BM  GPS B NFUBBOBMZTJT BOE B SFWJFX  $PHOJUJWFMZ
EFNBOEJOH EJHJUBM HBNFT BT XFMM BT OPOEJHJUBM CPBSE BOE DBSE

GPS CSBJO IFBMUI JF QMBTUJDJUZ PG QSPDFTTFT DG $SBJL BOE #JBMZTUPL
 -ÚWEÏO FU BM  BOE QSPQPTF B OFVSPDPHOJUJWF BQQSPBDI
UP SFWFBM UIJT QPUFOUJBM
'JSTU XF CSJFGMZ SFWJFX FWJEFODF GPS UIF CFOFGJDJBM FGGFDU PG
HBNFT XJUI TQFDJGJD OFVSPDPHOJUJWF EFNBOET PO CSBJO IFBMUI
4FDPOE XF EFQJDU UIF QPTJUJWF JNQBDU PG FEVDBUJPOBMMZ SFMFWBOU
MFBSOJOH FYQFSJFODFT PO CSBJO IFBMUI &EVDBUJPOBM HBNFT FOBCMF
CPUI TQFDJGJD OFVSPDPHOJUJWF EFNBOET BOE FEVDBUJPOBM MFBSOJOH
FYQFSJFODF )PXFWFS UP PVS LOPXMFEHF UIFSF BSF DVSSFOUMZ OP
TUVEJFT FYQMPSJOH UIFJS QPUFOUJBM GPS CSBJO IFBMUI )FODF JO UIF
MBTU TFDUJPO XF QSPQPTF B UXPTUFQ OFVSPDPHOJUJWF BQQSPBDI UP
JEFOUJGZ BQQSPQSJBUF FEVDBUJPOBM HBNFT UIBU TIPVME CF SJHPSPVTMZ
UFTUFE JO SBOEPNJ[FE DPOUSPMMFE DMJOJDBM USJBMT TFF 'JHVSF  

(BNJOH XJUI 4QFDJGJD /FVSPDPHOJUJWF
%FNBOET 1SPNPUFT #SBJO )FBMUI
5IF TVQQMZEFNBOE NJTNBUDI NPEFM PG DPHOJUJWF QMBTUJDJUZ
BTTVNFT UIBU OFVSPDPHOJUJWF EFNBOET XIJDI BSF HSFBUFS UIBO UIF

'SPOUJFST JO 1TZDIPMPHZ ] XXXGSPOUJFSTJOPSH



+VMZ  ] 7PMVNF  ] "SUJDMF 

'JTTMFS FU BM

$IBOHJOH CSBJOT UISPVHI FEVDBUJPOBM HBNFT

SFMFWBOU MFBSOJOH PG LOPXMFEHF BOE TLJMMT PO CSBJO IFBMUI
NBSLFST

HBNFT JNQSPWFE DPHOJUJWF BCJMJUJFT $IFOH FU BM  'JTTMFS
FU BM  1PXFST FU BM   5IFTF HBNJOHJOEVDFE CFOFGJUT
DPNQSJTFE MPXFSPSEFS BCJMJUJFT TVDI BT WJTVBM QFSDFQUJPO (SFFO
BOE #BWFMJFS  BOE IJHIFSPSEFS BCJMJUJFT TVDI BT TFMFDUJWF
WJTVBM BUUFOUJPO (SFFO BOE #BWFMJFS  TXJUDIJOH BCJMJUZ
#BTBL FU BM  (SFFO FU BM  4USPCBDI FU BM 
TVTUBJOFE BUUFOUJPO "OHVFSB FU BM  TIPSUUFSN BOE XPSLJOH
NFNPSZ #BTBL FU BM  "OHVFSB FU BM  $IFOH FU BM
 FYFDVUJWF DPOUSPM 'JTTMFS FU BM  SFBTPOJOH BOE
TQBUJBM BCJMJUJFT 'FOH FU BM  4IVUF FU BM  
'PS FYBNQMF B TUVEZ CZ 4IVUF FU BM  TIPXFE UIBU
B DPNNFSDJBM PGGUIFTIFMG HBNF DBMMFE 1PSUBM  XJUI QSPDFTT
TQFDJGJD EFNBOET PO TQBUJBM SFBTPOJOH JNQSPWFE DPHOJUJWF BCJMJUJFT
FWFO NPSF UIBO BO JOUFOUJPOBMMZEFTJHOFE DPHOJUJWF USBJOJOH
QSPHSBN JF SFQFBUFE QSBDUJDF PG TUBOEBSEJ[FE DPHOJUJWF UBTL
QBSBEJHNT GPS TQFDJGJD DPHOJUJWF BCJMJUJFT XJUI BEBQUJOH EJGGJDVMUZ
MFWFMT (BUFT BOE 7BMFO[VFMB   *O DPOUSBTU UP QBSUJDJQBOUT
GPMMPXJOH UIF DPHOJUJWF USBJOJOH QSPHSBN 1PSUBM  QMBZFST
JNQSPWFE NPSF JO QFSGPSNBODF PO OPOUSBJOFE QSPCMFN TPMWJOH
BOE TQBUJBM BCJMJUZ UFTUT 'VSUIFSNPSF QMBZJOH UIF WJEFP HBNF XBT
NPSF FOKPZBCMF UIBO UIF DPHOJUJWF USBJOJOH QSPHSBN 4IVUF FU BM
 
3FDFOU TUVEJFT QSPWJEF GJSTU JOTJHIUT JOUP UIF OFVSPOBM
VOEFSQJOOJOH PG HBNFJOEVDFE DPHOJUJWF CFOFGJUT 5IFZ SBOHF
GSPN QMBTUJD DIBOHFT JO CSBJO TUSVDUVSF UP CSBJO GVODUJPO ,àIO
FU BM  GPVOE UIBU QMBZJOH 4VQFS .BSJP  JODSFBTFE HSBZ
NBUUFS PG UIF SJHIU IJQQPDBNQBM GPSNBUJPO BOE EPSTPMBUFSBM
QSFGSPOUBM DPSUFY BT XFMM BT PG UIF DFSFCFMMVN CJMBUFSBMMZ 5IFTF
CSBJO BSFBT BSF LOPXO UP QMBZ BO FTTFOUJBM SPMF JO TQBUJBM
NFNPSZ FYFDVUJWF GVODUJPO BOE GJOFUVOFE NPUPS TLJMMT
6TJOH FMFDUSPQIZTJPMPHJDBM NFUIPET "OHVFSB FU BM 
EFNPOTUSBUFE GVODUJPOBM CSBJO CFOFGJUT JO UIF QSFGSPOUBM
DPHOJUJWF DPOUSPM TZTUFN UISPVHI B EVBMUBTL ESJWJOH HBNF DBMMFE
/FVSP3BDFS *NQPSUBOUMZ OPOUSBJOFE OFVSPQTZDIPMPHJDBM UFTU
QFSGPSNBODF JNQSPWFE UISPVHI USBJOJOH BOE UIFTF HBJOT XFSF
QPTJUJWFMZ BTTPDJBUFE XJUI UIF OFVSPGVODUJPOBM DIBOHFT
5IFTF FYQFSJNFOUBM GJOEJOHT BSF CBDLFE CZ PCTFSWBUJPOBM
TUVEJFT PO UIF BTTPDJBUJPO PG HBNJOH XJUI CSBJO IFBMUI NBSLFST
'SFRVFOU QMBZFST PG CPBSE HBNFT JO DPOUSBTU UP SBSF QMBZFST
TIPXFE B SFEVDFE DPHOJUJWF EFDMJOF BOE JODJEFODF PG EFNFOUJB
7FSHIFTF FU BM  %BSUJHVFT FU BM   #BWFMJFS FU BM
 JOWFTUJHBUFE BTTPDJBUJPOT PG CSBJO GVODUJPO XJUI HBNJOH
FYQFSJFODF 'SFRVFOU HBNFST JO DPOUSBTU UP OPOHBNFST TIPXFE
SFEVDFE OFVSPOBM SFDSVJUNFOU PG UIF GSPOUPQBSJFUBM OFUXPSL JO
BUUFOUJPOBMMZ DIBMMFOHJOH UBTLT XIJDI JOEJDBUFT NPSF FGGJDJFOU
BUUFOUJPOBM QSPDFTTJOH 'JOBMMZ BTTPDJBUJPOT PG HBNJOH XJUI CSBJO
TUSVDUVSF XFSF SFDFOUMZ SFWFBMFE 5IF EVSBUJPO PG WJEFP HBNJOH
IPVST QFS XFFL XBT QPTJUJWFMZ BTTPDJBUFE XJUI MFGU QSFGSPOUBM
DPSUJDBM UIJDLOFTT ,àIO FU BM   5IF OVNCFS PG ZFBST
TQFOU WJEFP HBNJOH XBT QPTJUJWFMZ SFMBUFE UP FOUPSIJOBM DPSUFY
IJQQPDBNQBM BOE PDDJQJUBM HSBZ NBUUFS WPMVNF ,àIO BOE
(BMMJOBU  
*O TVN UIFTF SFDFOU BEWBODFT JO HBNJOH SFTFBSDI FNQIBTJ[F
UIF QPUFOUJBM PG DPHOJUJWFMZ DIBMMFOHJOH HBNFT UP JNQSPWF EJGGFSFOU
NBSLFST PG CSBJO IFBMUI SBOHJOH GSPN DPHOJUJWF BCJMJUZ CSBJO
GVODUJPO BOE CSBJO TUSVDUVSF UP JODJEFODF PG EFNFOUJB *O
UIF GPMMPXJOH XF XJMM PVUMJOF UIF JNQBDU PG FEVDBUJPOBMMZ

