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Abstract 

Due to demographic change, the number of patients with dementia continues to increase. 

Early diagnosis and early treatment or prevention of dementia still present challenges to 

research and society. Furthermore, underlying biological mechanisms of the disease and its 

influencing factors remain unclear. This dissertation evaluated a tool for early diagnosis as 

well as early interventions in the form of training programs. In addition to effects on 

cognition, underlying biological mechanisms were investigated. Both, the paradigm for early 

diagnosis and the interventions are based on the concepts of cognitive and neural plasticity. 

Study 1 dealt with the diagnostic accuracy of a memory Testing-the-Limits (TtL) paradigm 

for the early diagnosis of Alzheimer's disease (AD). TtL is a dynamic testing approach which 

measures range and limits of cognitive performance. Therefor the memory TtL paradigm 

assesses not only baseline performance in a pre-test, but also the maximum performance after 

the implementation of an encoding strategy in two post-tests. An increase in performance 

after the application of the strategy is referred to as learning potential or cognitive plasticity. 

Cognitive plasticity was diminished in patients with beginning AD in contrast to healthy older 

adults. This resulted in larger performance differences between AD patients and controls in 

the post-tests. By means of receiver operating characteristic analyses cutoff scores for AD 

diagnosis were obtained and the diagnostic accuracy was evaluated. The post-tests were able 

to differentiate between patients with AD and controls with high sensitivity and specificity. 

This was also the case when only patients with beginning AD were considered, demonstrating 

the utility of this paradigm for the early diagnosis of AD. 

With respect to prevention and intervention strategies, previous studies indicated that 

cognitive and physical activities may increase cognitive and neural plasticity. In study 2, the 

effectiveness of two 10-week, specifically designed cognitive and physical training programs 

to improve cognitive performance was investigated. The effect of training was then compared 

to the influence of unspecific regular leisure activities, which the participants had previously 

performed. The sample consisted of older adults with memory problems as a risk group for 

AD. The two training groups showed no significant improvements in cognition in comparison 

to a waitlist control group. However the number of regular leisure activities was significantly 

associated with changes in cognition within the same sample and time period. These results 

indicate that moderating factors exist which differ between activities as part of an active 

lifestyle and those as part of training programs and influence the outcome on cognition.  
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In the same sample, study 3 examined biological mechanisms underlying the effects of 

training as well as of psychosocial stress and cognitive, physical and social activities as risk 

and protective factors for dementia, respectively. In addition to serum concentrations of the 

neuroplasticity marker brain-derived neurotrophic factor (BDNF), the myokine irisin and 

metabolites of the kynurenine pathway were investigated. Both have recently been associated 

with positive effects of exercise in animal studies and linked to changes in BDNF. In study 3, 

irisin and metabolites of the kynurenine pathway were associated with BDNF concentrations 

and cognitive performance on the one hand, and with the number of critical life events on the 

other hand. In contrast to its association with cognition (study 2), the number of leisure 

activities was not related to the biomarker concentrations; however, serum levels of BDNF 

and of the metabolite 3-hydroxykynurenine changed in response to the 10-week training 

interventions. Different aspects of activity may thus influence changes on the biological and 

the cognitive level.  

Finally, study 4 discussed factors which may be decisive for the efficacy of prevention and 

intervention programs for dementia in a review article. Thereby a focus was laid on aspects of 

novelty and variability of tasks. Considering advantages of process-based cognitive training 

and so-called novelty interventions, a synergistic approach was developed which combines 

aspects of both. This approach was named process-based novelty intervention and was 

applied in a game-based training intervention. The participants played a variety of games 

which targeted executive functions, with novel games in each session. Thereby, the 

intervention group showed improvements in executive control in comparison to a control 

group. In addition, the possibility to combine physical exercise with cognitive challenges 

through novel tasks was also discussed. 

This dissertation shows that the measurement of cognitive plasticity with the TtL approach is 

useful to detect dementia with high accuracy. Furthermore, it demonstrates that cognitive 

plasticity can be fostered by cognitive, social and physical activity.  However, certain aspects 

of activity seem to moderate the effectiveness to improve cognition. These may be 

incorporated in activities as part of an active lifestyle, but insufficiently considered in existing 

cognitive or physical training programs. Variability and novelty of activities may constitute 

some of these aspects. Finally, the work shows that in addition to the well-known 

neuroplasticity marker BDNF, irisin and the kynurenine pathway may also play an important 

role in the etiology of dementia and the effects of risk and protective factors. 
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Zusammenfassung 

Aufgrund des demographischen Wandels nimmt die Anzahl der Demenzerkrankungen stetig 

zu. Noch immer stellen Frühdiagnose und Prävention bzw. Behandlung von Demenz sowie 

die Erforschung zugrundeliegender biologischer Mechanismen Herausforderungen dar. In 

dieser Dissertation wurden ein Instrument zur Frühdiagnostik und die Wirkung von 

Trainingsprogrammen zur Frühintervention evaluiert. Neben kognitiven Auswirkungen 

wurden dabei auch zugrundeliegende biologische Mechanismen untersucht. Dazu wurden in 

dieser Arbeit die Konzepte der kognitiven und neuronalen Plastizität herangezogen. 

Studie 1 untersuchte die diagnostische Genauigkeit eines Testing-the-Limits (TtL)-

Paradigmas zur Frühdiagnose der Alzheimer Demenz (AD). TtL ist ein dynamisches 

Testverfahren das Breite und Grenzen der kognitiven Leistung misst. Dafür erfasst das 

untersuchte Gedächtnis-TtL-Paradigma neben der bestehenden Leistung in einem Prä-Test 

auch die maximale Leistung nach Hinzuziehen einer optimierenden Enkodierungsstrategie in 

zwei Post-Tests.  Ein Leistungszuwachs nach Anwendung der Strategie wird als Lernpotential 

oder kognitive Plastizität bezeichnet. Im Gegensatz zu gesunden älteren Erwachsenen zeigten 

Patienten mit AD eine eingeschränkte kognitive Plastizität, was zu größeren Unterschieden 

zwischen Patienten und Kontrollen in den Post-Test führte. Mit Hilfe von Receiver-

Operating-Characteristic-Analysen wurden Cutoff-Werte für die AD-Diagnose und die 

diagnostische Genauigkeit bestimmt. Die Post-Tests trennten AD-Patienten von Kontrollen 

mit hoher Sensitivität und Spezifität, auch wenn ausschließlich Patienten mit beginnender AD 

berücksichtigt wurden, was den Nutzen dieses Paradigmas für die Frühdiagnose verdeutlicht. 

Hinsichtlich Präventions- und Interventionsstrategien, wiesen Studien darauf hin, dass 

kognitive und physische Aktivitäten die kognitive und neuronale Plastizität steigern könnten. 

In Studie 2 wurde die Effektivität eines 10-wöchigen, spezifischen, kognitiven bzw. 

physischen Trainingsprogramms zur Steigerung der Kognition bei älteren Erwachsenen mit 

Gedächtnisproblemen als Demenzrisikogruppe untersucht. Der Trainingseffekt wurde 

anschließend mit dem Einfluss bisheriger, regelmäßiger Freizeitaktivitäten verglichen. Es 

ergaben sich keine signifikanten kognitiven Verbesserungen in den Trainingsgruppen im 

Vergleich zur Warte-Kontrollgruppe. Hingegen zeigten sich signifikante Zusammenhänge 

zwischen der Anzahl an Freizeitaktivitäten und dem Verlauf der kognitiven Leistung in 

derselben Stichprobe im gleichen Studienzeitraum. Diese Ergebnisse deuten auf moderierende 

Faktoren hin, die in den Aktivitäten als Teil des Lebensstils und jenen innerhalb der Trainings 

unterschiedlich berücksichtigt sind und die Effekte auf Kognition beeinflussen könnten.  
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Studie 3 beleuchtete in dieser Stichprobe biologische Mechanismen, die der Wirkung von 

traumatischem Stress und kognitiven, körperlichen und sozialen Aktivitäten als Risiko- bzw. 

Schutzfaktoren von Demenz sowie Trainingseffekten zugrunde liegen könnten. Hierbei 

wurden neben dem Neuroplastizitätsmarker brain-derived neurotrophic factor (BDNF) auch 

das Myokin Irisin und Metabolite des Kynurenin-Stoffwechsels im Serum untersucht, die 

jeweils kürzlich in Tierstudien mit positiven Auswirkungen von Bewegung und BDNF in 

Verbindung gebracht wurden. Es zeigten sich sowohl Zusammenhänge von Irisin und 

Metaboliten des Kynurenin-Pfads mit BDNF und der kognitiven Leistung, als auch mit der 

Anzahl kritischer Lebensereignisse. Im Unterschied zu den Zusammenhängen mit Kognition 

(Studie 2), waren die Freizeitaktivitäten nicht mit Veränderungen der Biomarker verbunden; 

dagegen zeigten sich Änderungen in den Konzentrationen von BDNF und dem Metabolit 3-

Hydroxykynurenin nach den beiden 10-wöchigen Trainings. Unterschiedliche Aspekte von 

Aktivität könnten daher Veränderungen auf biologischer und kognitiver Ebene beeinflussen. 

In Studie 4 wurde schließlich in Form einer Übersichtsarbeit mögliche Faktoren für die 

Wirksamkeit von Präventions- und Interventionsprogrammen für Demenz diskutiert, mit 

Fokus auf Aspekten der Neuartigkeit („Novelty“) und Variabilität. In Anbetracht jeweiliger 

Vorteile prozessbasierten kognitiven Trainings und sogenannter Novelty-Interventionen 

wurde ein synergistischer Ansatz abgeleitet, der Aspekte beider Interventionen vereint. Dieser 

Ansatz wurde prozessbasierte Novelty-Intervention genannt und in einer spielebasierten 

Trainingsintervention angewendet. Die Teilnehmer spielten eine Auswahl unterschiedlicher 

Spiele, die Exekutivfunktionen ansprechen, mit einem neuen Spiel in jeder Trainingseinheit. 

Dabei verbesserte sich die Interventionsgruppe im Vergleich zur Kontrollgruppe in den 

Exekutivfunktionen. Zudem wurde in dieser Arbeit die Möglichkeit einer Kombination von 

physischem Training mit kognitiven Herausforderungen durch neue Aktivitäten diskutiert. 

Die Arbeit zeigt, dass die Erfassung kognitiver Plastizität mithilfe des TtL-Ansatzes zu einer 

hohen Genauigkeit in der Demenzdiagnose führt. Weiter zeigt sie, dass kognitive, soziale und 

körperliche Aktivität die kognitive und neuronale Plastizität fördern kann. Allerdings 

scheinen bestimmte Aspekte von Aktivität die Effektivität zu beeinflussen. Diese sind 

vermutlich in den Aktivitäten als Teil des Lebensstils vorhanden, in bestehenden kognitiven 

oder physischen Trainingsprogrammen jedoch noch zu wenig berücksichtigt. Neuartigkeit 

und Abwechslung von Aktivitäten könnten solche Faktoren darstellen. Schließlich zeigt die 

Arbeit, dass neben BDNF auch Irisin und der Kynurenin-Stoffwechsel eine Rolle in der 

Ätiologie der Demenz und der Wirkung von Schutz-und Risikofaktoren spielen könnten.  
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Abbreviations 

3-HK 3-Hydroxykynurenine 

AD Alzheimer’s disease 

Aβ Amyloid beta 

BDNF Brain-derived neurotrophic factor 

FNDC5 Fibronectin type III domain-containing protein 5 

KP Kynurenine pathway 

KYN L-kynurenine 

KYNA Kynurenic acid 

MCI Mild cognitive impairment 

NFT Neurofibrillary tangle 

NMDA N-methyl-D-aspartate 

PGC-1α  Peroxisome proliferator-activated gamma coactivator 1-alpha 

QUIN Quinolinic acid 

ROS Reactive oxygen species 

TtL Testing-the-Limits 
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SYNOPSIS 

1 Introduction 

Maintaining cognitive health in old age is an important topic for research and society as life 

expectancy increases. To date almost 50 million older adults suffer from dementia worldwide 

and numbers are expected to double within the next two decades (Prince et al., 2015). Staying 

cognitively fit in old age is among the issues older adults are most worried about (Jeon, 

Dunkle, & Roberts, 2006). Over 100 years after the first description of the syndrome by Alois 

Alzheimer three main questions remain to be solved within the field of Alzheimer’s disease 

(AD) research: First, how can dementia due to AD be diagnosed early? Second, how can 

dementia be prevented or cured? And third, what are the underlying biological mechanisms of 

the disease and its influencing factors? 

1.1 Cognitive Decline and Dementia  

1.1.1 Definitions 

Dementia – or Major Neurocognitive Disorder – is defined  by significant cognitive decline 

from a previous level in at least one cognitive domain, resulting in an impairment of activities 

of daily living (American Psychiatric Association, 2013). AD is the most prevalent etiological 

subtype (Brunnström, Gustafson, Passant, & Englund, 2009). Mild cognitive impairment 

(MCI; or Mild Neurocognitive Disorder) describes a state of milder cognitive deficits, which 

leaves everyday functioning intact (American Psychiatric Association, 2013; Petersen et al., 

1999). As the risk to develop dementia is increased in individuals with MCI (Emery, 2011), it 

is often referred to as an intermediate and potentially transitional state between normal age-

related decline and dementia. Subjective cognitive decline, which describes self-experienced 

weakening of one or more cognitive domains without any objective impairment in cognitive 

tests (Jessen, Amariglio, et al., 2014), is also associated with an increased risk of dementia 

(Jessen et al., 2010; Jessen, Wolfsgruber, et al., 2014; Reisberg, Shulman, Torossian, Leng, & 

Zhu, 2010). Cognitive impairment in AD typically affects episodic memory first, followed by 

deficits in executive functions and orientation as well as aphasia, apraxia, and agnosia (Burns 

& Iliffe, 2009; McKhann et al., 1984). 
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1.1.2 Neuropathological Hallmarks of AD 

AD is a neurodegenerative disorder, characterized by pathological depositions of amyloid 

beta (Aβ) in extracellular plaques and by intracellular neurofibrillary tangles (NFTs) 

consisting of hyperphosphorylated tau protein (for a review see Goedert & Spillantini, 2006). 

According to the amyloid cascade hypothesis the formation of Aβ protein is the starting point 

for the development of AD with other processes following downstream (Hardy & Higgins, 

1992; Hardy & Selkoe, 2002; Selkoe & Hardy, 2016). Other authors favor more multimodal 

approaches without the assumption of a strictly linear cascade (Buxbaum, 2017; Herrup, 

2015). Aβ peptides result from cleavage from the amyloid precursor protein by β- and γ-

secretases. Aβ42, a peptide with 42 amino acids, is particularly susceptible to aggregation and 

constitutes a main component of the neuritic plaques. It has been demonstrated that Aβ 

oligomers and plaques lead to synaptic dysfunction, neuroinflammation, and oxidative stress 

and enhance the formation of NFTs (Selkoe & Hardy, 2016). 

Tau protein is physiologically involved in the stabilization of microtubules and axonal 

transport (Y. Wang & Mandelkow, 2016). In pathophysiological conditions tau is 

hyperphosphorylated, leading to a disconnection from the microtubules. As a result, tau may 

be mislocalized in other neuronal compartments and aggregate to oligomers and NFTs. The 

loss of normal tau function, toxicity of tau oligomers and the mislocalization of tau molecules 

may contribute to neurotoxicity (Y. Wang & Mandelkow, 2016). The distribution of NFTs in 

the brain can be divided into six stages starting in the entorhinal cortex, spreading to 

hippocampus and limbic structures and finally to the association cortices, thereby 

corresponding well with brain atrophy patterns and clinical AD progression (Braak & Braak, 

1991). NFTs can be detected in the brain long before any clinical symptoms occur (Braak & 

Del Tredici, 2011). 

Within the course of AD, neurodegenerative processes occur including the loss of neurons 

and synapses. These lead to brain atrophy, beginning with marked declines of the 

hippocampus and the medial temporal lobe and reaching temporal, frontal and parietal 

cortices in later stages (Frisoni, Prestia, Rasser, Bonetti, & Thompson, 2009; Pini et al., 

2016). The pattern of atrophy is connected to the clinical progression of AD from impairment 

of episodic memory to further deficits in executive, visuospatial and attentional functions 

(Pini et al., 2016).  
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1.1.3 Further Pathological Processes in AD 

Beside Aβ and tau, other processes are involved in AD pathology and neurodegeneration, 

including disruptions in the cholinergic and glutamatergic neurotransmitter systems, oxidative 

stress and neuroinflammation. These processes are interrelated with each other as well as with 

Aβ and tau aggregation.  

Cholinergic transmission is reduced in AD as a result of declines in choline acetyltransferase 

activity and choline receptor density (Bartus, Dean, Beer, & Lippa, 1982; Wenk, 2006). 

Furthermore, cholinergic neurons in the basal forebrain degenerate early in the course of AD 

(Mesulam, 2004; Terry & Buccafusco, 2003).  

The glutamatergic neurotransmission is also disturbed in AD. Glutamate is an important 

excitatory neurotransmitter and involved in long-term potentiation, learning and memory. 

However, when glutamate is substantially increased in the synaptic cleft, as is the case in AD, 

it can lead to excitotoxicity via overstimulation of N-methyl-D-aspartate (NMDA) receptors, 

which results in an increased influx of calcium ions into the post-synaptic neurons 

(Butterfield & Pocernich, 2003). The glutamate transporters, which transport glutamate out of 

the synaptic cleft and glutamine synthetase, which converts glutamate to glutamine in glia 

cells, are both susceptible to oxidative damage (Butterfield & Pocernich, 2003). Oxidative 

stress plays an important role in AD and describes a condition in which the amount of reactive 

oxygen species (ROS) is imbalanced in relation to antioxidant mechanisms (Honda, 

Casadesus, Petersen, Perry, & Smith, 2004; Reynolds, Laurie, Mosley, & Gendelman, 2007). 

ROS are generated as a by-product of mitochondrial respiration. Thus, a disruption of 

mitochondrial function can cause increased ROS production (Sullivan & Brown, 2005). 

Activated microglia, increased extracellular glutamate levels, but also Aβ peptides can 

increase free radical production (Butterfield, Drake, Pocernich, & Castegna, 2001). Free 

radicals can lead to damages of cell membranes and DNA, protein misfolding and 

aggregation, (further) disruption of mitochondrial function and microglial activation 

(Reynolds et al., 2007).  

Furthermore, neuroinflammation seems to contribute to neurodegenerative disorders 

including AD (Akiyama et al., 2000; Morales, Guzman-Martinez, Cerda-Troncoso, Farias, & 

Maccioni, 2014). Injuries cause the activation of an inflammatory response by increasing 

inflammation markers, such as proinflammatory cytokines, and by activating astrocytes and 

microglia. Aggregated Aβ peptides and NFTs can trigger the inflammatory response and 

activated glial cells are often found close to Aβ deposits and NFTs (Akiyama et al., 2000). 
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While an acute inflammation is useful to prevent further injury, a prolonged activation may 

lead to damage and degeneration of neurons eventually (Morales et al., 2014). For instance, 

activated microglia can increase the production of neurotoxic factors, such as ROS, 

glutamate, quinolinic acid (QUIN), arachidonic acid, nitric oxide and of proinflammatory 

cytokines (Akiyama et al., 2000; Reynolds et al., 2007). 

1.2 Early Diagnosis of AD 

1.2.1 Challenges in AD Diagnosis 

Underlying neuropathological changes precede the first cognitive symptoms of AD for many 

years or even decades (Braak & Del Tredici, 2011; Jack et al., 2013). Thus, the disease is 

already progressed when the first symptoms appear, with a cascade of neurodegenerative 

processes already initiated, which leaves only restricted treatment options. So far, medication 

studies acting on moderate or late AD stages showed little effectiveness (Jeffrey L. 

Cummings, Morstorf, & Zhong, 2014; Gustavsson et al., 2017). Earlier intervention or even 

prevention would be much more effective (Sperling, Jack, & Aisen, 2011). The prospect of 

disease-modifying therapies which might be able to stop progression necessitates an early 

detection of affected or at risk individuals. Even while it is not possible to cure or prevent 

AD, delaying the disease onset substantially reduces the number of affected individuals and 

thus the burden of disease (Brookmeyer, Johnson, Ziegler-Graham, & Arrighi, 2007; Emery, 

2011). In other words, an early detection of disease is a prerequisite for early intervention 

with the aim to delay progression and prolong states of autonomy.  

To date, a definite diagnosis of AD can only be made by identification of the above 

mentioned histopathological markers in brain autopsy (McKhann et al., 1984). Current 

biomarkers in cerebrospinal fluid (Blennow & Hampel, 2003) and neuroimaging (Jagust, 

2006; Klunk et al., 2004; Teipel et al., 2013) aim to reflect the AD-specific pathology and the 

degree of neurodegeneration in the brain. However, these techniques are either fairly invasive 

or are also affected by normal aging processes or important differential diagnoses (Jack et al., 

2005; van de Pol et al., 2006). Despite considerable progress in neuroimaging and laboratory 

diagnostics so far no marker has been identified, which allows an unambiguous identification 

of patients with AD.  

This applies also to the neuropsychological examination, which continues to play a key role in 

the diagnosis of behavioral changes characterizing the transition from the pre-clinical into the 

prodromal AD stage (Dubois et al., 2010). One reason for this uncertainty is that the main 
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symptom of incipient dementia, episodic memory impairment, also occurs in other diseases, 

such as in primary depressive disorders as well as in the context of healthy aging (desRosiers, 

Hodges, & Berrios, 1995). Conversely, beginning dementia is often accompanied by 

depressive symptoms that can mimic a major depression (Leyhe et al., 2017). Furthermore, 

cognitive performance is characterized by a high degree of variability due to inter-individual 

and intra-individual differences. Some of the interindividual differences may be due to the 

cognitive reserve of some individuals (Perneczky et al., 2010) 

1.2.2 Cognitive Reserve and Plasticity in Old Age 

The concept of cognitive reserve has been introduced (Stern, 2002) to explain why individuals 

with substantial pathological brain alterations may impress as cognitively unimpaired in life 

(Katzman et al., 1988). Thereby, cognitive reserve describes the ability to cope with brain 

pathology. While passive models such as the concept of brain reserve focus only on 

biological and genetic parameters, the cognitive reserve concept suggests that reserve can also 

be actively influenced by socio-cultural factors such as the level of education and 

occupational complexity, or the number of intellectual leisure activities (Barulli & Stern, 

2013). It has been postulated that individuals with higher cognitive reserve are more able to 

cope with brain pathology due to the engagement of more efficient or additional strategies and 

neuronal networks during cognitive tasks (Barulli, Rakitin, Lemaire, & Stern, 2013; Barulli & 

Stern, 2013; Stern, 2002). Cognitive reserve has attracted particular interest within the field of 

age-related cognitive decline and dementia, in which the above mentioned factors 

significantly reduce the risk of dementia (Stern, 2006; Stern et al., 1994; Valenzuela & 

Sachdev, 2006). For instance, a lower incidence of dementia has been demonstrated for 

individuals with higher education (Evans et al., 1993; Stern et al., 1994), with higher 

occupational positions (Stern et al., 1994), or for individuals with a higher number of 

cognitive (Wilson et al., 2002) or other leisure activities (Scarmeas, Levy, Tang, Manly, & 

Stern, 2001). 

The ability to increase cognitive performance through specific training or compensational 

strategies is integral of a similar concept, namely the one of cognitive reserve capacity or 

cognitive plasticity (P. B. Baltes, 1987; P. B. Baltes & Schaie, 1976; Willis, Schaie, & Martin, 

2009). Cognitive plasticity refers to an individual’s ability to increase cognitive functioning 

by training or other performance-enhancing conditions, ranging from simple retesting to the 

use of mnemonic strategies or specific cognitive training procedures. Paul Baltes (1987) 

distinguished between baseline performance, as the initial level of performance, assessed by a 
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classic status-oriented test; baseline reserve capacity, referring to the level that can be 

achieved in optimized conditions; and developmental reserve capacity, i.e., the performance 

level which can be reached through longer-termed interventions or development.  

The presence of cognitive reserve and plasticity can make AD diagnostics more difficult, as 

differences in cognitive reserve influence the association of cognitive deficits with the 

severity of underlying disease processes. On the other hand, interindividual differences in 

cognitive plasticity may also be useful to improve AD diagnostics.  

1.2.3 The Testing-the-Limits Approach 

Cognitive plasticity can be measured with dynamic testing approaches, such as the Testing-

the-Limits (TtL) paradigm (P. B. Baltes, 1987; Lindenberger & Baltes, 1995). TtL measures 

cognitive performance before and after the implementation of particular strategies or trainings 

(P. B. Baltes, 1987; Lindenberger & Baltes, 1995). Thereby, the performance in a pre-test, 

before an intervention, reflects baseline performance (equivalent to status-oriented tests), 

while the increase in performance after the intervention reflects cognitive plasticity, also 

referred to as learning potential. 

To date, TtL procedures have been developed and applied with respect to different cognitive 

domains (for a review see Boosman, Bovend'Eerdt, Visser-Meily, Nijboer, & van Heugten, 

2014), including fluid intelligence (M. M. Baltes, Kuhl, Gutzmann, & Sowarka, 1995; 

Schreiber & Schneider, 2007), attention and executive functions (Bherer et al., 2006; Zihl, 

Fink, Pargent, Ziegler, & Buhner, 2014), and episodic memory (Calero & Navarro, 2004; 

Kliegl, Smith, & Baltes, 1989). In the episodic memory TtL paradigm developed by Uttner 

and colleagues (2010) the subjects are seeing pictures which they need to recognize later on. 

After a pre-test, the subjects are given a learning strategy aiming to facilitate memorizing 

items. Healthy older adults usually make less recognition errors after applying this strategy 

(Uttner et al., 2010). 

Originating in the field of developmental psychology to demonstrate age-related differences 

in cognitive plasticity, the measurement of cognitive plasticity has also been proposed for the 

detection of pathological cognitive aging (M. M. Baltes, Kuhl, & Sowarka, 1992). This stems 

from the finding of reduced learning potential in individuals with AD compared to cognitively 

healthy older adults (M. M. Baltes et al., 1992; M. M. Baltes et al., 1995; M. M. Baltes & 

Raykov, 1996; Fernández-Ballesteros et al., 2012; Uttner et al., 2010). While in healthy 

individuals the performance is usually enhanced by the implemented strategies, AD patients 

seem to improve little (M. M. Baltes et al., 1995; M. M. Baltes et al., 1992; M. M. Baltes & 
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Raykov, 1996; Fernández-Ballesteros et al., 2012; Uttner et al., 2010). As a consequence, AD 

patients and controls substantially differ in their maximum cognitive performance, assessed 

with the post-tests after the strategy application (M. M. Baltes et al., 1995; M. M. Baltes et al., 

1992; M. M. Baltes & Raykov, 1996; Fernández-Ballesteros et al., 2012; Schreiber & 

Schneider, 2007). In line with this, the assessment of cognitive plasticity with TtL improved 

the discrimination between individuals with AD and non-demented controls when compared 

to the sole assessment of baseline cognitive performance (Calero & Navarro, 2004; 

Fernández-Ballesteros, Zamarron, & Tarraga, 2005; Raykov, Baltes, Neher, & Sowarka, 

2002; Wiedl, Schöttke, & Garcia, 2001). However, despite the promising data, attempts to 

include dynamic testing approaches into the diagnostic routine remained scarce (Boosman, 

Bovend'Eerdt, et al., 2014). This may be due to often time-consuming TtL paradigms (M. M. 

Baltes et al., 1995; M. M. Baltes et al., 1992; Calero & Navarro, 2004; Raykov et al., 2002), 

but also to a lack of well-validated cutoff values and norms obtained from studies with high 

methodological standards (Boosman, Bovend'Eerdt, et al., 2014). 

In sum, the TtL approach, which enables the assessment of cognitive plasticity, might 

constitute a useful diagnostic instrument for AD detection. Discriminatory power to detect 

also early AD cases and to distinguish them from individuals with major depression (as a 

major differential diagnosis) needs to be proven for these paradigms. Furthermore, cutoff 

values need to be determined to enable their use in the clinical routine. Study 1 of this 

dissertation addressed these open issues. The concepts of cognitive reserve and plasticity 

outlined here are also important for prevention and intervention strategies of dementia, which 

are the focus of studies 2, 3 and 4. 

1.3 Prevention and Intervention 

1.3.1 Prognostic Lifestyle Factors of Dementia 

Numerous observational studies identified various lifestyle characteristics as protective 

factors against cognitive decline and dementia, with physical activity and the maintenance of 

social contacts and cognitively stimulating activities among the most important (Flicker, 

2010; Hertzog, Kramer, Wilson, & Lindenberger, 2008; Middleton & Yaffe, 2010; Qiu, Xu, 

& Fratiglioni, 2010). On the other hand are factors increasing the risk of cognitive decline and 

dementia, including psychological stress (Hikichi et al., 2016).  

With respect to physical activity, a large meta-analysis of prospective studies found that the 

risk of cognitive decline in old age was reduced by up to 38% in persons who were physically 
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active in comparison to sedentary individuals (Sofi et al., 2011). As mentioned above, the 

concept of cognitive reserve describes the ability of certain individuals to cope with 

pathological brain changes (Stern, 2002). With respect to AD a higher cognitive reserve was 

associated with a lower risk of dementia and slower cognitive decline (Stern, 2006; Wilson et 

al., 2002). The risk of dementia was almost 50% lower for individuals with higher education, 

with higher occupational status, or with higher intelligence, or for individuals who maintained 

cognitively stimulating leisure activities, even after controlling for educational and 

occupational status (Valenzuela & Sachdev, 2006).  

Interestingly, the total amount of time spent with an activity seems to be less important for 

protective effects. Rather, the degree of variability in activities seems decisive. Thus, a 

cognitively enriched lifestyle may be implemented by a large variety of cognitively 

challenging activities, rather than a high frequency or intensity of activities (Carlson et al., 

2012; Eskes et al., 2010). Likewise, the number of different physical activities was more 

decisive for the risk of dementia than the estimated amount of energy expenditure (Angevaren 

et al., 2007; Podewils et al., 2005). Besides, multimodality of activities, that is engagement in 

physical, cognitive, and social activity domains, seem to have an accumulating or even 

synergistic effect (Karp et al., 2006). 