'SPOUJFST JO 1TZDIPMPHZ ] XXXGSPOUJFSTJOPSH

&EVDBUJPOBM -FBSOJOH &YQFSJFODFT
1SPNPUF #SBJO )FBMUI
&YUFOTJWF MFBSOJOH FYQFSJFODFT BSF UIPVHIU UP SFRVJSF QSPMPOHFE
BDUJWBUJPO PG CBTJD OFVSPDPHOJUJWF BCJMJUJFT TVDI BT FYFDVUJWF
DPOUSPM QSPDFTTFT BOE MPOHUFSN NFNPSZ 1BSL FU BM  
5IFTF QSPMPOHFE OFVSPDPHOJUJWF EFNBOET NBZ JOEVDF QPTJUJWF
QMBTUJD DIBOHFT JO BDDPSEBODF XJUI UIF TVQQMZEFNBOE NJTNBUDI
NPEFM -ÚWEÏO FU BM   4VDDFTTGVM MFBSOJOH FYQFSJFODFT NBZ
FOIBODF CSBJO IFBMUI CZ BEEJUJPOBM NFDIBOJTNT BT FWJEFODFE JO
BOJNBM NPEFMT -FBSOJOH OPWFM JOGPSNBUJPO JODSFBTFE TVSWJWBM
PG OFXCPSO DFMMT JO UIF IJQQPDBNQVT BO BSFB UIBU QMBZT BO
FTTFOUJBM SPMF GPS FQJTPEJD NFNPSZ TFF 4IPST  GPS B SFWJFX 
*O BEEJUJPO JOUSJOTJD QMBTUJDJUZB NFUBQMBTUJDJUZ NFDIBOJTN
XIJDI DIBOHFT UIF UISFTIPME GPS JOUSJOTJD OFVSPOBM FYDJUBCJMJUZJT
JODSFBTFE JO UIF IJQQPDBNQVT UISPVHI TVDDFTTGVM MFBSOJOH
FYQFSJFODFT TFF 4FIHBM FU BM  GPS B SFWJFX  'VSUIFSNPSF
BO FOSJDIFE FOWJSPONFOU XIJDI QSPWJEFT B SBOHF PG MFBSOJOH
PQQPSUVOJUJFT SFEVDFE QBUIPMPHJDBM QSPDFTTFT UIBU BSF BTTPDJBUFE
XJUI "M[IFJNFST EJTFBTF -B[BSPW FU BM  $PTUB FU BM 
BOE SFEVDFE UIF EFUSJNFOUBM FGGFDU PG "M[IFJNFST EJTFBTFSFMBUFE
"β PMJHPNFST PO MPOHUFSN QPUFOUJBUJPO -J FU BM  
" QPTJUJWF FGGFDU PG FEVDBUJPOBMMZ SFMFWBOU MFBSOJOH FYQFSJFODFT
PO NBSLFST PG CSBJO IFBMUI IBT BMTP CFFO GPVOE JO FYQFSJNFOUBM
TUVEJFT XJUI IVNBOT %JWFSTF JOUFSWFOUJPOT UBSHFUJOH BU
LOPXMFEHF BOE TLJMM BDRVJTJUJPO JNQSPWFE DPHOJUJWF BCJMJUJFT
&YUFOTJWF MFBSOJOH FYQFSJFODFT XJUIJO B TFOJPS DPNQVUFS DPVSTF
JNQSPWFE XPSLJOH NFNPSZ BOE FQJTPEJD NFNPSZ ,MVTNBOO
FU BM   " EJHJUBMQIPUPHSBQIZ BOE RVJMUJOH DPVSTF JNQSPWFE
FQJTPEJD NFNPSZ 1BSL FU BM   " UBCMFU DPVSTF JNQSPWFE
TQFFE BOE FQJTPEJD NFNPSZ $IBO FU BM  BOE FYUFOTJWF
USBJOJOH PG B GPSFJHO MBOHVBHF FOIBODFE BTTPDJBUJWF NFNPSZ
.ÌSUFOTTPO BOE -ÚWEÏO   'PS FYBNQMF 1BSL FU BM
 JOWFTUJHBUFE UIF DPHOJUJWF CFOFGJUT PG BDRVJSJOH EJHJUBM
QIPUPHSBQIZ TLJMMT CZ UIF VTF PG B TJOHMFMFOT SFGMFY DBNFSB BOE
QIPUPFEJUJOH TPGUXBSF  I B XFFL GPS  NPOUIT $PNQBSFE
UP B HSPVQ XIJDI DPNQMFUFE BDUJWJUJFT UIBU SFMJFE PO BDUJWBUJPO
PG QSJPS LOPXMFEHF FH MJTUFOJOH UP NVTJD XBUDIJOH %7%T
PS DPNQMFUJOH XPSENFBOJOH QV[[MFT UIFJS FQJTPEJD NFNPSZ
QFSGPSNBODF JNQSPWFE NPSF 1BSL FU BM  
*O BEEJUJPO FYUFOTJWF FEVDBUJPOBM MFBSOJOH JOUFSWFOUJPOT
JOEVDFE QMBTUJDJUZ JO CSBJO GVODUJPO JF JODSFBTFE BDUJWJUZ JO
UIF BOUFSJPS DJOHVMVN $BSMTPO FU BM  BOE CSBJO TUSVDUVSF
%SBHBOTLJ FU BM  8PPMMFUU BOE .BHVJSF   5IF
IJQQPDBNQVT JODSFBTFE JO WPMVNF BGUFS FYUFOTJWF MFBSOJOH GPS
NFEJDBM FYBNT %SBHBOTLJ FU BM  BOE BGUFS TVDDFTTGVM
USBJOJOH GPS B -POEPO UBYJ ESJWFS MJDFOTF 8PPMMFUU BOE .BHVJSF
 