In sum, results from prospective studies indicate that higher amounts of physical or cognitive 

activity are linked to reduced risks of cognitive decline and dementia. However, reverse 

causality, i.e., the possibility that cognitively fitter individuals lead more active lifestyles, 

cannot be ruled out in these studies (Hultsch, Hertzog, Small, & Dixon, 1999). Experimental 

studies are needed to make inferences about the causality of effects. Studies with different 

types of cognitive, physical, and lifestyle interventions have addressed this issue. 

1.3.2 Physical Exercise Interventions 

A number of interventional studies confirmed beneficial effects of physical exercise on 

cognitive performance in older adults (Kramer et al., 1999; Voelcker-Rehage, Godde, & 

Staudinger, 2011). However, the reported effects seem to be rather small (for reviews see 

Angevaren, Aufdemkampe, Verhaar, Aleman, & Vanhees, 2008; Kelly et al., 2014; P. J. 

Smith et al., 2010) and other studies even failed to find any effects et all (Barnes et al., 2013; 

Komulainen et al., 2010; Sink et al., 2015). There is less research in samples with MCI or 

dementia and the results are more equivocal (Nagamatsu, Handy, Hsu, Voss, & Liu-Ambrose, 

2012; Suzuki et al., 2012; for reviews see Farina, Rusted, & Tabet, 2014; Scherder, 

Eggermont, Sergeant, & Boersma, 2007). Besides effects on cognition, physical exercise may 
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also influence psychological well-being. For instance, physical exercise has been shown to 

have protective effects against depression, anxiety and negative responses to stress (Salmon, 

2001). 

A number of moderating factors may explain the inconsistency in results. For example, 

studies applied different training regimes, with varying exercise types, intensities, and 

durations. Furthermore, the study populations differed with respect to cognitive status and the 

previous level of activity. Finally, differences in outcome measures and analyzing methods 

might also influence the results. Especially with regard to individuals with an increased risk 

of dementia, more research is needed to clarify the picture. 

1.3.3 Cognitive Training 

The notion that cognitive plasticity is preserved into old age (P. B. Baltes & Lindenberger, 

1988), suggests cognitive activity as a useful tool to improve cognitive functions in old age 

(Greenwood & Parasuraman, 2010). Active models of cognitive reserve include mentally 

challenging activity besides education and intelligence as sources of reserve (Scarmeas & 

Stern, 2003). 

Traditional cognitive training programs comprise strategy-based and process-based trainings 

(Karbach & Verhaeghen, 2014). The latter focusses on the training of specific cognitive 

domains by extended practice in order to improve the performance in this domain. 

Interventional studies with healthy older adults have demonstrated performance increases 

after working memory training (Dahlin, Neely, Larsson, Backman, & Nyberg, 2008; Jaeggi, 

Buschkuehl, Jonides, & Perrig, 2008), training of executive control (Anguera et al., 2013; 

Basak, Boot, Voss, & Kramer, 2008; M.-Y. Wang, Chang, & Su, 2011), and training of other 

cognitive domains (Ball et al., 2002).  

However, effects are usually limited to the trained task or domain. Transfer on untrained tasks 

of the same or other cognitive domains has been demonstrated to a much smaller degree 

(Karbach & Verhaeghen, 2014). For instance in the ACTIVE study, 10 sessions of processing 

speed, reasoning, or memory training had marked effects on the trained domain (Ball et al., 

2002), which remained stable in a 5-year (Willis et al., 2006) and a 10-year follow-up in most 

measures (Rebok et al., 2014). Yet, a transfer of improvements on tasks of other domains or a 

generalization on everyday measures of cognition was very limited. The transfer and 

generalization of cognitive training benefits has caused a heated debate (Noack, Lövdén, & 

Schmiedek, 2014; Simons et al., 2016; Zelinski, 2009). Meta-analyses and systematic reviews 

reported limited evidence for far transfer of strategy- but also process-based cognitive training 
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of different domains (Noack et al., 2014; Noack, Lövdén, Schmiedek, & Lindenberger, 2009; 

Melby-Lervag & Hulme, 2016), although other authors came to different conclusions (Hindin 

& Zelinski, 2012). A problem in some studies is the fact that the applied outcome task often 

shares a large number of (superficial) features with the training task. This makes the outcome 

task unsuitable as a measure of transfer, as it would also be influenced by task-specific 

improvements besides improvements in the targeted ability. An overlap in cognitive demands 

on the other hand is probably necessary to induce transfer (Dahlin et al., 2008; Zelinski, 

Peters, Hindin, Petway, & Kennison, 2014). 

1.3.4 Novel Approaches 

Novel cognitive training approaches include neuroplasticity-based programs, which focus on 

the training of sensory discrimination abilities (Mahncke, Bronstone, & Merzenich, 2006; 

Merzenich, Van Vleet, & Nahum, 2014). The theoretical basis therefor is the finding, that the 

weakening of sensory functions in old age is interrelated to cognitive decline (P. Baltes & 

Lindenberger, 1997; Li & Lindenberger, 2002). Furthermore, age-associated decline in 

sensory abilities may result in a vicious cycle of “negative neural plasticity” (Mahncke, 

Bronstone, et al., 2006): when difficulties in sensory discrimination result in an avoidance of 

situations with complex sensory input, such as social and cognitively stimulating situations, 

the “learned non-use” of the sensory abilities may then again lead to a further degradation of 

sensory and cognitive performance. Correspondingly, an improvement in sensory 

discrimination abilities is expected to transfer on cognitive abilities (Mahncke, Bronstone, et 

al., 2006). Indeed, Mahncke and colleagues (2006) demonstrated a significant improvement in 

verbal memory performance after 10 weeks of auditory discrimination training in older adults. 

Other research groups replicated this finding (G. E. Smith et al., 2009; Zelinski et al., 2011), 

also for the visual domain (Berry et al., 2010), although there are also conflicting results 

(Barnes et al., 2013). Less evidence for a beneficial effect of this approach exists for 

individuals at high risk of cognitive decline or with MCI (Barnes et al., 2009; Rosen, Sugiura, 

Kramer, Whitfield-Gabrieli, & Gabrieli, 2011). 

Besides process-based cognitive training programs also engagement in non-specific 

cognitively challenging tasks, such as leisure time activities, has been demonstrated to 

improve cognition. Recent studies demonstrated that the engagement in novel and cognitively 

challenging tasks resulted in improvements in episodic memory and executive functions 

(Carlson et al., 2008; Park et al., 2014; Stine-Morrow et al., 2014). Novelty of experiences has 
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been hypothesized as an important factor for the benefits on global cognitive performance 

(Greenwood & Parasuraman, 2010).  

Thus, benefits of physical and cognitive activity on cognition have been demonstrated in a 

number of interventional studies, but some questions remain open. First, do the mentioned 

training approaches also help in improving or stabilizing cognition in individuals at risk and 

are there differential effects of cognitive versus physical training? Second, how effective are 

specifically designed training programs in comparison to unspecific (leisure) activities as a 

feature of an engaged lifestyle? And third, which moderating factors are important and need 

to be considered to design an effective training program? These questions are addressed in 

study 2 and study 4 of this dissertation. 

1.4 Biological Mechanisms of Lifestyle and Intervention Effects 

Besides evaluating effects on cognition and clinical outcomes, current research aims to 

unravel the underlying biological mechanisms of lifestyle factors and non-pharmacological 

interventions on the brain. This issue is addressed in study 3. Although neuroimaging 

techniques are able to offer insight into brain alterations in humans, investigating mechanisms 

on a molecular or cellular level often requires the use of animal models (Valenzuela, 

Breakspear, & Sachdev, 2007; Voss, Vivar, Kramer, & van Praag, 2013). In addition to 

general improvements of (intracerebral) blood flow and cardiovascular health or direct effects 

on AD pathology, physical and cognitive activity primarily influences processes of 

neuroplasticity (Cotman & Berchtold, 2007; Valenzuela et al., 2007). 

1.4.1 Neuroplasticity and Neural Reserve 

Neuroplasticity describes the ability of the nervous system to adapt to external and internal 

stimuli by functional and structural alterations. This concerns different levels and includes the 

reorganization of representational cortical maps and alterations of neuronal networks, 

neurogenesis and changes in neuronal morphology, and synaptic plasticity through long-term 

potentiation and long-term depression (for a review see Ganguly & Poo, 2013). Neural 

plasticity enables optimal adaptation of the brain to the requirements of the environment and 

may thus constitute an evolutionary advantage in changing environments (Kempermann, 

2012). It was recognized only in the last decades, that neuroplastic processes, including 

neurogenesis, are possible throughout the lifespan up into older adulthood (Draganski et al., 

2004; Eriksson et al., 1998; Kempermann, Gast, & Gage, 2002). 
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Similar to the concept of cognitive reserve mentioned above, a neural or brain reserve may 

exist, reflecting a neuronal basis for reserve (Satz, 1993). In this regard, reserve may be 

implemented by larger brain volumes or more efficient neuronal networks. Whether brain 

reserve is a substrate of cognitive reserve or is functioning as an independent factor is a matter 

of debate (Greenwood & Parasuraman, 2010; Satz, Cole, Hardy, & Rassovsky, 2011). It has 

also been discussed, whether brain reserve includes only static, passive components (e.g., 

intracranial volumes) which are rather unchangeable during life, or whether it also includes 

components that can be actively modified, such as neurogenesis (Kempermann, 2008; 

Valenzuela, 2008).  

Research in animals and humans has demonstrated alterations in neuroplasticity through 

physical and cognitive activity on various scales (for reviews see Valenzuela et al., 2007; 

Voss et al., 2013). For instance, physical exercise interventions resulted in increased 

hippocampal volumes and reduced cortical atrophy (Colcombe et al., 2006). Increases in grey 

matter volumes have also been shown after learning a new skill, as a complex cognitive 

activity (Draganski et al., 2004). Animal studies often use enriched environment conditions to 

depict cognitively stimulating settings. Compared to standard housing of laboratory animals, 

an enriched environment contains possibilities for social interactions, cognitive stimulation 

and physical exercise. Enriched environment conditions and physical exercise seem to have 

similar effects on the brain (van Praag, Kempermann, & Gage, 2000), including increases in 

neurogenesis (Kempermann et al., 2002; Kempermann, Kuhn, & Gage, 1997; van Praag, 

Christie, Sejnowski, & Gage, 1999), synaptogenesis and long-term potentiation (Levi, 

Jongen-Relo, Feldon, Roses, & Michaelson, 2003; van Praag et al., 1999), as well as 

reductions in apoptosis (Young, Lawlor, Leone, Dragunow, & During, 1999) and alterations 

in neurotransmitter systems (Mora, Segovia, & del Arco, 2007). Interestingly, exercise and 

complex environments also seem to counteract negative consequences of stress to the brain 

(Dishman et al., 2006), such as negative effects on learning and memory (Larsson, Winblad, 

& Mohammed, 2002).  

1.4.2 Brain-Derived Neurotrophic Factor 

Neurotrophins, particularly brain-derived neurotrophic factor (BDNF), play a major role in 

neuroplasticity. They are involved in the generation and survival of neurons, synaptic 

transmission, and synaptic plasticity (Lo, 1995; McAllister, Katz, & Lo, 1999). BDNF is 

highly distributed in brain areas with high plasticity such as the hippocampus and the cerebral 

cortex (Tapia-Arancibia, Aliaga, Silhol, & Arancibia, 2008). Learning increases BDNF 
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expression in the brain of rodents (Alonso et al., 2002; Hall, Thomas, & Everitt, 2000; Schaaf 

et al., 2001) and BDNF expression correlates with learning performance (Croll, Ip, Lindsay, 

& Wiegand, 1998; Ma, Wang, Wu, Wei, & Lee, 1998; Schaaf et al., 2001). Learning, recall 

and long-term memory are impaired, when BDNF function is inhibited, indicating that BDNF 

is essential in these processes (Alonso et al., 2002; Linnarsson, Bjorklund, & Ernfors, 1997; 

Ma et al., 1998). 

In AD, BDNF is reduced in the hippocampus and the cerebral cortex (for a review see Tapia-

Arancibia et al., 2008). Some studies also reported reduced BDNF protein concentrations in 

the serum of AD patients (Forlenza et al., 2010; Laske et al., 2007; Laske et al., 2006; Lee et 

al., 2009; Yasutake, Kuroda, Yanagawa, Okamura, & Yoneda, 2006). Furthermore, reduced 

BDNF serum concentrations were associated with a more rapid cognitive decline in AD 

(Laske et al., 2011).  

A large body of animal research indicates that BDNF is an important mediator of exercise and 

enrichment effects on neuroplasticity and cognition (e.g., Rossi et al., 2006; Vaynman, Ying, 

& Gomez-Pinilla, 2004; for a review see Phillips, Baktir, Srivatsan, & Salehi, 2014). In 

training interventions with older adults, increases in BDNF serum concentrations were 

associated with increases in physical activity during the interventions on the one hand 

(Erickson et al., 2011; Ruscheweyh et al., 2011), and with gains in hippocampal volume and 

cognitive performance on the other hand (Erickson et al., 2011; for a review see Huang, 

Larsen, Ried-Larsen, Moller, & Andersen, 2014). To date, only few studies reported effects of 

cognitive training on BDNF levels. The auditory discrimination training described above led 

to significant increases of BDNF in the serum of schizophrenic patients up to a level of 

healthy controls (Vinogradov et al., 2009). Evidence regarding effects of cognitive training on 

BDNF remains scarce – in particular in older adulthood and dementia. In addition, the 

question arises of how exercise and enrichment lead to BDNF increases in brain and serum. 

1.4.3 The “Exercise Hormone” Irisin 

A couple of years ago, the discovery of irisin attracted attention, especially within the field of 

obesity and metabolic diseases. Boström and colleagues (2012) showed that physical exercise 

increased gene expression of the transmembrane receptor fibronectin type III domain-

containing protein 5 (FNDC5) in the muscle, regulated by peroxisome proliferator-activated 

gamma coactivator 1-alpha (PGC-1α). Irisin, the extracellular part of FNDC5 was then 

cleaved and released into the periphery as a myokine. The authors further showed that irisin 

induced browning of white adipose tissue, which increases energy expenditure (Boström et 
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al., 2012). Thus, a connection between exercise-related changes in the skeletal muscle and 

benefits in tissue outside the muscle was found.  