5IJT JOUFSWFOUJPOBM FWJEFODF JT CBDLFE CZ SPCVTU PCTFSWBUJPOBM
FWJEFODF SFHBSEJOH UIF SFMBUJPOTIJQ PG FEVDBUJPO XJUI CSBJO IFBMUI
NBSLFST 4USPOH QPTJUJWF BTTPDJBUJPOT CFUXFFO ZFBST TQFOU JO
FEVDBUJPO BOE SJTL GPS DPHOJUJWF EFDMJOF 7BMFO[VFMB BOE 4BDIEFW
 BT XFMM BT EFNFOUJB $BBNB×P*TPSOB FU BM  IBWF
CFFO EFNPOTUSBUFE -PX FEVDBUJPO SFQSFTFOUT UIF TJOHMF NPTU
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QSFWFOUBCMF SJTL GBDUPS GPS "M[IFJNFST EFNFOUJB 8PSMEXJEF 
PG BGGFDUFE JOEJWJEVBMT BSF QPUFOUJBMMZ BUUSJCVUBCMF UP MPX FEVDBUJPO
#BSOFT BOE :BGGF   *O BEEJUJPO BDRVJTJUJPO PG TLJMMT TVDI
BT TQFBLJOH B TFDPOE MBOHVBHF BOE QMBZJOH B NVTJDBM JOTUSVNFOU
QSFEJDUFE B SFEVDFE GVUVSF SJTL PG DPHOJUJWF EFDMJOF #BL FU BM
 BOE EFNFOUJB TFF FH #BMCBH FU BM  GPS B QPQVMBUJPO
CBTFE UXJO TUVEZ  'VSUIFSNPSF NPSF ZFBST TQFOU JO FEVDBUJPO
XBT BTTPDJBUFE XJUI HSFBUFS CSBJO XFJHIU #SBZOF FU BM  BOE
JO POF QJMPUTUVEZ BMTP XJUI MPXFS NBSLFST PG "M[IFJNFST EJTFBTF
QBUIPMPHZ :BTVOP FU BM  
*O UIF MBTU UXP TFDUJPOT XF SFWJFXFE FWJEFODF GPS CFOFGJDJBM
FGGFDUT PO CSBJO IFBMUI B UISPVHI HBNJOHJOEVDFE OFVSPDPHOJUJWF
EFNBOET BOE C UISPVHI FEVDBUJPOBMMZ SFMFWBOU MFBSOJOH
PG LOPXMFEHF BOE TLJMMT "T FEVDBUJPOBM HBNFT BMMPX UIF
DPNCJOBUJPO PG CPUI UIFZ TFFN UP CF PQUJNBMMZ TVJUFE UP QSPNPUF
CSBJO IFBMUI )PXFWFS UP PVS LOPXMFEHF OP TUVEZ JOWFTUJHBUFE
UIF JNQBDU PG FEVDBUJPOBM HBNJOH PO CSBJO IFBMUI NBSLFST ZFU
)FODF XF QSPQPTF B UXPTUFQ OFVSPDPHOJUJWF BQQSPBDI JO UIF
GPMMPXJOH TFDUJPO UIBU BJNT UP SFWFBM UIFJS VOFYQMPSFE QPUFOUJBM

EFNBOET 5IF SBUJOH TIPVME CF CBTFE PO B WBMJEBUFE UBYPOPNZ PG
OFVSPDPHOJUJWF BCJMJUJFT 'PS FYBNQMF FYFDVUJWF GVODUJPOT DBO CF
TVCEJWJEFE JO UISFF DPNQPOFOUT JODMVEJOH VQEBUJOH JOIJCJUJPO
BOE TIJGUJOH .JZBLF FU BM  .JZBLF BOE 'SJFENBO
  .FNPSZ DBO CF TVCEJWJEFE JO UIF UXP DPNQPOFOUT
EFDMBSBUJWF NFNPSZ BOE QSPDFEVSBM NFNPSZ 4RVJSF 
3PCFSUTPO   %SBHPO#PY QPTFT IJHI EFNBOET PO FYFDVUJWF
GVODUJPO GSPOUBM CSBJO TZTUFNT BOE NFNPSZ NFEJPUFNQPSBM
BOE CBTBM HBOHMJB TZTUFNT  'PS FYBNQMF NPOJUPSJOH NVMUJQMF
JUFNT XIJDI BSF BEEFE BOE EFMFUFE GSPN XPSLJOH NFNPSZ
UISPVHI UIF NFOUBM BQQMJDBUJPO PG BMHFCSB SVMFT QPTFT EFNBOET
PO VQEBUJOH GMFYJCMZ TXJUDIJOH CFUXFFO NVMUJQMF BMHFCSB SVMFT
XIJDI BSF DVFE CZ B HJWFO TUJNVMVT TFU SFRVJSFT TIJGUJOH
TFMFDUJOH UIF BQQMJDBUJPO PG OPOEPNJOBOU SVMFT JOTUFBE PG
NPSF QSFQPUFOU SVMFT QPTFT EFNBOET PO JOIJCJUJPO LOPXMFEHF
BDRVJTJUJPO GPS UIF HBNFT  BMHFCSB SVMFT UBQT EFDMBSBUJWF
NFNPSZ TLJMM BDRVJTJUJPO SFHBSEJOH BSJUINFUJDT GBDUPSJ[BUJPO
PS UIF DSFBUJPO PG QBSBNFUFST QPTFT EFNBOET PO QSPDFEVSBM
NFNPSZ
*O UIF NPSF DPTUJOUFOTJWF TFDPOE TUFQ UXP PCKFDUJWF
NFUIPETB CFIBWJPSBM BOEPS B CSBJO JNBHJOH BQQSPBDIDBO
CF VTFE UP TVCTUBOUJBUF UIF BTTVNFE OFVSPDPHOJUJWF EFNBOET
SFWFBMFE CZ UIF DPHOJUJWF UBTL BOBMZTJT *O UIF CFIBWJPSBM BQQSPBDI
BTTPDJBUJPOT CFUXFFO HBNF QFSGPSNBODF BOE QFSGPSNBODF JO
OFVSPQTZDIPMPHJDBM UFTUT BSF BTTFTTFE DG +BFHHJ FU BM 
#BOJRVFE FU BM  3PEF FU BM   5IF QBUUFSO PG UIF
HBNFUFTU BTTPDJBUJPOT FOBCMFT UIF WBMJEBUJPO PG UIF HBNFT
OFVSPDPHOJUJWF EFNBOET
5IF CSBJO JNBHJOH BQQSPBDI BJNT UP SFWFBM UIF OFVSPOBM
OFUXPSLT SFDSVJUFE CZ UIF HBNFT %JGGFSFOU CSBJO JNBHJOH
NFUIPET TVDI BT FMFDUSPFODFQIBMPHSBQIZ "OHVFSB FU BM 
OFBSJOGSBSFE TQFDUSPTDPQZ &LLFLBLJT  PS GVODUJPOBM
NBHOFUJD SFTPOBODF JNBHJOH %BIMJO FU BM  7PTT FU BM
 DBO CF VTFE 'JOBMMZ BGUFS TVDDFTTGVM JEFOUJGJDBUJPO PG
BQQSPQSJBUF FEVDBUJPOBM HBNFT UISPVHI CFIBWJPSBM BOBMZTJT BOEPS
CSBJO JNBHJOH MPOHUFSN SBOEPNJ[FE DPOUSPMMFE DMJOJDBM USJBMT
TIPVME FYBNJOF UIFJS FGGFDUT PO CSBJO IFBMUI NBSLFST TFF .PIFS
FU BM  GPS NFUIPEPMPHJDBM JTTVFT 