Soon, speculations arose whether irisin may also play a role in delivering effects of physical 

exercise to the brain. Indeed, Wrann and colleagues (2013) were able to establish a link 

between exercise-induced PGC-1α, FNDC5 and hippocampal BDNF: FNDC5 and BDNF 

gene expression was reduced in neural tissue of PGC-1α knockout mice. Furthermore, the 

intravenous injection of an FNDC5 adenoviral vector increased gene expression of BDNF in 

the hippocampus and the forebrain of wildtype mice (Wrann et al., 2013). Thus, PGC-1α-

induced elevations of FNDC5 (and potentially of irisin) may contribute to an increased 

expression of BDNF in the hippocampus after physical exercise. In addition, pharmacological 

concentrations of irisin increased proliferation of neuronal cells in cell culture (H. S. Moon, 

Dincer, & Mantzoros, 2013) and FNDC5 was involved in neural differentiation of embryonic 

stem cells (Forouzanfar et al., 2015; Hashemi et al., 2013; for a review see Jodeiri Farshbaf et 

al., 2016), underscoring a role in neuroplasticity. In spite of the potential relevance of the 

above mentioned results for the treatment of neurodegenerative diseases, studies in humans 

regarding associations of irisin with cognition remain very scarce with ambiguous results 

(Belviranli, Okudan, Kabak, Erdogan, & Karanfilci, 2016; Fagundo et al., 2016).  

1.4.4 The Kynurenine Pathway 

The kynurenine pathway (KP) has also been associated with training-induced changes in 

BDNF, recently (Agudelo et al., 2014). Interestingly, alterations in the KP were also mediated 

by PGC-1α. The KP is part of the tryptophan metabolism and contains two branches with 

neuroactive metabolites (Zadori et al., 2012). Kynurenine (KYN) is either catabolized to 

kynurenic acid (KYNA) along one of the branches, or to 3-hydroxykynurenine (3-HK), 3-

hydroxyanthranilic acid and QUIN along the other branch.  

As mentioned above, the KP has been linked to neuroinflammation (Zadori et al., 2012). 

Metabolism along the KYNA branch is induced by kynurenine aminotransferases (KATs) and 

mainly takes place in astrocytes within the brain, while the other branch (with 3-HK and 

QUIN) is induced by kynurenine 3-monooxygenase (KMO) and takes place in microglia 

(Heisler & O'Connor, 2015). Proinflammatory signals can induce tryptophan metabolism 

along the KP and can further activate KMO (Zadori et al., 2012). 

AD has been associated with an overbalance of the KMO branch (Schwarcz, Bruno, 

Muchowski, & Wu, 2012). As an agonist at the NMDA glutamate receptor QUIN can 

contribute to glutamate-induced excitotoxicity (Majlath, Toldi, & Vecsei, 2014; Schwarcz, 
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Whetsell, & Mangano, 1983). Furthermore, 3-HK has been implicated in the generation of 

ROS (Okuda, Nishiyama, Saito, & Katsuki, 1998). KYNA, on the other side, is an antagonist 

at the NMDA receptor and can counteract QUIN-induced neurotoxicity (Schwarcz et al., 

2012). Elevations of 3-HK and QUIN have been found in the hippocampus of AD patients 

(Bonda et al., 2010; Guillemin, Brew, Noonan, Takikawa, & Cullen, 2005), indicating a shift 

towards the neurotoxic route over KMO to 3-HK and QUIN. Interestingly, QUIN was 

particularly present within senile plaques and NFTs (Guillemin et al., 2005; Rahman et al., 

2009). Aβ42 can increase QUIN production (Guillemin, Smythe, Veas, Takikawa, & Brew, 

2003), and QUIN on the other hand can induce tau phosphorylation, a process which is 

mediated via the agonistic actions on the NMDA receptor (Rahman et al., 2009). The 

upregulation of KYNA was able to counteract Aβ-induced memory impairment and 

neurodegeneration (Carrillo-Mora, Mendez-Cuesta, Perez-De La Cruz, Fortoul-van Der Goes, 

& Santamaria, 2010). 

The KMO branch is also associated with cognitive deficits. Administration of QUIN 

deteriorated memory performance in rats (Misztal, Frankiewicz, Parsons, & Danysz, 1996; 

Misztal, Skangiel-Kramska, Niewiadomska, & Danysz, 1996), which could be prevented by 

the NMDA-antagonist memantine (Misztal, Frankiewicz, et al., 1996). In a recent study, 

Heisler and O'Connor (2015) demonstrated that inflammation-induced memory deficits in 

mice were in part mediated by the neurotoxic KMO branch, as KMO-/- knockout mice were 

not impaired. Inhibition of KMO lead to an increase of KYNA levels in the murine brain 

accompanied by a decrease in glutamate, improved memory performance, and reduced 

synaptic loss in mouse models of neurodegenerative diseases (Zwilling et al., 2011).  

The KP might also constitute a link between stress and neurodegeneration (O'Farrell & 

Harkin, 2017). Glucocorticoids as well as stress can increase the expression of tryptophan 2,3-

dioxygenase (Green & Curzon, 1975; O'Farrell & Harkin, 2017) and indoleamine 2,3-

dioxygenase (Miura et al., 2008; Pawlak, Takada, Urano, & Takada, 2000), both enzymes 

which convert tryptophan to KYN and thus initiate metabolism along the KP. Agudelo and 

colleagues (2014) showed in an animal study that chronic mild stress increased KYN levels in 

plasma, which is able to cross the blood-brain-barrier. As a consequence, 3-HK was increased 

within the brain, which was associated with an increase of proinflammatory markers and ROS 

and a reduction of BDNF. Within mice overexpressing PGC-1α in the muscle or mice with 

access to running wheels, the mild stress increased expression of PGC-1α and enhanced 

protein levels of KATs in muscle, which were associated with increases of KYNA in plasma 

(Agudelo et al., 2014). In contrast to KYN, KYNA is not able to pass the blood-brain barrier. 
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Thus, an increase of 3-HK and a decrease of BDNF were prevented in these physically active 

mice (Agudelo et al., 2014).  

In summary, irisin and the KP have been identified as possible mediators of exercise effects 

on neuroplasticity in animal studies. Although the relevance of these findings for 

neurodegenerative diseases has been pointed out, effects of cognitive or physical activity on 

irisin and the KP have not been investigated in this population, yet. Study 3 thus evaluated 

associations of irisin and metabolites of the KP with BDNF, cognition, and lifestyle factors as 

well as effects of training on these biomarkers in older adults at risk of dementia. 

1.5 Aims and Outline of the Dissertation 

Despite intensive research, the early diagnosis, prevention and treatment strategies as well as 

the understanding of biological mechanisms still present challenges in the field of dementia. 

This dissertation addressed these topics with a focus on the potential role of cognitive and 

neural plasticity.  

Previous research indicated that the assessment of cognitive plasticity with TtL paradigms 

might improve the detection of individuals with AD at early stages. As either time-extensive 

paradigms or missing cutoff scores and norms prevented the use of such paradigms in the 

clinical routine, the aim of study 1 was to describe the diagnostic accuracy of a time-effective 

memory TtL paradigm and retrieve cutoff scores. Furthermore, the correct identification of 

early AD cases and the differentiation from individuals with depression as a major differential 

diagnosis were evaluated.  

Cognitive plasticity is also the scientific background of training approaches to maintain 

cognitive functioning in old age. Furthermore, neuroplastic processes are assumed to underlie 

potential beneficial effects. Improvements in cognitive performance of older adults have been 

demonstrated after physical exercise and specifically-designed cognitive training 

interventions. A different approach may be unspecific training of cognitive processes by an 

engagement in different cognitively, socially, or physically challenging activities as part of an 

engaged lifestyle. Study 2 investigated differential effects of a physical training program and 

a neuroplasticity-based cognitive training program on global composite measures of cognition 

in a sample at high risk of dementia. Furthermore, the training effects were compared to 

associations of lifestyle activity with cognition.  

Study 3 concerned potential underlying biological mechanisms of lifestyle and training 

effects on cognition. Previous studies suggested a role of the neurotrophin BDNF in 
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mediating effects of activity on neuroplasticity and cognition. Recent animal studies 

established links between the myokine irisin as well as the metabolites of the KP with 

exercise-induced alterations of hippocampal BDNF. However, these very interesting links 

have not yet been investigated in humans within the field of neurodegeneration. Study 3 thus 

investigated associations between concentrations of these biomarkers in serum and cognition, 

lifestyle, and training. 

A problem of traditional, process-based cognitive training approaches is the lack of transfer 

on untrained tasks and cognitive domains. Recent studies also demonstrated broad cognitive 

benefits from unspecific interventions. These probably tap many different cognitive abilities 

by their nature, as they often include a variety of novel and cognitively challenging tasks. In 

study 4 the results of different training approaches are reviewed and the framework for novel 

approaches is established, namely the one of process-based novelty interventions and of 

physically demanding novelty interventions. An interventional study which included a game-

based training of executive functions served as an example for this approach. 
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2 Summary of Dissertation Studies 

2.1 TtL as an Instrument for the Early Diagnosis of AD (Study 1; Küster, Kösel, et al., 

2016) 

Study 1 evaluated a TtL approach as a potential tool for the early diagnosis of AD. As 

described above TtL is a dynamic testing approach designed to measure cognitive plasticity.  

In the applied memory TtL paradigm this is represented by the application of a learning 

strategy aiming to facilitate memorizing items (Uttner et al., 2010). The subjects are asked to 

memorize drawings and to recognize them out of a set of other drawings with similar 

distractors. Thereby the items differ in the depicted activity of a protagonist. The encoding 

strategy involves focusing on what is happening in the pictures. The paradigm includes three 

trials: a pre-test, in which baseline cognitive performance is assessed, followed by the 

instruction of the strategy and two post-test trials, which reflect maximum cognitive 

performance, i.e., cognitive plasticity. Previous studies demonstrated that older adults with 

probable AD profited little from the mnemonic strategy in this paradigm, in contrast to 

cognitively healthy older adults and individuals with depression who both demonstrated 

significant performance enhancements (Uttner et al., 2010). Moreover, this TtL paradigm was 

superior to frequently administered standard neuropsychological tests in discriminating 

between patients with longitudinally confirmed AD and older adults without dementia on an 

individual level, analyzed by means of a cluster analysis (Uttner, Wittig, von Arnim, & Jäger, 

2013). A lack of cutoff scores and norms has restricted the application of the paradigm in the 

clinical routine so far. 

By means of receiver operating characteristic analyses, cutoff scores for the AD diagnosis 

were obtained in study 1 and the diagnostic accuracy of this paradigm was evaluated for 

distinguishing between 57 AD cases and 94 controls without dementia. The sample also 

included patients with early AD as well as controls with depressive symptoms, to depict the 

typical situation in the clinical practice. Optimal cutoff scores were retrieved for each of the 

three trials and for a combination of both post-test trials as well as for a sum-score over all 

three trials.  

The study confirmed that cognitive plasticity was substantially reduced in AD patients 

compared to controls. The diagnostic accuracy was significantly higher for the post-tests than 

for the pre-test, and highest for the combined post-test score. This score was able to 

differentiate between AD patients and controls with a sensitivity of 0.93 and a specificity of 
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0.80. The accuracy in identifying only early AD cases or discriminating AD cases from older 

adults with depression was similarly high. 

Thus, the evaluation of cognitive plasticity, instead of baseline performance, enhanced 

diagnostic accuracy. The reduction of cognitive plasticity is hence an important sign of AD. 

With its high sensitivity and specificity the TtL paradigm meets recommendations for suitable 

diagnostic markers of AD (The Ronald and Nancy Reagan Research Institute of the 

Alzheimer's Association and the National Institute on Aging, 1998). Its application in the 

clinical practice is now possible and recommended, in particular for an early AD diagnosis. 

2.2 Benefits of Lifestyle and Training Interventions on Cognition in a Risk Group for AD 

(Study 2; Küster, Fissler, et al., 2016) 

In this interventional clinical trial, associations between cognitive change over time and both 

an active lifestyle and two different training approaches were evaluated. All of the 54 

participants in this study reported subjective memory complaints and about half of the sample 

further met criteria for MCI, thus constituting a risk group for the development of dementia. 

Robust positive associations between an active physical and cognitive lifestyle and successful 

cognitive aging in observational studies (Sofi et al., 2011; Valenzuela, 2008) contrast with 

inconsistent cognitive benefits of physical and cognitive intervention studies (Ball et al., 

2002; P. J. Smith et al., 2010). Study 2 therefore compared both, associations of an active 

lifestyle with cognitive change and effects of physical and cognitive training interventions on 

cognition over the same study period and within the same sample. 

The lifestyle prior to study participation was assessed with a self-report questionnaire of 

physical, cognitive, and social activities. Participants underwent 10 weeks of either a physical 

training intervention or a neuroplasticity-based, auditory-cognitive training. A wait-list group 

served as a passive control condition. Cognitive performance was measured before and after 

the intervention period as well as at a 3-month follow-up.  

The two training groups did not significantly improve in cognition when compared to the 

wait-list controls. However, the previous lifestyle was significantly associated with change in 

cognitive performance during the same study period: Individuals with a more active lifestyle, 

that is a higher number of different regular activities, had a more favorable change in 

cognitive performance, than individuals with a less active lifestyle. This was particularly the 

case for memory functions, but not for attentional and executive functions. Furthermore, the 



Synopsis – Summary of Dissertation Studies 

29 
 

association of lifestyle with cognitive change was significantly stronger than the one of 

training with cognitive change. 

The results of this study indicate that an active lifestyle is associated with cognitive change 

over time in adults at risk of dementia. Specifically designed trainings on the other hand had 

no – or at least a much smaller effect – on cognitive change in the same time period and 

sample. Thus, an active lifestyle probably contains beneficial properties, which are not yet 

integrated into current training programs. The experienced joy and motivation, the variety in 

and multimodality of the applied tasks, or their intensity and duration may constitute essential 

factors. 

2.3 Biomarkers of Cognition, Lifestyle, and Training Interventions (Study 3; Küster et 

al., 2017) 

In study 3 novel biomarkers as potential underlying biological correlates of training- and 

lifestyle-induced alterations on cognition were evaluated. Mediating biomarkers should be 

associated with the prognostic factors and training on the one hand and with cognition on the 

other hand. Many animal studies and some human studies investigated neurotrophines, 

especially BDNF, as mediators of physical exercise and cognitive stimulation on cognitive 

function (e.g., Neeper, Gomez-Pinilla, Choi, & Cotman, 1995; Young et al., 1999). Results of 

recent animal studies also suggested an involvement of the myokine irisin (Boström et al., 

2012; Wrann et al., 2013) and the metabolites of the KP (Agudelo et al., 2014; H. Y. Moon & 

van Praag, 2014) in the positive effects of (physical) exercise. 

In the sample described in study 2, serum concentrations of BDNF, irisin, and the metabolites 

KYN, KYNA, 3-HK, and QUIN of the KP were investigated. Study 3 evaluated associations 

of these biomarkers with psychosocial stress and with physical, cognitive, and social activity 

as lifestyle risk and protective factors of dementia, respectively. In addition, associations of 

the biomarkers with composite measures of cognition were analyzed. In a second step, 

alterations in the biomarker concentrations after the 10 week physical or cognitive training 

program were evaluated in comparison to the passive wait-list control group. 

Irisin was associated with BDNF and with memory performance and global cognitive 

performance, which confirms a role of irisin in neuroplasticity, as suggested by prior animal 

studies (H. S. Moon et al., 2013; Wrann et al., 2013). Furthermore, the neurotoxic metabolite 

QUIN was negatively associated with attentional and executive functions. Regarding the risk 

and protective factors, the number of critical life events, as measure of lifetime psychosocial 
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stress, was negatively associated with BDNF and positively with the neurotoxic metabolite 3-

HK. The amount of the self-reported, regular leisure activities was not associated with any of 

the biomarkers. There was, however, an increase in BDNF serum concentrations in the two 

training groups and a decrease of 3-HK in the cognitive training group, in comparison to no 

changes in the control group.  