" /FVSPDPHOJUJWF "QQSPBDI UP 3FWFBM UIF
1PUFOUJBM PG &EVDBUJPOBM (BNFT GPS #SBJO
)FBMUI
8F IBWF PVUMJOFE BCPWF UIBU HBNFT XIJDI JOEVDF MFBSOJOH PG
OPWFM JOGPSNBUJPO BOE QPTF TQFDJGJD OFVSPDPHOJUJWF EFNBOET
TFFN UP CF PQUJNBMMZTVJUFE GPS CSBJO IFBMUI QVSQPTFT $MFBSMZ
OPU BMM FEVDBUJPOBM HBNFT QPTF TQFDJGJD OFVSPDPHOJUJWF EFNBOET
BOE BQQSPQSJBUF HBNFT OFFE UP CF JEFOUJGJFE GSPN UIF MBSHF BOE
HSPXJOH NBSLFU DG 8BSUFMMB   8F QSPQPTF B UXPTUFQ
BQQSPBDI UP FMVDJEBUF UIF OFVSPDPHOJUJWF EFNBOET PG FEVDBUJPOBM
HBNFT TFF 'JHVSF  
*O UIF GJSTU TUFQ B DPHOJUJWF UBTL BOBMZTJT TIPVME CF DPOEVDUFE
GPS B XJEF SBOHF PG FEVDBUJPOBM HBNFT JO PSEFS UP EFUFSNJOF
UIF NPTU BQQSPQSJBUF DPHOJUJWFMZ DIBMMFOHJOH HBNFT GPS UIF NPSF
DPTUJOUFOTJWF TFDPOE TUFQ $PHOJUJWF UBTL BOBMZTJT JT B TFU PG
NFUIPET BJNJOH UP EFUFSNJOF UIF DPHOJUJWF EFNBOET UP QFSGPSN
B UBTL QSPGJDJFOUMZ .JMJUFMMP BOE )VUUPO   8F CSJFGMZ EFQJDU
POF BQQSPBDI PG B DPHOJUJWF UBTL BOBMZTJT TVJUFE GPS FEVDBUJPOBM
HBNFT DG #BOJRVFE FU BM  BOE FYFNQMJGZ UIJT NFUIPE XJUI
%SBHPO#PY BO FEVDBUJPOBM HBNF XIJDI BJNT UP UFBDI BMHFCSB JO
B GVO XBZ
'JSTU B HBNF EJBHSBN JT DSFBUFE UP EFUFSNJOF UIF DPHOJUJWFMZ
EFNBOEJOH UBTLT PG UIF SFTQFDUJWF FEVDBUJPOBM HBNF )FSF BO
FYQFSU GPS UIF HBNF  CSFBLT UIF HBNF EPXO JOUP JUT NBKPS
UBTLT VTVBMMZ CFUXFFO POF BOE GJWF UBTLT BOE  EFUFSNJOFT
XIJDI UBTLT QPTF TVCTUBOUJBM EFNBOET PO DPHOJUJWF BCJMJUJFT TVDI
BT BUUFOUJPO TQFFE PS NFNPSZ DG UBTL EJBHSBN NFUIPE .JMJUFMMP
BOE )VUUPO   *O %SBHPO#PY UIFSF JT POF NBKPS UBTL JF
JTPMBUJOH B ESBHPO DBQUVSFE JO B CPY PO POF TJEF PG UIF TDSFFO PS
JO PUIFS XPSET TPMWJOH BO BMHFCSBJD FRVBUJPO GPS UIF Y BOE UIJT
UBTL QPTFT TVCTUBOUJBM DPHOJUJWF EFNBOET
4VCTFRVFOUMZ OFVSPQTZDIPMPHJTUT TIPVME SBUF UIF NBKPS UBTLT
PG BQQSPQSJBUF FEVDBUJPOBM HBNFT PO UIFJS TQFDJGJD OFVSPDPHOJUJWF

$PODMVTJPO
*O UIJT QFSTQFDUJWF BSUJDMF XF SFWJFXFE UXP MJOFT PG SFTFBSDI UIBU
JOEJDBUF BO VOFYQMPSFE QPUFOUJBM PG FEVDBUJPOBM HBNFT UP JNQSPWF
CSBJO IFBMUI 'JSTU HBNFT XJUI TQFDJGJD OFVSPDPHOJUJWF EFNBOET
BOE TFDPOE FEVDBUJPOBMMZ SFMFWBOU MFBSOJOH FYQFSJFODFT QPTJUJWFMZ
JNQBDU CSBJO IFBMUI NBSLFST JODMVEJOH DPHOJUJWF BCJMJUJFT CSBJO
GVODUJPO BOE CSBJO TUSVDUVSF 'VUVSF SFTFBSDI TIPVME VTF B
OFVSPDPHOJUJWF BQQSPBDI UP JEFOUJGZ DPHOJUJWFMZ DIBMMFOHJOH
FEVDBUJPOBM HBNFT 5IFTF TIPVME CF SJHPSPVTMZ FYBNJOFE JO
SBOEPNJ[FE DPOUSPMMFE MPOHUFSN DMJOJDBM USJBMT SFHBSEJOH UIFJS
FGGFDUT PO CSBJO IFBMUI

"DLOPXMFEHNFOUT
8F UIBOL -BVSB -PZ GPS IFS WBMVBCMF BOE GSVJUGVM DPNNFOUT PO UIF
NBOVTDSJQU BOE )FBUIFS 'PSBO GPS &OHMJTI QSPPGSFBEJOH