The study thus confirms associations of irisin and the KP with neuroplasticity and cognition 

in older adults at risk of dementia and of stress with BDNF and the KP. Regarding activity, 

the short-term training interventions were associated with alterations in 3-HK and BDNF, but 

not the number of regular leisure activities. Further research is needed to confirm these results 

and to promote our understanding on how protective lifestyle factors against dementia take 

effect on the brain and on cognitive functioning. 

2.4 Novel Cognitive Training Approaches to Benefit Global Cognition (Study 4; Fissler, 

Küster, Schlee, & Kolassa, 2013)  

As a review article, study 4 outlines the current state of research on cognitive intervention 

approaches which aim to improve cognition in old age and prevent cognitive decline and 

dementia. Therefore, it describes results from process-based cognitive trainings on the one 

hand and novelty interventions on the other hand.  

Process-based trainings are designed to train specific, theory-driven abilities or processes, for 

instance working memory. While interventional studies demonstrated large effects of this 

approach on tasks equal or similar to the trained one, a transfer to other tasks and thus a 

generalization on higher cognitive ability levels has been less consistently reported (Karbach 

& Verhaeghen, 2014; Noack et al., 2014). This may be due to a low variety in training tasks 

resulting in learning specificity, i.e., an activation of lower-order processes needed to perform 

well in the specific task, but no training of the targeted ability itself. By contrast, novelty 

interventions are not designed to train a specific cognitive ability. They share the common 

feature of learning a novel skill comprising a high variety of tasks. Examples are taking a 

computer course or learning a new language. Although not designed for this purpose, novelty 

interventions also yielded positive effects on a wide range of cognitive abilities (Park et al., 

2014; Stine-Morrow et al., 2014), though the effects were smaller compared to the ones of 

process-based training. Furthermore, novelty has been shown to enhance intrinsic motivation. 

Considering the advantages of both intervention types, a synergistic approach is proposed 

which may enhance the effectiveness of cognitive training. By introducing novel tasks into 
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process-based training programs, learning specificity might be overcome while specific 

abilities are still targeted. This approach was termed process-based novelty intervention. 

Importantly, novelty and variation of tasks should be implemented on the level on which 

generalization is desired. That is, if a broad cognitive ability, such as executive functions is to 

be trained, variation should be implemented on the level of tasks, tapping different aspects of 

executive functions, rather than, for instance, on the stimulus level, by varying different sets 

of stimuli in the same task.  

To evaluate the proposed intervention approach, a pilot study was conducted with a procedure 

aiming to train executive functions, using card and board games. The selection of games was 

based on their demands for executive functions. Novelty was implemented by adding new 

games in every training session. Improvement in a composite score of executive functions in 

the experimental group after 15 training sessions, as compared to a control group, confirmed 

the potential of this approach. 

Study 4 further discusses a second synergistic training approach which combines novelty 

with physically demanding elements, the so-called physically demanding novelty intervention. 

While physical activity may facilitate neural plasticity, for example by enhancing 

neurotrophic factor levels, the novel cognitive task may guide these plastic changes, e.g. by 

enabling experience-dependent synaptic plasticity. Evidence for the efficacy of this 

synergistic approach comes from studies applying multimodal interventions, such as dancing 

(Kattenstroth, Kalisch, Holt, Tegenthoff, & Dinse, 2013) or Tai Chi (Wayne et al., 2014). In 

these interventions, novel tasks are learned in the context of physical activity. The review 

concludes with the outlook to evaluate both approaches in larger cohorts. Thereby incidence 

of dementia should be the primary endpoint.  
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3 General Discussion 

The studies of this dissertation addressed current challenges in dementia research, namely the 

early diagnosis of AD, possible preventive and interventional strategies, and the investigation 

of neurobiological mechanisms underlying the development of the disease and its influencing 

factors. Study 1 showed that the TtL, as a measure of cognitive plasticity, is a useful tool for 

the early diagnosis of AD. AD patients demonstrated a reduced learning potential, as they 

profited less from the implementation of an encoding strategy in the TtL paradigm. Measuring 

learning potential increased the diagnostic accuracy in comparison to the static baseline 

measurement of cognitive performance. In particular with the post-tests the TtL paradigm was 

able to differentiate between cases with AD and control individuals with a high specificity 

and sensitivity. This was also the case for the identification of patients with early, mild AD.  

The result that plasticity is already reduced in early AD also underscores the need for 

prevention and early intervention, while there is still potential for plasticity. Training 

approaches aim to induce cognitive and neural plasticity and to increase cognitive reserve 

thereby. Study 2 showed that physical, cognitive, and social activity implemented into an 

active lifestyle was highly associated with cognitive change over time. This association was 

stronger than the ones of specific cognitive or physical training programs with cognition in 

the same time frame and sample. Thus, further characteristics of the activities comprised by 

an active lifestyle, such as higher intrinsic motivation, higher variety, or multimodality may 

be decisive and missing in current training procedures.  

Study 3 evaluated novel biomarkers which had been associated with neuroplasticity as 

potential correlates of lifestyle and training effects on cognition. In contrast to the lack of 

effects on cognition, there were training-induced alterations in the neuroplasticity marker 

BDNF in serum and in the KP. The KP had been associated with physical exercise in animal 

studies. Furthermore, the “exercise hormone” irisin was associated with BDNF and cognitive 

performance. The results thus indicate that neuroplasticity is enhanced by training in older 

adults at risk of dementia and is associated with irisin and the KP.  

Finally, the review related to study 4 argued that introducing elements of novelty to classic 

process-based cognitive training programs or combining them with physical training 

programs may yield larger effects on cognition than current approaches and increase transfer 

on untrained tasks. In a pilot trial, the process-based novelty intervention targeting executive 

functions substantially increased performance in executive control. 
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3.1 Cognitive Plasticity as a Clinical Marker for AD 

Earlier studies indicated that cognitive plasticity is reduced in individuals with AD in 

different TtL paradigms (M. M. Baltes & Raykov, 1996; Fernández-Ballesteros et al., 2012; 

Uttner et al., 2010). Therefore, TtL has been suggested as a useful approach to differentiate 

AD cases from older adults without dementia (M. M. Baltes et al., 1995; Fernández-

Ballesteros et al., 2012; Schreiber & Schneider, 2007; Uttner et al., 2010). However, the lack 

of cutoff values or norms prevented the use of TtL paradigms in the clinical practice so far. 

Study 1 obtained cutoff scores for a TtL paradigm in the episodic memory domain which 

allow the identification of AD cases with high sensitivity and specificity. As alterations in 

episodic memory are among the earliest symptoms in the course of AD (J. L. Cummings, 

Dubois, Molinuevo, & Scheltens, 2013), this might be a particularly sensitive paradigm. 

Furthermore, this paradigm can be administered within a comparably short time frame. 

Altogether the TtL paradigm is now suitable to be implemented in the clinical routine of AD 

diagnostics.  

As a particular strength of study 1, the paradigm was also tested in its ability to detect 

individuals with beginning AD and to differentiate AD cases from older adults with 

depression. This reflects the situation in the clinical praxis where individuals with memory 

complaints but unclear etiology seek help. Including only a restricted sample, e.g., of 

moderate to severe AD cases on the one hand and healthy controls on the other hand, can lead 

to an overestimation of diagnostic accuracy (Ransohoff & Feinstein, 1978). In a next step the 

diagnostic accuracy of the TtL paradigm should be evaluated for distinguishing AD cases 

from other dementia subtypes and for detecting even earlier, preclinical cases, in which the 

diagnosis can be confirmed by longitudinal assessment. Moreover, as a tool measuring 

cognitive plasticity, TtL paradigms may be useful to predict cognitive improvements in 

longer-termed interventions or rehabilitation (Boosman, Visser-Meily, Ownsworth, Winkens, 

& Van Heugten, 2014). 

Assuming that cognitive reserve is implemented by larger or more efficient neuronal networks 

and a wider array of strategies and compensating mechanisms (Barulli & Stern, 2013), the 

result that AD patients show reduced cognitive plasticity, i.e., reduced profit from alternative 

strategies, is interesting. In reverse this might imply that cognitive reserve is depleted in AD 

and dementia occurs when no possibilities are left to compensate disrupted processes. Thus, 

we probably need to intervene even earlier, while there is still potential for plasticity which 

can be utilized and increased, e.g., with specific activities or training programs. 
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In sum, cognitive plasticity is reduced in early AD and is therefore an important marker for 

the early diagnosis of dementia. TtL approaches may also be useful for evaluating disease 

prognoses. The other studies in this dissertation addressed the utilization of cognitive and 

neural plasticity by an active lifestyle and specific training programs. 

3.2 Activity as an Important Agent towards Successful Aging 

Observational studies consistently demonstrated beneficial associations of activity with 

cognition and risk of cognitive decline or dementia, indicating that cognitive reserve might be 

enhanced by (cognitive) activity (Sofi et al., 2011; Valenzuela & Sachdev, 2006). In contrast, 

results of interventional training studies were less consistent. Some reported significant 

effects of physical or cognitive training programs in older adults (Jaeggi et al., 2008; P. J. 

Smith et al., 2010) and in individuals with MCI (Baker et al., 2010; Lautenschlager et al., 

2008), while others failed to find effects (e.g., Barnes et al., 2013; Sink et al., 2015). In study 

2, a multimodal physical training program and an auditory-cognitive training program based 

on principles of neuroplasticity did not lead to any significant effects on cognition, while an 

active lifestyle was associated with cognitive benefits. One explanation for the discrepancy 

between results of observational and experimental findings may be the possibility of reverse 

causality or influencing third variables.  

Besides that, the constellation of results suggests the existence of important moderating 

factors which differ between training procedures and observed lifestyle activities and 

influence their outcome. These factors may for instance include the meaningfulness, the 

motivation and the pleasure experienced in activities, probably more applicable to leisure 

activities than to training programs. In addition to a direct influence on the cognitive outcome 

these factors may also be important for the adherence to activities for a longer time period. 

The duration and intensity of activities, e.g., of physical exercise, has been discussed as a 

moderating factor before (Angevaren et al., 2007). Interestingly, results of recent studies 

suggested, however, an influence of variety of activities rather than of intensity (Carlson et 

al., 2012; Eskes et al., 2010). Study 2 thus operationalized lifestyle by the number of different 

regular activities. The number varied substantially between the participants and was 

associated with cognitive change in this study. In contrast to the specific, but more narrowed 

training procedures with only a limited number of different activities, the variety in the leisure 

activities was much higher.  
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Aspects of variability and novelty in activities were also the focus of the review article (study 

4). These factors may be especially important for enabling transfer of training benefits on 

untrained tasks and thus the generalization of training effects on broader cognitive abilities. 

Incorporating the aspects of novelty and variability into existing process-based cognitive 

trainings or physical exercise approaches may be one way to improve the effectiveness of 

training. In the pilot study, the experimental group played games targeting different aspects of 

executive control and improved in a latent score of executive control. In this intervention, the 

novelty aspect was implemented by introducing a new game in every training session. 

Novelty may also arouse curiosity and both aspects may be essential for cognitive and 

neuronal plasticity (Greenwood & Parasuraman, 2010; Kang et al., 2009). 

A further possible influencing factor is the multimodality of activities (Karp et al., 2006). For 

instance, a combined cognitive and physical training approach may yield larger effects on 

cognition than either cognitive or physical training alone (Barnes et al., 2013; Fabel et al., 

2009; Fabre, Chamari, Mucci, Massé-Biron, & Préfaut, 2002). In line with this, activities, 

which by their nature constitute a challenge to physical, cognitive, and social demands, such 

as dancing, also had positive effects on cognition (Kattenstroth et al., 2013) and 

neuroplasticity, i.e., BDNF levels (Müller et al., 2017). In order to improve effectiveness of 

prevention and intervention approaches against dementia, the above-mentioned influencing 

factors need to be systematically investigated. For instance, a program which incorporates the 

factors of variability and novelty of training tasks, such as the one applied in our pilot study 

(study 4), should be compared to an active control group with similar tasks but less variability 

and no novel tasks. Factors proving essential for beneficial effects on cognition can then be 

implemented in future intervention programs.  

Besides the characteristics of the training programs, characteristics of the participant may also 

influence the outcome of an intervention approach. The participants of study 2 were fairly 

active, which reflects the situation of many help-searching individuals in memory clinics. 

However, other studies often recruited only sedentary individuals (Erickson et al., 2011; Sink 

et al., 2015). The former activity level probably influences the effectiveness of a training 

approach (Kelly et al., 2014). To maximize their effectiveness, interventions will need to be 

more specific to the individual, with an assessment of an individual risk profile and a 

matching training recommendation.  

A further issue of previous cognitive training studies is that transfer on untrained tasks is not 

uniformly defined (Lovden, Xu, & Wang, 2013; Noack et al., 2014). To consider far transfer, 
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transfer measures should share few task-specific characteristics with the training tasks and 

only overlap in the common ability which is targeted. Furthermore, applying a number of 

different, reliable outcome tasks which target the same ability enables the formation of latent 

scores. These reflect the underlying cognitive ability better and are less influenced by task-

specific components. Highly reliable composite measures of global cognition and cognitive 

domain scores were therefore used in the interventional studies of this dissertation (studies 2, 

3, and 4). To further optimize training tasks and generalization to higher ability levels, 

transfer models are needed, which explain the relationship and overlap between cognitive 

abilities and their underlying neuronal correlates (Noack et al., 2014). 

In sum, the intervention studies of this dissertation demonstrated that cognitive plasticity, i.e., 

an improvement in cognitive performance was possible in older adults and individuals at risk 

of AD. Factors which influence the increases in performance need to be further evaluated. In 

addition, the question arises whether and how cognitive change is related to processes of 

neuroplasticity. 

3.3 Novel Biomarkers for Stress- and Training-Related Changes in Neurodegenerative 

Diseases 

Unraveling the biological mechanisms of training and lifestyle risk and protective factors of 

dementia is important in many ways: It can help to understand the mode of action of a healthy 

lifestyle and of training and it can shed light on the etiological mechanisms of the disease. 

With this knowledge, treatment concepts may be improved and eventually individualized.  

The KP (Agudelo et al., 2014) and irisin (Boström et al., 2012) have been discovered in recent 

animal studies as potential mediators of exercise benefits on depression and obesity, 

respectively. A potential relevance of these markers in the field of neurodegenerative 

disorders had been suggested (H. Y. Moon & van Praag, 2014; Xu, 2013), but not yet 

investigated in the targeted human population. 