 IUUQXXXESBHPOCPYBQQDPN

'SPOUJFST JO 1TZDIPMPHZ ] XXXGSPOUJFSTJOPSH
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3FGFSFODFT

'FOH + 4QFODF * BOE 1SBUU +   1MBZJOH BO BDUJPO WJEFP HBNF SFEVDFT HFOEFS
EJGGFSFODFT JO TQBUJBM DPHOJUJPO 1TZDIPM 4DJ  o EPJ K
Y
'JTTMFS 1 ,àTUFS 0 4DIMFF 8 BOE ,PMBTTB * 5   i/PWFMUZ JOUFSWFOUJPOT UP
FOIBODF CSPBE DPHOJUJWF BCJMJUJFT BOE QSFWFOU EFNFOUJB TZOFSHJTUJD BQQSPBDIFT
GPS UIF GBDJMJUBUJPO PG QPTJUJWF QMBTUJD DIBOHF w JO 1SPHSFTT JO #SBJO 3FTFBSDI FET
. . .FS[FOJDI . /BIVN BOE 5 . 7BO 7MFFU 0YGPSE &MTFWJFS o
(BUFT / + BOE 7BMFO[VFMB .   $PHOJUJWF FYFSDJTF BOE JUT SPMF JO DPHOJUJWF
GVODUJPO JO PMEFS BEVMUT $VSS 1TZDIJBUSZ 3FQ  o EPJ T
Z
(SFFO $ BOE #BWFMJFS %   -FBSOJOH BUUFOUJPOBM DPOUSPM BOE BDUJPO WJEFP
HBNFT $VSS #JPM  3o3 EPJ KDVC
(SFFO $ 4 BOE #BWFMJFS %   "DUJPO WJEFP HBNF NPEJGJFT WJTVBM TFMFDUJWF
BUUFOUJPO /BUVSF  o EPJ OBUVSF
(SFFO $ 4 4VHBSNBO . " .FEGPSE , ,MPCVTJDLZ & BOE #BWFMJFS %  
5IF FGGFDU PG BDUJPO WJEFP HBNF FYQFSJFODF PO UBTLTXJUDIJOH $PNQVU )VNBO
#FIBW  o EPJ KDIC
+BFHHJ 4 . 4UVEFS-VFUIJ # #VTDILVFIM . 4V : ' +POJEFT + BOE
1FSSJH 8 +   5IF SFMBUJPOTIJQ CFUXFFO OCBDL QFSGPSNBODF BOE NBUSJY
SFBTPOJOHJNQMJDBUJPOT GPS USBJOJOH BOE USBOTGFS *OUFMMJHFODF  o EPJ
KJOUFMM
,MVTNBOO 7 &WFST " 4DIXBS[FS 3 4DIMBUUNBOO 1 3FJTDIJFT ' )FVTFS * FU
BM   $PNQMFY NFOUBM BOE QIZTJDBM BDUJWJUZ JO PMEFS XPNFO BOE DPHOJUJWF
QFSGPSNBODF B NPOUI SBOEPNJ[FE DPOUSPMMFE USJBM + (FSPOUPM " #JPM 4DJ
.FE 4DJ  o EPJ HFSPOBHMR
,àIO 4 BOE (BMMJOBU +   "NPVOU PG MJGFUJNF WJEFP HBNJOH JT QPTJUJWFMZ
BTTPDJBUFE XJUI FOUPSIJOBM IJQQPDBNQBM BOE PDDJQJUBM WPMVNF .PM 1TZDIJBUSZ
 o EPJ NQ
,àIO 4 (MFJDI 5 -PSFO[ 3 $ -JOEFOCFSHFS 6 BOE (BMMJOBU +   1MBZJOH
4VQFS .BSJP JOEVDFT TUSVDUVSBM CSBJO QMBTUJDJUZ HSBZ NBUUFS DIBOHFT SFTVMUJOH
GSPN USBJOJOH XJUI B DPNNFSDJBM WJEFP HBNF .PM 1TZDIJBUSZ  o EPJ
NQ
,àIO 4 -PSFO[ 3 #BOBTDIFXTLJ 5 #BSLFS ( + #àDIFM $ $POSPE
1 + FU BM   1PTJUJWF BTTPDJBUJPO PG WJEFP HBNF QMBZJOH XJUI
MFGU GSPOUBM DPSUJDBM UIJDLOFTT JO BEPMFTDFOUT 1-P4 0/& F EPJ
KPVSOBMQPOF
-BBNBSUJ ' &JE . BOE &M 4BEEJL "   "O PWFSWJFX PG TFSJPVT HBNFT *OU +
$PNQVU (BNFT 5FDIOPM   EPJ 
-B[BSPW 0 3PCJOTPO + 5BOH : 1 )BJSTUPO * 4 ,PSBEF.JSOJDT ; -FF 7
. : FU BM   &OWJSPONFOUBM FOSJDINFOU SFEVDFT "β MFWFMT BOE BNZMPJE
EFQPTJUJPO JO USBOTHFOJD NJDF $FMM  o EPJ KDFMM
-J 4 +JO . ;IBOH % :BOH 5 ,PFHMTQFSHFS 5 'V ) FU BM  
&OWJSPONFOUBM OPWFMUZ BDUJWBUFT βBESFOFSHJD TJHOBMJOH UP QSFWFOU UIF
JNQBJSNFOU PG IJQQPDBNQBM -51 CZ "β PMJHPNFST /FVSPO  o EPJ
KOFVSPO
-ÚWEÏO . #ÊDLNBO - -JOEFOCFSHFS 6 4DIBFGFS 4 BOE 4DINJFEFL '  
" UIFPSFUJDBM GSBNFXPSL GPS UIF TUVEZ PG BEVMU DPHOJUJWF QMBTUJDJUZ 1TZDIPM #VMM
 o EPJ B
-VDBT , BOE 4IFSSZ + -   4FY EJGGFSFODFT JO WJEFP HBNF QMBZ
B DPNNVOJDBUJPOCBTFE FYQMBOBUJPO $PNNVO 3FT  o EPJ

.BMPOF 5 8   5PXBSE B UIFPSZ PG JOUSJOTJDBMMZ NPUJWBUJOH JOTUSVDUJPO $PHO
4DJ  o EPJ TDPH@
.ÌSUFOTTPO + BOE -ÚWEÏO .   %P JOUFOTJWF TUVEJFT PG B GPSFJHO
MBOHVBHF JNQSPWF BTTPDJBUJWF NFNPSZ QFSGPSNBODF 'SPOU 1TZDIPM  EPJ
GQTZH
.D/BC ' 7BSSPOF " 'BSEF - +VDBJUF " #ZTUSJUTLZ 1 'PSTTCFSH ) FU BM
  $IBOHFT JO DPSUJDBM EPQBNJOF % SFDFQUPS CJOEJOH BTTPDJBUFE XJUI
DPHOJUJWF USBJOJOH 4DJFODF  o EPJ TDJFODF
.JDIBFM % 3 BOE $IFO 4 -   4FSJPVT (BNFT (BNFT UIBU &EVDBUF 5SBJO
BOE *OGPSN #PTUPO ." 5IPNTPO $PVSTF 5FDIOPMPHZ
.JMJUFMMP - ( BOE )VUUPO 3 +   "QQMJFE $PHOJUJWF 5BTL "OBMZTJT "$5"  B
QSBDUJUJPOFST UPPMLJU GPS VOEFSTUBOEJOH DPHOJUJWF UBTL EFNBOET &SHPOPNJDT 
o EPJ 
.JZBLF " BOE 'SJFENBO / 1   5IF OBUVSF BOE PSHBOJ[BUJPO PG JOEJWJEVBM
EJGGFSFODFT JO FYFDVUJWF GVODUJPOT GPVS HFOFSBM DPODMVTJPOT $VSS %JS 1TZDIPM
4DJ  o EPJ 
.JZBLF " 'SJFENBO / 1 &NFSTPO . + 8JU[LJ " ) )PXFSUFS "
BOE 8BHFS 5 %   5IF VOJUZ BOE EJWFSTJUZ PG FYFDVUJWF GVODUJPOT