Study 3 demonstrated that serum concentrations of irisin and metabolites of the KP were 

indeed associated with cognitive performance and the neuroplasticity marker BDNF in older 

adults at risk of AD. Furthermore, exposure to critical, stressful life events was associated 

with higher levels of 3-HK and reduced levels of BDNF in serum. Finally, in contrast to 

cognition in study 2, serum concentrations of the biomarkers 3-HK and BDNF were not 

influenced by the amount of leisure activities, but by the specific training programs. 
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Thus, lifestyle and training programs had differential associations with cognition and 

biomarker levels. While the biomarkers seem to be altered by the rather short-term, specific 

cognitive or physical training programs, cognitive performance was associated with 

unspecific, but presumably longer-termed activity as a factor of lifestyle. Irisin levels 

remained unchanged also after the training programs. Alterations in irisin may thus be even 

more transient and only detectable during a shorter time-frame after an acute bout of physical 

exercise (Huh, Siopi, Mougios, Park, & Mantzoros, 2015; Zügel et al., 2016). Taken together, 

the constellation of the results of study 2 and 3 indicate that biomarkers may change only for 

a restricted time-frame after activity, while longer exposure to a variety of activities is needed 

to enable changes in cognition. 

Irisin and BDNF were both correlated with cognition and with each other. Thus, BDNF might 

be a mediator between irisin and cognition. However, other biological mechanisms may also 

mediate the relationship. The expression of FNDC5 from which irisin is cleaved is regulated 

by the transcriptional coactivator PGC-1α. Both, irisin and PGC-1α have been implicated in 

mitochondrial biogenesis, mitochondrial functioning and oxidative stress (Jodeiri Farshbaf et 

al., 2016). As mentioned in the Introduction section, oxidative stress and mitochondrial 

functioning play important roles in AD (Honda et al., 2004; Lin & Beal, 2006). Irisin may 

therefore also influence cognition by acting on mitochondrial function. None of the KP 

metabolites was associated with BDNF serum concentrations. Thus, other links may be even 

more relevant for their connection to cognition. KP metabolites have been associated with 

processes of neuroinflammation and oxidative stress (Okuda et al., 1998; Zadori et al., 2012). 

Furthermore, QUIN is an agonist at the glutamatergic NMDA receptor and may thus enhance 

glutamatergic excitotoxicity (Majlath et al., 2014), which contributes to AD pathology.  

The link between critical, stressful life-events and 3-HK as well as BDNF serum levels 

indicates that changes in the KP and in BDNF concentrations may be some of the 

mechanisms underlying effects of stress on cognition. Individuals who experienced stressful, 

traumatic life events have an increased risk to develop AD (Hikichi et al., 2016; H. X. Wang, 

Wahlberg, Karp, Winblad, & Fratiglioni, 2012). Stress and pathological aging share a number 

of underlying biological mechanisms (Pardon, 2007). Thereby the amount of stress may be 

important for its effects on brain and cognition. While chronic or severe stress may lead to 

deleterious effects, mild stress may have protective effects, as it can induce self-defense 

mechanisms and thus increase stress tolerance (Pardon, 2007; Stranahan & Mattson, 2012b; 

see also discussion below). 
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Our results have to be regarded as preliminary and need further investigation in large-scale 

studies. Study 3 demonstrated alterations in the neuroplasticity marker BDNF in relation to 

stress and training. It also showed that irisin and the kynurenine metabolites were associated 

with neuroplasticity, cognition, stress, and training and may thus be relevant novel biomarkers 

for training- and lifestyle-associated effects in neurodegenerative diseases. These markers 

should be further investigated in AD and in training and other treatment studies. Thereby a 

focus should be laid on identifying the specific time frame of exercise effects, the potential 

relationship of the novel biomarkers with cognitive improvements, and their influence on 

neuroplasticity. This may increase our understanding of the etiology of cognitive decline and 

AD and also yield starting points for the development of novel treatment strategies, including 

pharmacological ones. 

3.4 Fostering Cognitive, Neural, and Metabolic Reserve 

Over the last years, different concepts of reserve and plasticity have been developed in 

different research contexts, which are linked to one another. Regarding cognitive reserve, 

more active models have been proposed (Barulli & Stern, 2013). These assume that reserve is 

alterable and can be built up throughout life, for instance by regular, cognitively challenging 

activities. Barulli and Stern (2013) also proposed manifestations of cognitive reserve, namely 

as an ability to engage better strategies and more efficient networks. This moves the concept 

closer to the one of cognitive plasticity, which describes the individual range of cognitive 

performance including improvements by the application of strategies and by training (Willis 

et al., 2009). In conclusion, individuals with higher cognitive reserve may have a larger range 

of cognitive performance with more learning potential. Reserve might be built up by 

cognitively challenging activities and expressed by a larger set of strategies and compensating 

mechanisms for difficult tasks. In this context, the idea that novelty and variability of 

activities promote plasticity seems plausible, as these require and thus foster a larger variety 

of cognitive processes and strategies. 

Models of neural or brain reserve usually described reserve as a rather fixed and 

unchangeable construct (Barulli & Stern, 2013). Lately, Kempermann (2008) proposed 

neurogenic reserve as a component of cognitive and neural reserve, which also allows for a 

more active model in this respect, with modifications throughout life. In this model, physical 

activity enhances neurogenesis, yielding a reserve of new neurons, which can be embedded 

into neural circuits during novel, cognitively challenging situations in order to enable 

adaptation to the environment. In this way, neurogenesis might facilitate learning and thus 
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contribute to an enhanced adaptation to novel environments (Kempermann, 2008). Finally, 

some authors see neuroplasticity as a precondition of cognitive plasticity, whereby novelty 

and cognitive challenges, physical exercise and nutrition influence both (Greenwood & 

Parasuraman, 2010). In the studies 2 and 3 changes in cognition and in neuroplasticity were 

differentially influenced by leisure activities and training programs, respectively. This 

constellation of results does, however, not contradict the proposed relationship between 

cognitive and neural plasticity. It is possible that processes of neuroplasticity are influenced 

by specific activities after a shorter time and lead to cognitive alterations only when a wider 

spectrum of activities is maintained for a longer time period. 

Given the effects of physical exercise and nutrition on brain and cognition, a further concept 

has recently been added, the one of metabolic reserve (Stranahan & Mattson, 2012a). 

Individuals with high metabolic reserve are assumed to have neuronal circuits which are able 

to adapt to challenges to the cellular energy metabolism (Stranahan & Mattson, 2012a). 

Physical exercise, cognitive challenges and caloric restriction are such bioenergetic challenges 

and can be regarded as mild stressors to neurons. These stressors can cause the rise of 

glucocorticoids (Rothman & Mattson, 2013) and ROS (Radak, Chung, & Goto, 2005) at first. 

However, they also lead to adaptations of the cellular mechanisms, which are protective in the 

long run, for example by activating mitochondrial biogenesis and antioxidants (Raefsky & 

Mattson, 2017). Individuals with higher metabolic reserve are thus better prepared to 

energetic challenges in the future. Interestingly, BDNF is regarded as a key mediator for these 

adaptations (Stranahan & Mattson, 2012a). In line with the hypothesis of metabolic reserve, 

the intensity of stress is decisive for its consequences on brain and cognition. In contrast to 

severe, chronic stress, as evaluated in study 3, mild stress, as also induced by exercise or 

cognitive challenges, may increase neurotrophines and thereby enhance resilience against 

more severe stressors (Rothman & Mattson, 2013).  

That physical exercise influences cognitive and neuronal plasticity may have evolutionary 

backgrounds. In ancient times, physical exercise was intrinsically tied to cognitive processes 

and the purpose of finding food, shelter or other resources (Kempermann et al., 2010; 

Mattson, 2012). Learning and neuroplasticity thereby constituted an evolutionary advantage 

as they enabled the individual to adapt to changing, complex environments. Neuroplastic 

adaptations were in particular required in novel situations which were physically or 

cognitively challenging (Kempermann et al., 2010). Considering this background, an active 

lifestyle with physical and cognitive challenges (study 2) or synergistic training approaches, 
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such as the physically demanding novelty interventions suggested in study 4, reflect 

evolutionary natural situations, which required plasticity. 

3.5 Implications and Outlook 

The results of this dissertation have practical implications for the diagnosis and treatment of 

dementia, but also provide new starting points for further research. The early diagnosis of AD 

is improved when considering cognitive plasticity with the TtL approach. After defining 

cutoff scores in study 1 the memory TtL paradigm can now be applied in the clinical praxis. 

In a next step it should be evaluated whether this tool is also suitable for distinguishing 

between AD and differential diagnoses, in particular other dementias, and whether prognoses 

can be made in even earlier stages, e.g. in individuals with only subjective memory decline. 

Considering that the TtL measures learning potential, it might furthermore constitute a useful 

tool to make prognoses about cognitive changes, e.g., when evaluating the efficacy of a 

therapy or training approach. 

The association of an active lifestyle with benefits in cognition in study 2 confirms that 

lifestyle-associated, non-pharmacological prevention strategies are useful and important. The 

engagement in physical, social, and cognitive activities should thus be recommended and 

supported by health care systems. With respect to small effects of current specific training 

programs, potential moderating factors, such as the novelty of experiences, need to be 

experimentally manipulated and evaluated. This can help to design more efficient 

interventional approaches, which tap the full potential of cognitive plasticity. It may also 

enable preparing more individualistic training procedures, which are novel and challenging 

for the individual.  

Study 3 provided first evidence, that irisin and the KP play a role in the training-associated 

benefits on neuroplasticity and cognition, confirming results of previous animal studies. 

Further evaluation of neurobiological markers of dementia and influencing factors such as 

stress and activity are needed. This will also help to broaden our understanding of the 

pathology of dementia and to derive further (pharmacological) treatment options. 

3.6 Conclusions 

This dissertation demonstrated that cognitive and neural plasticity constitute important aspects 

in the diagnosis, prevention, and treatment of dementia. Cognitive and neuronal plasticity is 

possible in old age and may be enhanced by physical, social, and cognitive activity. However, 
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important moderating factors need to be considered, which influence the efficacy of cognitive 

or physical training interventions. Novelty and variability of activities are probably some of 

these influencing components. These can be integrated into existing interventional approaches 

to increase transfer on untrained tasks. In addition to BDNF, the KP and irisin seem to play a 

role in mediating effects of exercise on cognition. Further investigation is necessary to better 

understand their role in neurodegenerative diseases, neuroplasticity, and protective lifestyle 

behavior. Chronic or severe stress on the contrary is associated with reduced neuroplasticity. 

Furthermore, cognitive plasticity is reduced in individuals with beginning AD. The TtL 

paradigm makes use of this finding and improves early diagnosis of AD. This finding also 

underscores the need for prevention and early intervention. As this may require identifying 

individuals at risk of cognitive decline, before symptom onset, the TtL paradigm should be 

tested in its ability to identify pre-symptomatic individuals with low cognitive plasticity. An 

extended investigation of moderating factors related to individual and training properties is 

necessary to enable individualized prevention approaches, depending on an individual’s risk 

profile, and to foster plasticity to a higher degree. 
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Abstract. Individuals with higher cognitive reserve are more able to cope with pathological brain alterations, potentially due
to the application of more efficient cognitive strategies. The extent to which an individual’s cognitive performance can be
increased by advantageous conditions differs substantially between patients with Alzheimer’s dementia (AD) and healthy
older adults and can be assessed with the Testing-the-Limits (TtL) approach. Thus, TtL has been proposed as a tool for the
early diagnosis of AD. Here, we report the diagnostic accuracy of a memory TtL paradigm to discriminate between AD
patients and controls. The TtL paradigm was administered to 57 patients with clinically diagnosed AD and 94 controls.
It consisted of a pre-test condition, representing baseline cognitive performance, the presentation of an encoding strategy,
and two subsequent post-test conditions, representing learning potential. Receiver operating characteristic (ROC) curves
were analyzed for each condition in order to receive optimal cutoff points along with their sensitivity and specificity and to
compare the diagnostic accuracy of the conditions. Differentiation between AD patients and controls, indicated by the area
under the ROC curve, increased significantly for the TtL post-test and total error scores compared to the pre-test score. The
combined error score in the two post-tests could differentiate between AD patients and controls with a sensitivity of 0.93 and
a specificity of 0.80. The presented approach can be carried out in 25 minutes and thus constitutes a time- and cost-effective
way to diagnose AD with high accuracy.

Keywords: Alzheimer’s disease, cognition, cognitive reserve, dementia, diagnosis, neuropsychology

INTRODUCTION

The Testing-the-Limits (TtL) approach assesses
learning potential, i.e., the extent to which an indi-
vidual’s cognitive performance can be improved by
performance-enhancing conditions, such as specific
training or the application of compensation strate-
gies [1, 2]. The ability to cope with pathological
brain alterations through the engagement of more
efficient neural networks and cognitive strategies is

1These authors contributed equally to this work.
∗Correspondence to: Dr. Ingo Uttner, Department of Neurol-

ogy, Ulm University, Oberer Eselsberg 45, 89081 Ulm, Germany.
Tel.: +49 731 177 0; Fax: +49 731 177 1202; E-mail:
ingo.uttner@uni-ulm.de.

an integral content of the cognitive reserve con-
cept [3, 4]. As patients with Alzheimer’s dementia
(AD) profit less from such conditions than healthy
older adults, TtL has been proposed as a tool for
the early diagnosis of AD [5, 6]. Despite promising
data [7–11], attempts to include TtL into the diagnos-
tic process remained scarce [12], potentially due to
time-consuming paradigms [5, 6, 8, 11] and a lack of
well-validated cutoff values and norms [12].

We introduced a TtL paradigm focusing on
episodic memory with a short administration time
[13]. It includes a pre-test, followed by the imple-
mentation of an encoding strategy and two post-tests.
In former studies we demonstrated that mild AD
patients profited little from the mnemonic strategy in

ISSN 1387-2877/16/$35.00 © 2016 – IOS Press and the authors. All rights reserved
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this paradigm, in contrast to cognitively healthy older
adults and individuals with depression, who both
demonstrated a significant increase in performance
[13]. Moreover, the TtL paradigm was superior to
standard neuropsychological tests in discriminating
patients with longitudinally confirmed AD from older
adults without dementia in a cluster analysis [14],
and the assessed learning potential correlated with
amyloid-� (A�42) in cerebrospinal fluid (CSF) [15],
a surrogate biomarker for amyloid deposition in the
brain [16]. To strengthen its application in clinical
practice, the aim of this study was now to describe cut-
off scores for AD diagnosis as well as the diagnostic
accuracy of this paradigm.

MATERIALS AND METHODS

Participants

The sample consisted of 57 patients with AD
(age: M = 74.4 years, SD = 8.1 years; Mini-Mental
State Examination [MMSE]: M = 23.8, SD = 3.5),
and 94 controls without AD, including 42 individ-
uals with depressive symptoms (age: M = 65.7 years,
SD = 8.5 years; MMSE: M = 28.1, SD = 2.4; Geriatric
Depression Scale [GDS]: M = 5.57, SD = 3.84) and

52 healthy older adults (age: M = 68.3 years, SD = 8.9
years; MMSE: M = 29.1, SD = 1.0). The sample com-
prised two cohorts. The first one was described in
earlier studies [13–15] and included 37 participants,
recruited from 2003 to 2006. To increase sample size,
a second and larger cohort of 114 participants was
prospectively recruited and assessed between 2011
and 2013. The two cohorts did not differ in age,
t(52) = 0.85, p = 0.40, education, t(8) = 0.49, p = 0.63,
MMSE score, t(63) = –0.14, p = 0.89, or gender dis-
tribution, χ2(1) = 0.84, p = 0.36. We recruited healthy
volunteers and patients at the Memory Clinic of the
Neurology University Hospital in Ulm, Germany.
Exclusion criteria were a history of stroke, a history of
alcohol or drug abuse, and visual or linguistic impair-
ment. Subjects who were suspected to suffer from
cognitive deficits due to a type of dementia other than
AD (e.g., vascular dementia) were also excluded as
well as participants with missing data on the TtL or
the MMSE [17] (Fig. 1).

Procedure

The study was approved by the Ethics Commit-
tee of the University of Ulm, Germany (2001/67).
Written informed consent was obtained from par-
ticipants prior to study participation. All patients

Fig. 1. Flow diagram. Prediction of AD diagnoses by the Testing-the-Limits paradigm.
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underwent a comprehensive clinical neurological
examination and a detailed neuropsychological
assessment including standard neuropsychological
tests and the TtL paradigm, usually within one ses-
sion. In addition, magnetic resonance imaging (MRI)
and a lumbar puncture to obtain A�42 and total Tau
in the CSF were performed. The GDS [18] was
applied to evaluate the severity of depressive symp-
toms with a possible range of 0 to 15 points and a
cutoff for depression at 5 points. The neuropsycho-
logical assessment was administered by three trained
clinicians (J.K., N.S., S.S.). The clinical diagnosis
of AD was subsequently assigned by an experienced
neurologist according to NINCDS-ADRDA criteria
[19], considering the results of the extensive neu-
ropsychological assessment (without the TtL) as well
as the CSF biomarkers and MRI.

Neuropsychological assessment

Standard diagnostic procedures
The neuropsychological assessment differed

between the two study cohorts with respect to the
administered psychometric tests. In both cohorts the
assessment included the MMSE [17] as a measure of
disease severity. According to the original work of
Folstein [17], we used the MMSE cutoff score of 23
to classify individuals with an MMSE >23 as mild
AD and with an MMSE ≤23 as moderate AD.

In the first cohort (for details see [13]), a bat-
tery of status-oriented, written, and PC-based tests
was applied according to the protocol of Beinhoff
et al. [20], which comprised the orientation subtest
of the Alzheimer’s Disease Assessment Scale [21],
the Memory Impairment Screen [22], a short form
of the Boston Naming Test [23], verbal fluency [24],
and the Clock Drawing Test [25]. In addition, the Ger-
man version of the California Verbal Learning Test
(CVLT) [26] was administered as well as two subtests
of a test battery of attentional functions [27].

In the second cohort, the test battery of the Consor-
tium to Establish a Registry for Alzheimer’s Disease
[24] was administered, including tests to assess
episodic memory, attention, executive, and construc-
tive functions. In addition, the digit-span forward and
backwards [28] was applied as a measure of working
memory.

TtL paradigm
The TtL paradigm consisted of a dynamic,

computer-based recognition task with a pre- and two
post-test conditions with an administration time of

approximately 25 min (for a more detailed descrip-
tion, see [13]). The stimuli were black-and-white
drawings of a protagonist and various other people,
animals, or objects in different activities. In each
condition, 10 items were consecutively demonstrated
with a presentation time of 10 s per item. The par-
ticipant was asked to memorize the items and to
recognize them afterwards out of 50 items including
the target items and 40 distractor items in a ran-
domized order. Twenty distractor items differed from
the targets only by the activity depicted, but not by
its superficial characteristics. The other 20 distractor
items had no similarity with the target items. There
was no time-limit during the recognition time.

After the pre-test condition, the subjects were pro-
vided with a mnemonic strategy for post-test 1 in
order to enhance recognition performance, namely
to concentrate on the depicted actions and verbal-
ize what was happening in the pictures. There was no
specific strategy instruction preceding post-test 2; the
participants were free to use the verbalization strategy
again or not.

In all three conditions the number of recogni-
tion errors was assessed, with a possible range of
0 to 50. The pre-test score served as a measure
of baseline cognitive performance, corresponding to
the performance assessed in standard, status-oriented
neuropsychological tests. The two post-test scores
represented the maximum cognitive performance, as
measures of learning potential [12].

Statistical analyses

Group comparisons in the subject characteristics
and standard neuropsychological tests were evaluated
with two-sample t-tests and χ2-tests where appropri-
ate. Pearson product-moment correlations between
covariates (age, gender, education) and TtL perfor-
mance were calculated within the controls and the
AD patients separately.

Paired t-tests were performed to analyze whether
performance within each group differed between
the three TtL conditions (intra-group comparisons).
To evaluate whether the two groups differed in
performance or performance gain (inter-group com-
parisons), two-sample t-tests were carried out for the
three conditions and for the performance differences
between post-test 1 and pre-test (�1), and post-test 2
and pre-test (�2), respectively.

For the main purpose of this study, the diagnos-
tic accuracy to discriminate between AD patients
and controls was evaluated for each condition using
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receiver-operating characteristic (ROC) curves [29].
Optimal cutoff scores for all three conditions, for a
combined sum-score of post-test 1 and post-test 2,
and for the total error score in all trials were deter-
mined by the Youden-Index [30]. Sensitivity and
specificity as well as positive and negative predic-
tive values were calculated for the optimal cutoffs.
The areas under the curves (AUCs) of the two post-
test scores, the combined post-test score, and the total
TtL error score were compared to the one of the pre-
test using DeLong’s test for the comparison of two
uncorrelated ROC curves [31].

To evaluate the TtL as an instrument for early AD
diagnosis, we repeated the ROC analyses for a sub-
sample of mild AD patients with an MMSE score
>23 and controls, and compared their AUCs with the
corresponding AUCs of the complete sample with
DeLong’s test for the comparison of two correlated
ROC curves. The same procedure was applied to a
subsample of all AD cases and depressive control
subjects, in order to resemble the conditions in the

clinical setting, in which the differentiation between
AD and cognitive impairment due to depression is of
particular importance.

Statistical significance was set at p < 0.05. Regard-
ing the group comparisons of neuropsychological
tests (within the two cohorts) and the intra- and inter-
group comparisons of TtL performance, p-values are
reported after adjustment for multiple comparisons
with the Holm-Bonferroni method [32].

RESULTS

Group comparisons of demographic variables
and standard neuropsychological tests

Subject characteristics and standard neuropsy-
chological tests of AD patients and controls are
enlisted in Table 1. The patients were older than
the controls, t(125) = 5.16, p < 0.001, less educated,
t(87) = –2.71, p = 0.008, and comprised a larger pro-
portion of female participants, χ2(1) = 6.47, p = 0.01,

Table 1
Demographic characteristics and performance in neuropsychological standard tests of patients with suspected AD and controls

AD Controls Statistic pa

Complete sample n = 57 n = 94

Age in years: M (SD) 74.4 (8.1) 67.2 (8.7) t(125) = 5.16 <0.001
Education in years: M (SD) 11.4 (3.5) 13.3 (3.8) t(87) = –2.71 0.008
Gender: male/female 18/39 51/43 χ2(1) = 6.47 0.01
MMSE: M (SD) 23.8 (3.5) 28.7 (1.8) t(75) = –9.69 <0.001
CSF A�42 (pg/ml): M (SD) 711.5 (334.8) 973.8 (320.0) t(59) = –3.15 0.003
CSF total Tau (pg/ml): M (SD) 471.3 (267.9) 343.2 (257.7) t(59) = 1.91 0.06

Cohort 1 n = 20 n = 17

Boston Naming Test: M (SD) 12.3 (2.8) 14.2 (1.6) t(30) = –2.56 0.09
ADAS orientation: M (SD) 7.6 (1.8) 6.5 (2.2) t(23) = 1.31 0.81
Clock Drawing Test: M (SD) 2.3 (1.4) 1.3 (0.6) t(23) = 2.98 0.047
Memory Impairment Screen: M (SD) 4.0 (2.4) 6.5 (2.4) t(22) = –2.57 0.09
Verbal fluency: M (SD) 14.4 (4.5) 21.3 (5.5) t(27) = –3.96 0.004
CVLT encoding (5 trials): M (SD) 26.7 (9.7) 53.9 (11.1) t(20) = –6.26 <0.001
CVLT recall (2 trials) : M (SD) 6.1 (5.2) 23.3 (6.2) t(20) = –7.21 <0.001
CVLT recognition: M (SD) 14.2 (1.7) 14.9 (2.2) t(10) = –0.72 0.98
TAP divided attention (RT in ms): M (SD) 727.8 (121.6) 737.1 (109.8) t(5) = –0.13 0.98
TAP Go/NoGo (RT in ms): M (SD) 540.3 (153.0) 447.4 (92.7) t(7) = 1.33 0.81

Cohort 2 n = 37 n = 77

Verbal fluency: M (SD) 13.1 (5.6) 22.1 (7.2) t(89) = –7.27 <0.001
Phonematic fluency: M (SD) 7.8 (3.8) 13.6 (6.2) t(102) = –6.04 <0.001
Word list encoding (3 trials): M (SD) 11.6 (4.9) 20.1 (5.0) t(73) = –8.63 <0.001
Word list recall: M (SD) 2.0 (2.2) 6.7 (3.0) t(94) = –9.65 <0.001
Word list recognition: M (SD) 16.0 (3.1) 18.7 (2.5) t(60) = –4.63 <0.001
Figure copy: M (SD) 9.0 (2.6) 10.2 (1.7) t(53) = –2.52 0.01
Figure recall: M (SD) 3.3 (3.5) 9.5 (3.3) t(68) = –8.99 <0.001
TMT A: M (SD) 103.0 (69.1) 55.3 (38.3) t(47) = 3.91 <0.001
TMT B: M (SD) 243.1 (96.4) 134.6 (82.2) t(60) = 5.82 <0.001
Digit span (forward and backward): M (SD) 10.9 (3.4) 13.8 (3.9) t(81) = –3.99 <0.001

ADAS, Alzheimer’s Disease Assessment Scale; M, mean; CSF, cerebrospinal fluid; CVLT, California Verbal Learning Test (German adap-
tation); MMSE, Mini-Mental State Examination (possible range: 0 – 30); SD, standard deviation; TAP, test battery of attentional functions;
TMT, Trail Making Test (part A and B). ap-values after correction for multiple comparisons. Bold: statistically significant at p < 0.05.
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Fig. 2. Number of recognition errors in each condition for AD
patients (AD) and controls (CG). Error bars represent the standard
error of the mean.

which is typical for an AD population and in line
with the literature [33]. Within the controls, educa-
tion was significantly correlated with the TtL pre-test
performance, r = –0.35, p = 0.002, but not with fail-
ures in post-test 1, r = –0.18, p = 0.11, and post-test 2,
r = –0.21, p = 0.07. In addition, TtL performance was
poorer in male than in female control subjects in the
pre-test, t(85) = 2.22, p = 0.03, but not in post-test 1,
t(88) = –1.20, p = 0.23, or post-test 2, t(91) = –1.34,
p = 0.18. Age was not associated with TtL perfor-
mance in the controls (ps ≥ 0.30). Within the AD
patients TtL performance was not correlated with
education or age and did not differ between male and
female participants (ps > 0.16).

Intra- and intergroup comparisons
of the TtL-paradigm

Intra-group comparisons
Controls made significantly less errors in post-

test 1, t(93) = –9.12, p < 0.001, and post-test 2,
t(93) = –9.02, p < 0.001, than in the pre-test, while the
number of errors did not differ between the two post-
tests, t(93) = –0.59, p = 0.56. The number of errors did
also decrease significantly within the AD group from
pre-test to post-test 1, t(56) = –3.44, p = 0.001, and
from pre-test to post-test 2, t(56) = –2.69, p = 0.04,
with no difference between post-test 1 and 2,
t(56) = 1.28, p = 0.41 (Fig. 2).

Inter-group comparisons
The AD patients made significantly more errors

than the controls in all three TtL conditions,
the pre-test, t(149) = 6.76, p < 0.001, post-test 1,
t(149) = 8.13, p < 0.001, and post-test 2, t(149) = 8.98,
p < 0.001 (Fig 2). The improvement after the strat-

egy application was significantly smaller in the AD
patients than in the controls between pre-test and
post-test 2 (�2), t(106) = –2.82, p = 0.03, but missed
significance for the difference between pre-test and
post-test 1 (�1), t(96) = –1.73, p = 0.26.

ROC analyses of the TtL paradigm

Optimal cutoffs for the TtL-paradigm
Sensitivity and specificity as well as positive and

negative predictive values of the different TtL condi-
tions are shown in Table 2. The best differentiability
between patients and controls was yielded at a cutoff
score of 8.5 errors in the pre-test, 5.5 errors in each
case of the two post-tests, 11.5 errors for the com-
bined post-test score, and 23.5 errors for the total
error score in all three trials (Fig. 3).

Diagnostic accuracy for learning potential
in comparison to baseline performance

In comparison to the AUC of the pre-test
(AUC = 0.80) the AUCs were significantly larger for
post-test 2 (AUC = 0.87, p = 0.02), for the combined
score of post-test 1 and 2 (AUC = 0.87, p = 0.02), and
for the total error score (AUC = 0.87, p = 0.004). The
AUC of post-test 1 (AUC = 0.85) did not significantly
differ from the one of the pre-test (p = 0.12; Table 2).

Mild AD and depression subgroups
Results regarding diagnostic accuracy were simi-

lar when including only those patients with mild AD.
The optimal cutoffs remained the same, except for the
pre-test, in which a cutoff of 9.5 errors was best, with
a sensitivity of 0.89 and a specificity of 0.68 (see
Table 2). Compared to this, the cutoff of 8.5 (opti-
mal in the complete sample) had a poorer specificity
(0.64), but higher sensitivity (0.92) in this subgroup.
There were no significant differences between the
ROC curves of any of the TtL scores of the com-
plete sample and the corresponding ones of the mild
AD subsample (ps > 0.64). However, within the mild
AD subgroup only the difference between the AUC
of the pre-test (AUC = 0.80) and the one of the total
error score (AUC = 0.86) was significant (p = 0.03),
while the differences between the AUCs of post-test
1 (AUC = 0.83), post-test 2 (AUC = 0.85), or the com-
bined post-test score (AUC = 0.85) and the one of the
pre-test did not reach significance (ps > 0.12).

When considering only depressive subjects in the
control group, the optimal cutoff for the total error
score slightly differed from the one of the complete
sample, so that diagnostic accuracy was best at a
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Fig. 3. ROC curves and distribution of TtL performance. ROC curve for the combined post-test error score (a) and the total error score (b) as
well as distributions of the combined post-test scores (c) and the total TtL error scores (d) in controls and AD patients (AD). The horizontal
line in the plots c and d depicts the cutoff for diagnosing AD with the respective TtL measure.

cutoff of 24.5 instead of 23.5 errors. All other cutoffs
remained the same. Again, there were no signifi-
cant differences between the ROC curves of any TtL
scores of the complete sample and the corresponding
ones of the depressive controls subsample (ps > 0.25).
Within this subsample only the comparison of the
AUC of the pre-test ROC curve (AUC = 0.73) and the
AUC of the total error score (AUC = 0.81) was sig-
nificant (p = 0.02), while other comparisons missed
significance (see Table 2).