"OHVFSB + " #PDDBOGVTP + 3JOUPVM + - "M)BTIJNJ 0 'BSBKJ ' +BOPXJDI
+ FU BM   7JEFP HBNF USBJOJOH FOIBODFT DPHOJUJWF DPOUSPM JO PMEFS BEVMUT
/BUVSF  o EPJ OBUVSF
#BL 5 ) /JTTBO + + "MMFSIBOE . . BOE %FBSZ * +   %PFT CJMJOHVBMJTN
JOGMVFODF DPHOJUJWF BHJOH "OO /FVSPM  o EPJ BOB
#BMCBH . " 1FEFSTFO / - BOE (BU[ .   1MBZJOH B NVTJDBM JOTUSVNFOU
BT B QSPUFDUJWF GBDUPS BHBJOTU EFNFOUJB BOE DPHOJUJWF JNQBJSNFOU B QPQVMBUJPO
CBTFE UXJO TUVEZ *OU + "M[IFJNFST %JT   EPJ 
#BOJRVFE 1 - -FF ) 7PTT . 8 #BTBL $ $PTNBO + % %FTPV[B 4 FU BM
  4FMMJOH QPJOUT XIBU DPHOJUJWF BCJMJUJFT BSF UBQQFE CZ DBTVBM WJEFP HBNFT
"DUB 1TZDIPM  o EPJ KBDUQTZ
#BSOFT % & BOE :BGGF ,   5IF QSPKFDUFE FGGFDU PG SJTL GBDUPS SFEVDUJPO PO
"M[IFJNFST EJTFBTF QSFWBMFODF -BODFU /FVSPM  o EPJ 4
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$POGMJDU PG *OUFSFTU 4UBUFNFOU 5IF BVUIPST EFDMBSF UIBU UIF SFTFBSDI XBT
DPOEVDUFE JO UIF BCTFODF PG BOZ DPNNFSDJBM PS GJOBODJBM SFMBUJPOTIJQT UIBU DPVME
CF DPOTUSVFE BT B QPUFOUJBM DPOGMJDU PG JOUFSFTU
$PQZSJHIU ª  'JTTMFS ,PMBTTB BOE 4DISBEFS 5IJT JT BO PQFOBDDFTT BSUJDMF
EJTUSJCVUFE VOEFS UIF UFSNT PG UIF $SFBUJWF $PNNPOT "UUSJCVUJPO -JDFOTF $$ #: 
5IF VTF EJTUSJCVUJPO PS SFQSPEVDUJPO JO PUIFS GPSVNT JT QFSNJUUFE QSPWJEFE UIF
PSJHJOBM BVUIPS T PS MJDFOTPS BSF DSFEJUFE BOE UIBU UIF PSJHJOBM QVCMJDBUJPO JO UIJT
KPVSOBM JT DJUFE JO BDDPSEBODF XJUI BDDFQUFE BDBEFNJD QSBDUJDF /P VTF EJTUSJCVUJPO
PS SFQSPEVDUJPO JT QFSNJUUFE XIJDI EPFT OPU DPNQMZ XJUI UIFTF UFSNT
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Jigsaw Puzzles As Cognitive Enrichment
(PACE) - the effect of solving jigsaw puzzles
on global visuospatial cognition in adults
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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.
(Continued on next page)

* Correspondence: patrick.fissler@uni-ulm.de
†
Equal contributors
1
Institute of Psychology and Pedagogy, Clinical and Biological Psychology,
Ulm University, Albert-Einstein-Allee 47, D-89081 Ulm, Germany
2
Department of Neurology, Ulm University, Oberer Eselsberg 45, D-89081
Ulm, Germany
Full list of author information is available at the end of the article
© The Author(s). 2017 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.

Fissler et al. Trials (2017) 18:415

Page 2 of 11

(Continued from previous page)

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 impairment and dementia become increasingly important healthcare issues [1]. Engagement in cognitively challenging
activities is associated with a reduced risk for future cognitive impairment [2] and dementia [3]. It is among the factors with the highest projected impact on the prevalence of
Alzheimer’s dementia [4]. Randomized controlled trials
show beneficial cognitive effects of diverse cognitive activities 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 activities reduce their feasibility and implementation in clinical practice.
Solving jigsaw puzzles is a cognitively challenging activity,
especially within the visuospatial cognitive domain. We assume that visuospatial cognitive demands comprise perception, constructional praxis, mental rotation, processing
speed, flexibility, working memory, reasoning, and episodic
memory. In contrast to other cognitive activities, mentioned 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]; jigsaw puzzle play in preschoolers is associated with future
visuospatial transformation skills [20]; and engagement in
intellectual activities including jigsaw puzzles predicts a reduced risk of Alzheimer’s dementia [21–23]. Thus, the primary 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 superiority trial with two parallel groups. Between
March and approximately October 2016, we will include 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. Participants 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 counseling intervention but will not solve any jigsaw puzzles 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 interview. Here, they will receive detailed study information and give oral informed consent. A pre-screening
will assess eligibility (t1, see Figs. 1 and 2). At an appointment at Ulm University, successfully prescreened participants will be able to give written
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Study period

Timepoint

Enrollment
(telephone)

Enrollment
(on site)

Allocation
(2-week
period)

t1

t2A

t2B, C & D

Post-allocation (5-week period)

t3

t4

t5

X

X

X

X

X

X

X

X

Close-out
(2-week period)

t6

ENROLLMENT:
Oral informed consent

X

Telephone-based pre-screen

X

Written informed consent

X

On site eligibility screen

X

Allocation

X

Control
group

Puzzle
group

INTERVENTIONS:
Jigsaw
Counseling
No Jigsaw
Counseling

Perception

X

Praxis

X

X

Mental rotation

X

X

Speed

X

X

X

X

X

X

X

Reasoning

X

X

Episodic memory

X

X

Timed IADL

X

X

Cognitive failures

X

X

X

X
X

Perceived Stress
Well-being

X

Self-efficacy

X

X

Risk factors

X

X

Mediterranean diet

X

X

Physical, cognitive
and social lifestyle

X

X

For
puzzle
group

Psychological
outcomes

Flexibility
Working memory

Modifiable
predictive
factors

Daily
life outcomes

Visuospatial cognition

ASSESSMENTS:

Evaluation of the
counseling sessions

X

Amount of lifetime
puzzle experience

X

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

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 counseling (t2C). Subsequently, non-blinded study staff will
disclose the group allocation to the participants (t2D).
Within 2 weeks after the baseline assessment, the 5week 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 interviews will also serve to monitor the jigsaw puzzle
experience and protocol adherence in the jigsaw puzzle 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
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Fig. 2 Flow chart of the study procedures. Expectations are the participants’ expectations about benefits in visuospatial cognitive performance.
AE adverse event

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 cognition 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 puzzles, 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 impairment in vision (e.g., red-green color blindness) or
motor function of the upper extremity (e.g., hand
tremor) that considerably impairs jigsaw puzzle performance. In addition, individuals with any self-reported psychiatric, neurological, or other diseases that could affect
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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 participants’ 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 inflation [28]. This score will constitute the average of
the eight, z-standardized visuospatial cognitive ability
scores that include visual perception, visuoconstruction, mental rotation, processing speed, flexibility,
working memory, reasoning, and episodic memory
(see “Secondary outcomes”). We will calculate the individual composite scores, if at least five cognitive
ability scores are available for both pretest and posttest 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 differentiate 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;

Page 5 of 11

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 subscores). 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 ScaleRevised [36] will serve to measure visuospatial working 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 subjectively. The objective assessment of daily life functioning 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 ingredients 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 functioning 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 subscores).
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 therefore the power of the study, the same psychologist will
conduct pretest and posttest assessment of each participant, if possible. In addition, we will apply different
methods to detect data entry errors, including range
checks, plotting of pretest and posttest scores, and assessment of the retest-reliability for each score. Low retestreliability of the primary outcome (r < .80) will result in
double data entry.
Participants’ expectations

To account for potential effects of participants’ expectations 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 visuospatial 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 improvement in jigsaw puzzle performance.
Predictive variables of cognitive decline and dementia

The investigators will obtain the predictive sociodemographic variables age, gender, years of education,
and main profession, using interview-based questionnaires. Three questions on the subjective degree of
jigsaw puzzle experience on a 5-point rating scale (answers 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 assess lifetime jigsaw puzzle experience. The assessment of
risk factors for cognitive decline and dementia with selfrating questionnaires will include items on high blood
pressure, hypercholesterolemia, diabetes mellitus,
smoking, alcohol misuse, and obesity. The newly developed 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 activities. 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 questionnaire [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.
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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 counseling 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-toface setting, including a take-home brochure (see
Figs. 1 and 2). The counseling will inform about
modifiable protective factors and risk factors for cognitive decline and dementia according to current research 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 behavior 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 factors. 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 collection (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 immediately after each jigsaw puzzle session. On each jigsaw puzzle day, participants will note the jigsaw puzzle
name, the jigsaw puzzle duration, and if necessary additional 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 adherence and of the jigsaw puzzle performance (time per
connected piece). Finally, the telephone-based interview
includes questions about participants’ jigsaw puzzle experience 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 perceived difficulty of the jigsaw puzzle. We will evaluate all
four measures with a single question and a 5-point rating scale that ranges from “very high” to “not at all”. Participants will be able to freely choose their preferred
jigsaw puzzles. However, we will recommend them to
constantly increase the difficulty and challenge of the jigsaw 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 participants 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 puzzles), 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
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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, randomized allocation of the participants will happen in blocks
of four (two participants to each group) using the online
randomization software random.org (https://www.random.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 assignment 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 telephone interview (t5) not to bring the solved jigsaw
puzzles to the posttest assessment. Second, we will remind them at the last telephone interview (t5) and immediately 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 confirmation 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 different 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 investigators 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 puzzles 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 experiences and adherence) and the same opportunities to express their concerns and to receive attention (face-toface health counseling, three telephone calls, and the
possibility to contact the study staff whenever wished).
As differential expectations between groups are still

Fissler et al. Trials (2017) 18:415

likely to some degree and cannot be completely excluded, the study assesses expectations on a continuous
and on a categorical scale in the last telephone call approximately 9 days before the follow-up test (see confounding variables section). We avoid an assessment at
the follow-up, as this might either influence test performance 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 assessment (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 posttest 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; construction 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 mixedeffects models' group × time interaction [53] in an
intention-to-treat approach [54] that includes all randomly 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
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(2) pretest-posttest change scores. In additional analyses,
we will account for potential confounding variables such
as baseline performance, the number of challenging social, 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 conservative 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 completed 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 robustness 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 challenging 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 calculating 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 included participants per group, a dropout rate of 15%, a
small true effect size of f = 0.1, pretest-posttest correlation 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 experience in the past 5 years but are interested in solving jigsaw
puzzles. As solving jigsaw puzzles depicts a low-cost, intrinsically 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 feasible cognitive intervention to improve visuospatial cognition and everyday functioning, and psychological outcomes
in this population. We will not investigate the effect of jigsaw 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 longterm 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 limitations in assessing the effects of jigsaw puzzling on
cognitive abilities and daily functioning. Finally, the cognitive 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 actually 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 jigsaw puzzle skill at baseline, in order to validate the recruited 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 skillinduced or strategy-induced gains in single and
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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 behavioral changes (see “Statistical analysis”).
In the case of positive results, future research should investigate maintenance of effects, biological mechanisms of
effects, potential effects in other populations such as
people with impairments in visuospatial cognition, and effects 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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Jigsaw puzzling and cognitive aging
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
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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.

Jigsaw puzzling and cognitive aging
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
8
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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.
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Table 1.
Intervention effects on jigsaw puzzle skill and visuospatial cognition
Measure
Name

rreliability

Jigsaw puzzle skill

0.90

Global visuospatial cognition

0.90

Visual perception

0.72

Constructional praxis

0.42

Mental rotation

0.83

Processing speed

0.71

Cognitive flexibility

0.74

Working memory

0.72

Episodic memory

0.65

Reasoning

0.84

Group

Pretest

Posttest

Pre-posttest

Name

Score

Score

Changea

[95% CI]b

Training benefit

Jigsaw puzzle

-0.10

0.33

0.46

[0.35 to 0.57]

Counseling

0.10

0.19

0.08

[-0.04 to 0.21]

Jigsaw puzzle

-0.03

0.34

0.38

[0.25 to 0.51]

Counseling

0.03

0.49

0.46

[0.32 to 0.60]

Jigsaw puzzle

-0.06

-0.20

-0.11

[-0.31 to 0.09]

Counseling

0.06

0.23

0.16

[-0.07 to 0.40]

Jigsaw puzzle

0.16

0.27

0.11

[-0.19 to 0.40]

Counseling

-0.17

0.08

0.25

[-0.04 to 0.54]

Jigsaw puzzle

0.04

0.24

0.23

[0.06 to 0.41]

Counseling

-0.05

0.50

0.54

[0.38 to 0.70]

Jigsaw puzzle

-0.07

0.17

0.24

[0.05 to 0.43]

Counseling

0.08

0.33

0.25

[0.02 to 0.48]

Jigsaw puzzle

-0.05

0.21

0.26

[0.05 to 0.48]

Counseling

0.06

0.26

0.20

[0.005 to 0.40]

Jigsaw puzzle

-0.13

0.05

0.20

[-0.02 to 0.42]

Counseling

0.15

0.32

0.17

[-0.04 to 0.38]

Jigsaw puzzle

0.04

1.01

0.97

[0.72 to 1.21]

Counseling

-0.05

0.85

0.90

[0.65 to 1.15]

Jigsaw puzzle

-0.08

0.11

0.20

[0.03 to 0.36]

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

Cohen's d

[95% CI]b

p-valued

0.38

[0.21 to 0.54]

< .001

-0.08

[-0.27 to 0.10]

.39

-0.27

[-0.58 to 0.03]

.50

-0.14

[-0.55 to 0.27]

> .99

-0.31

[-0.55 to -0.07]

.08

-0.01

[-0.30 to 0.28]

> .99

0.06

[-0.23 to 0.35]

> .99

0.03

[-0.27 to 0.33]

> .99

0.07

[-0.27 to 0.42]

> .99

0.12

[-0.11 to 0.35]

> .99

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 doseresponse 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

15

Jigsaw puzzling and cognitive aging
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).
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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 goldstandard 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
18
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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
changes in JP skill (ps

.76) or

.52). Expectations regarding cognitive changes were not associated with

actual cognitive changes ( < 0.0, ps
related to actual changes in JP skill (ps

.14), but expectations regarding changes in JP skill were
.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
Jigsaw puzzle group (n
= 52)

Counseling group (n
= 48)

Cohen’s d

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

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

Measure
Demographic data

Cognitive data

MMST = Mini Mental State Examination

Table S2. Association between jigsaw puzzle skill and cognition
Pearson's r
Measure

300 piece puzzle (n = 51)

a

.80

.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

Global visuospatial cognition

a

40 piece puzzle (n = 100)

p-value < .001

b

p-value < .01

c

p-value < .05

Table S3. Association between lifetime jigsaw puzzle experience and cognition
a

Measure

b
adjusted model

unadjusted model

.51d

.34d

Visual perception

.29e

.22g

Constructional praxis

.28e

.21g

Mental rotation

.32e

.14

Global visuospatial cognition

Processing speed

e

.35

.21g

Cognitive flexibility

.47d

.32e

Working memory

.33e

.19

Episodic memory

e

.30

.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
Model 1

Global visuospatial cognition
R2

p-value

B

.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
Global visuospatial cognition
Visual perception
Constructional praxis

b
unadjusted model

c
adjusted model

Puzzle pieces
c
adjusted model

Puzzle time
c
adjusted model

.27e

.33d

.43d

.23

.17

.22

.19

.21

.12

.26

f

e,f

.16

f

.12

.33

Mental rotation

.17

.22

.29

Processing speed

-.12

.14

.19

.08

Cognitive flexibility

-.08

.06

.19

.05

Working memory

a

Amount of jigsaw puzzlinga

.30

f

.34

f
f

Episodic memory

.26

.31

Reasoning

-.04

.09

d

.21

f

.23

.42
.35

.15

.03

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
Jigsaw puzzle group
(n= 52)

Counseling group
(n= 48)

p-valuea

0.94 (1.5)

0.73 (0.9)

.98

AEs due to intervention , 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

Measure
AEs, mean (SD), n
b

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
Checklist item
No

Reported on page No

1a

Identification as a randomised trial in the title

Not possible

1b

Structured summary of trial design, methods, results, and conclusions

Not possible

2a

Scientific background and explanation of rationale

p. 4

2b

Specific objectives or hypotheses

p. 4-5

3a

Description of trial design (such as parallel, factorial) including allocation ratio
Important changes to methods after trial commencement (such as eligibility criteria), with
reasons
Eligibility criteria for participants

p. 5

Settings and locations where the data were collected
The interventions for each group with sufficient details to allow replication, including how
and when they were actually administered
Completely defined pre-specified primary and secondary outcome measures, including how
and when they were assessed

p. 5

Title and abstract

Introduction
Background and objectives
Methods
Trial design

Participants
Interventions

3b
4a
4b
5

p. 5

p. 5-6 and study protocol article

7a

How sample size was determined

p. 7 and ClinicalTrials.gov
Identifier: NCT02667314
No changes for the reported part
of the study
p. 8

7b

When applicable, explanation of any interim analyses and stopping guidelines

No interim analysis

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
Mechanism used to implement the random allocation sequence (such as sequentially
numbered containers), describing any steps taken to conceal the sequence until interventions p. 6-7
were assigned
Who generated the random allocation sequence, who enrolled participants, and who
p. 6-7
assigned participants to interventions

6a
Outcomes

Sample size

No changes

6b

Any changes to trial outcomes after the trial commenced, with reasons

Randomisation:
Sequence generation
Allocation concealment
mechanism

9

Implementation

10

12a

If done, who was blinded after assignment to interventions (for example, participants, care
p. 6-7
providers, those assessing outcomes) and how
Not relevant (component control
If relevant, description of the similarity of interventions
design)
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

11a
Blinding
11b
Statistical methods

p. 9

Results

13b

For each group, the numbers of participants who were randomly assigned, received intended
p. 9 & Figure 1
treatment, and were analysed for the primary outcome
For each group, losses and exclusions after randomisation, together with reasons
p. 9 & Figure 1

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

Numbers analysed

16

A table showing baseline demographic and clinical characteristics for each group
p. 9 & SI Appendix, Table S1
For each group, number of participants (denominator) included in each analysis and whether
Figure 1 and Table 1
the analysis was by original assigned groups
For each primary and secondary outcome, results for each group, and the estimated effect
Table 1 and p. 10
size and its precision (such as 95% confidence interval)
For binary outcomes, presentation of both absolute and relative effect sizes is recommended No binary outcomes
Results of any other analyses performed, including subgroup analyses and adjusted
p. 9-12 and SI Appendix
analyses, distinguishing pre-specified from exploratory
All important harms or unintended effects in each group
p. 12 and SI Appendix

Participant flow (a diagram is
strongly recommended)
Recruitment

Outcomes and estimation

13a

17a
17b

Ancillary analyses

18

Harms

19

Discussion
Limitations

20

Generalisability

21

Interpretation

22

Trial limitations, addressing sources of potential bias, imprecision, and, if relevant,
multiplicity of analyses
Generalisability (external validity, applicability) of the trial findings
Interpretation consistent with results, balancing benefits and harms, and considering other
relevant evidence

p. 13-14
p. 13
p. 13

Other information
Registration

23

Registration number and name of trial registry

Protocol

24

Where the full trial protocol can be accessed, if available

p. 2
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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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 communitydwelling 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

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 traininginduced 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 activityrelated cognitive changes to understand whether changes in WMI
underlie these cognitive changes.
For the cognitive training program, we used a computerbased 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.

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 10year 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 activityinduced 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 activityrelated 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.
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MATERIALS AND METHODS

and another 3 months later to measure training and lifestylerelated 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.

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 the MRI 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).

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 halfwaytransformed, 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.

Procedure
Outcome variables were assessed within 4 weeks before the
10-week intervention, within 4 weeks after the intervention,
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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

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 white matter 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.

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
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TABLE 1 | Baseline characteristics of study groups.
Measure

p-valuea

Control group (n = 16)

Cognitive training (n = 11)

Physical training (n = 12)

70.5 ± 5.0

71.4 ± 5.6

74.0 ± 5.2

0.22

8 (50%)

6 (55%)

9 (75%)

0.39

15.1 ± 4.1

13.0 ± 4.2

13.9 ± 4.4

0.37

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

Demographic data
Age, mean years ± SD
Female, n (%)
Education, mean years ± SD
Fractional anisotropy data

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

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

Cognitive data

Executive function, mean ± SD

0.0 ± 1.0

0.3 ± 0.9

−0.2 ± 1.1

0.40

−0.1 ± 1.2

0.1 ± 1.0

0.1 ± 0.9

0.81

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

12/14 (86%)

0.89

Episodic memory, mean ± SD
Lifestyle data

Study-related data
Included in analysis, n/ngroup (%)

16/20 (80%)

11/13 (85%)

a p-values

of group comparisons refer to one-way ANOVA for continuous variables and to χ 2 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

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 (WAISIII, 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).

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
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Interventions

variety in the participants’ cognitive and physical lifestyles,
respectively.

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).

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.

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).

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. Hypothesisrelevant 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.

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
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Additional Analyses

we performed two analyses: (1) at pretest, we assessed the crosssectional 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).

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.

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).

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.

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 followup (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).
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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)

Time point

Change (95% CI)

Cognitive training (n = 11)
pa

Change (95% CI)

Physical training (n = 12)
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

−0.001 (−0.011 to 0.009)

0.18

−0.25

0.002 (−0.019 to 0.024)

0.45

−0.19

0.013 (−0.001 to 0.027)

0.50

0.22

−0.017 (−0.043 to 0.009)

0.16

−0.29

Specific scores
gCC
Posttest

0.013 (0.001 to 0.025)

3-month FU

0.000 (−0.016 to 0.016)

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

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

0.20 (−0.00 to 0.41)

0.34

−0.19

0.30 (−0.09 to 0.69)

0.63

−0.09

−0.09 (−0.86 to 0.67)

0.04

−0.46

0.35 (−0.23 to 0.94)

0.65

−0.03

HC

Executive function
Posttest

0.39 (0.14 to 0.65)

3-month FU

0.39 (−0.01 to 0.79)

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

a p-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.
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.
b Hedges’

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 shortterm 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

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

Frontiers in Human Neuroscience | www.frontiersin.org

8

March 2017 | Volume 11 | Article 110

Fissler et al.

Trainings, Lifestyles and Structural Connectivity

TABLE 3 | Associations with cognitive and physical lifestyles.
Measures
Time point

Cognitive lifestyle (n = 39)
βa (95% CI)

Physical lifestyle (n = 39)
p-valueb

βa (95% CI)

p-valuec

Composite scores
FA composite
Posttest
3-month FU

0.20 ( − 0.16 to 0.56)

0.27

−0.04 ( − 0.40 to 0.32)

0.80

−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

−0.20 ( − 0.68 to 0.29)

0.31

0.12 ( − 0.37 to 0.61)

0.71

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

3-month FU
Fornix

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

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

Executive function

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

a βs represent the standardized regression coefficients of cognitive and physical lifestyles predicting changes in outcomes. b p-value of the Cognitive Lifestyle × Session
[pre vs. post and pre vs. 3-month FU] interaction. c p-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
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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 costintensive experimental designs, it is a reasonable strategy to
initially employ observational designs.
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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.

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.
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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
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