DISCUSSION

We could already demonstrate that the TtL
paradigm applied in this study was able to differenti-
ate between patients with suspected AD and controls,
and that the performance in this paradigm was asso-
ciated with A�42 as a biomarker of AD progression

[13–15]. The aim of this study was now to provide
cutoff scores along with measures of diagnostic accu-
racy for the TtL paradigm to enable its application in
clinical AD diagnostics (see Table 2).

The diagnostic accuracy was high for all TtL mea-
sures with AUCs ranging between 0.80 (pre-test) and
0.87 (combined post-tests). Regarding sensitivity and
specificity the TtL scores met recommendations for
good (biological) markers of AD, namely a sensitiv-
ity of at least 85% and a minimum specificity of 75%
to 85% [34]. As expected, the discriminatory power
of the post-tests, representing learning potential, was
significantly higher than the one of the pre-test,
representing baseline performance. The combined
post-test score was able to correctly identify 93% of
the AD patients and 80% of the controls at its optimal
cutoff. This can also be expressed by the positive like-
lihood ratio, namely the probability that a patient with
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Table 2
Optimal cutoffs with measures of diagnostic accuracy for the different error scores of the TtL paradigm for the complete sample and the

subsample of patients with mild AD or controls with depressive symptoms

Sample Measure Cutoff Specificity Sensitivity PPV NPV AUC pa

AD versus Controls Errors pre-test 8.5 0.64 [0.54 – 0.73] 0.89 [0.81 – 0.96] 0.60 0.91 0.80 [0.73 – 0.87]
Errors post-test 1 5.5 0.76 [0.66 – 0.83] 0.91 [0.84 – 0.98] 0.69 0.93 0.85 [0.79 – 0.92] 0.12
Errors post-test 2 5.5 0.78 [0.69 – 0.86] 0.89 [0.81 – 0.96] 0.71 0.92 0.87 [0.81 – 0.93] 0.02
Combined 11.5 0.80 [0.71 – 0.87] 0.93 [0.86 – 0.98] 0.74 0.95 0.87 [0.81 – 0.93] 0.02

post-test errors
Total errors 23.5 0.80 [0.71 – 0.87] 0.88 [0.79 – 0.96] 0.72 0.91 0.87 [0.81 – 0.93] 0.004

Mild AD Errors pre-test 9.5 0.68 [0.59 – 0.78] 0.89 [0.78 – 0.97] 0.52 0.94 0.80 [0.72 – 0.88]
versus Controls Errors post-test 1 5.5 0.76 [0.67 – 0.84] 0.89 [0.78 – 0.97] 0.58 0.95 0.83 [0.75 – 0.92] 0.39

Errors post-test 2 5.5 0.78 [0.69 – 0.86] 0.86 [0.75 – 0.97] 0.60 0.94 0.85 [0.78 – 0.92] 0.12
Combined 11.5 0.80 [0.71 – 0.88] 0.92 [0.81 – 1.00] 0.63 0.96 0.85 [0.77 – 0.93] 0.15

post-test errors
Total errors 23.5 0.80 [0.71 – 0.87] 0.86 [0.75 – 0.97] 0.62 0.94 0.86 [0.79 – 0.93] 0.03

AD versus Errors pre-test 8.5 0.52 [0.36 – 0.67] 0.89 [0.81 – 0.96] 0.72 0.79 0.73 [0.62 – 0.83]
Depression Errors post-test 1 5.5 0.69 [0.52 – 0.81] 0.91 [0.82 – 0.98] 0.80 0.85 0.80 [0.70 – 0.90] 0.14

Errors post-test 2 5.5 0.67 [0.52 – 0.81] 0.89 [0.81 – 0.96] 0.78 0.82 0.81 [0.72 – 0.91] 0.06
Combined 11.5 0.71 [0.57 – 0.86] 0.93 [0.86 – 0.98] 0.82 0.88 0.82 [0.72 – 0.91] 0.06

post-test errors
Total errors 24.5 0.74 [0.60 – 0.86] 0.86 [0.77 – 0.95] 0.82 0.79 0.81 [0.72 – 0.90] 0.02

Brackets depict 95% confidence intervals; AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value.
aComparison of AUC with the AUC of the pre-test applying the DeLong’s test. Bold: statistically significant at p < 0.05.

AD is classified as AD against the probability that a
person without AD is classified as AD, which was
4.60 to 1 (82.1%). The corresponding negative like-
lihood ratio, e.g., the probability that a person with
AD is misclassified as healthy against the probabil-
ity that a person without AD is classified as healthy,
was very low with 0.09 to 1 (8.3%). Performance
in the post-tests yielded in particular an enhanced
specificity of the diagnosis in comparison to base-
line performance. The higher diagnostic accuracy
of the post-tests (i.e., maximum cognitive perfor-
mance) was due to a reduced learning potential in AD
patients. Our results indicate that both groups profited
from the presentation of the encoding strategy. How-
ever, the increase in performance was significantly
higher in the controls than in the AD patients.

The results are in line with previous studies which
demonstrated a decreased learning potential in AD
[5–7, 13] and an improved discrimination between
individuals with or at risk of AD and healthy, non-
demented controls with dynamic testing procedures
[8–11]. Earlier efforts to include TtL into the clinical
routine failed however due to extensive paradigms [5,
6, 8, 11]. The recognition TtL paradigm presented
above provides the benefit of a short administration
time of around 25 minutes.

The performance improvements after the appli-
cation of the encoding strategy seen especially in
control participants confirm that this paradigm is suit-
able to induce and measure cognitive plasticity (see

also [13]). The ability to cope with brain pathology by
applying advantageous strategies can be regarded as
the behavioral implementation of cognitive reserve,
which is not only a product of biological and genetic
parameters, but also of socio-cultural factors such as
the level of education or occupational complexity [3].
An advantage of this paradigm constitutes the assess-
ment of plasticity in the episodic memory domain,
as episodic memory disturbances arise early in the
course of AD [35, 36] and AD pathology has been
documented to constrain plasticity in the memory
domain [7, 37].

This study extends previous work by providing
cutoff scores for dementia, based on a large sam-
ple of controls and AD patients. Importantly, the
results demonstrate that the assessment of cogni-
tive plasticity with the TtL paradigm is particularly
useful for diagnoses of early stages of dementia.
When considering only those participants with mild
AD, the TtL post-test scores were equally accu-
rate and the optimal cutoffs remained mainly the
same. The control group in this study included also
individuals with depressive symptoms, who like-
wise exhibit episodic memory disturbances and are
thus not easily distinguished from adults with mem-
ory deficits due to AD [38]. ROC analysis, which
included only the depressed subjects as controls, also
yielded similar cutoff scores with comparable diag-
nostic accuracy. The inclusion of mild AD in the
patient group on the one hand and individuals with
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memory impairment in the control group on the other
handreflects the typical situation in thediagnostic rou-
tineand thereforestrengthens the transferabilityofour
findings into the clinical application. In a previous
study we could demonstrate that the TtL paradigm
was superior to traditional screening tools in its abil-
ity to discriminate between AD patients and controls
usingaclusteranalysisapproach[14].Thepoorability
of often applied dementia screening tests to identify
patients with mild AD or mild cognitive impairment
[14, 39, 40] may be the result of validations within
patients with moderate dementia and healthy con-
trols [40]. The lack of a representative spectrum of
patients and controls can lead to an overestimation of
an instrument’sdiagnosticaccuracy[41].Withrespect
to current advances in pharmacological treatment of
AD [42], an early identification of individuals with or
at risk of AD is of particular importance [43]. Thus,
further research is required to evaluate the potential of
theTtLparadigmin identifyingeven individuals in the
prodromal phase of AD.

A potential weakness of our study arises from the
fact that the total sample was composed by two dif-
ferent cohorts who were recruited and classified at
different times, and, due to a change of the assessment
algorithm, with different psychometric test batteries.
This fusion was done in order to increase the power
of the ROC analyses, but it also contains the risk that
the differences in the diagnostic procedure between
cohort 1 and 2 influence the diagnostic assignment.
However, a serious classification bias seems to be
unlikely, because both neuropsychological test proto-
cols fit well with the established diagnostic standards
and the diagnosis was based on a broad evaluation
including elaborate psychometric assessment instead
of single (screening) tools, a careful clinical inves-
tigation, detailed medical history as well as CSF
and MRI diagnostics. Moreover, the two cohorts nei-
ther differed in their demographic characteristics nor
in AD severity, suggesting that both samples were
largely comparable.

Another point of criticism concerns the demo-
graphic structure of our patient and control group.
The latter differed from the AD patients with regard to
age, gender, and educational level, reflecting a repre-
sentative AD cohort. Age and education are important
influencing factors of AD risk and cognitive perfor-
mance. As in this study none of these covariates
were associated with TtL performance in the AD
patients and associations of education and gender
with TtL were restricted to the pre-test in controls,
it is, however, unlikely that the group differences in

TtL performance were due to age, gender, or educa-
tion differences. In fact, the influence of disturbing
factors on neuropsychological assessment, such as
education, or familiarity with testing procedures is a
common problem of traditional, state-oriented cog-
nitive tests [44], and this is one of the reasons for
the application of TtL procedures which seem to be
less prone to such distortion tendencies as suggested
by our data. Nevertheless, a large prospective study
is needed to retrieve more specific norms for dif-
ferent age, gender, and education groups and, in a
further step, to evaluate the diagnostic potential of
the TtL also in patients suffering from other enti-
ties of dementia, such as vascular encephalopathy or
Parkinson’s disease dementia.

In summary, the data demonstrate that (1) the TtL
paradigm is suitable to distinguish between healthy
controls and individuals with mild AD and (2) the
diagnostic accuracy of dementia diagnoses can be sig-
nificantly enhanced by the consideration of learning
potential measured with a TtL paradigm when com-
pared to the sole assessment of baseline cognitive
performance.

CONCLUSIONS

The results affirm that the dynamic assessment of
cognitive reserve with a TtL paradigm can enhance
accuracy of dementia diagnoses in comparison to
baseline cognitive performance. We provided optimal
cutoff scores with high sensitivity and specificity for
a recognition TtL paradigm, which is time-effective
and easy to administer. We think the assessment of
learning potential with TtL is a valuable complement
or alternative to existing status-oriented procedures in
dementia diagnostics and thus strongly recommend
the consideration of its application in the clinical rou-
tine.
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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 treat-
ment of cognitive decline and dementia becomes a major
topic in the debate on successful aging. In observational
studies, an active lifestyle has been identified as a protect-
ive factor against cognitive decline and dementia [1, 2]. In-
dividuals who reported high levels of physical [3] or
cognitive activity [4] had a substantially reduced risk of
cognitive impairment of 38 to 50 % in comparison to
sedentary individuals. Interestingly, the accumulated
leisure time spent with activities per week seems to be
less important than the number of different physical
[5, 6] or cognitive activities [7]. Furthermore, engage-
ment in multiple activity domains (social, cognitive,
physical) seems to be particularly beneficial to prevent
cognitive decline [8, 9].
However, experimental trials with physical or cognitive

training interventions are needed to make inferences
about the causality of effects. In comparison to the re-
sults of the observational studies, interventional trials
yielded smaller and more inconsistent effects: With re-
gard to physical training, some studies reported cogni-
tive improvements after training interventions in healthy
older adults [10, 11], adults with elevated risk of Alzhei-
mer’s disease [12, 13] or older adults with dementia [14],
while other studies failed to find beneficial effects [15–17].
A number of meta-analyses over the past decade have
helped to clarify the literature that has examined physical
training effects on measures of cognition [18–22]. In
general, these meta-analyses have found modest effect
sizes for this relationship. For instance, Smith et al. [20]
reported small effects sizes on different cognitive domains
(Hedges g between 0.12 and 0.16). As to cognitive training,
beneficial effects on cognition have been reported [23].
However, the applied training tasks were often quite simi-
lar to the outcome measures in the studies, and training
effects were restricted to the trained domain [23, 24].
There is an intensive debate on the extent to which
improvements through training generalize to broader cog-
nitive constructs, and especially to everyday cognitive
functioning [25–27]. Lately, a novel cognitive training ap-
proach was developed, based on principles of neuroplas-
ticity [28]. This approach focusses on the training of
auditory discrimination abilities and working memory
[29, 30]. Mahncke and colleagues could demonstrate
that verbal memory performance increased in healthy
older adults after 8 to 10 weeks of training with this
program [31, 32]. However, in participants at risk of de-
mentia, this training program yielded inconsistent re-
sults [16, 33, 34].
In summary, there are beneficial effects of training in-

terventions on cognition, although they appear to be
less pronounced than associations of activity with cog-
nitive change in observational studies. The gap between

promising observational evidence, demonstrating sub-
stantial cognitive benefits of physical and cognitive ac-
tivities, and more equivocal results from interventions
may result from differing characteristics of the investi-
gated activities in observational and interventional studies,
for example, differences in duration, variety, multimodal-
ity, or intrinsic motivation and enjoyment of the activities.
The studies are however difficult to compare, as the obser-
vation periods are entirely different. Prospective studies
often apply a time frame of several years, while interven-
tions in the experimental studies rarely last longer than
several weeks or months. This is the first study, which dir-
ectly compares training- and lifestyle-related changes in
cognition within the same sample and time period.
The first objective of this study was to evaluate inter-

vention effects on cognition, while considering lifestyle-
related changes in cognition. We applied a cognitive and
a physical training program in a sample of older adults
with memory complaints. To date, there is only a small
number of studies with inconsistent results in this popula-
tion at risk. The second, exploratory aim was to compare
the training- and lifestyle-related changes in cognition.
Lifestyle was defined in terms of the number of self-
reported activities in the month before study participation.
Thus, the focus is laid on the variety of activities, rather
than their intensity or dosage. To our knowledge, this is
the first study which compares training- and lifestyle-
related changes in cognition within the same set of partici-
pants and the same time period.

Methods
Participants
The study adheres to CONSORT guidelines. The study
was conducted between 2009 and 2013 at two study sites
in Germany, the University of Konstanz and the Univer-
sity of Ulm. Subjects were recruited in the memory
clinics of the University Hospital Ulm and of the Reiche-
nau Psychiatry Center in Konstanz and via newspaper
articles, flyers, and informative meetings at both study
sites. One hundred twenty-two older adults were screened
for eligibility. We included individuals aged 55 years or
older with subjective memory complaints and objective or
clinically apparent memory impairment, vision and hear-
ing adjusted to normal, and fluency in German language.
Exclusion criteria were a history of severe psychiatric or
neurologic disorders, a moderate or severe stage of de-
mentia (Mini-Mental State Examination [MMSE] < 201),
changes in antidementive or antidepressive medication
within 3 months prior to study initiation, or physical con-
ditions which would prevent a participation in the physical
training program (see Fig. 1). Sixty-five participants2 were
enrolled into the intervention study. Due to dropouts, the
data of 54 subjects were analyzed with a mean age of
71.4 years (SD = 5.9 years, range 60–88 years), of whom
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16 had been allocated to the cognitive training group
(CT), 18 to the physical training group (PT), and 20 to
the wait-list control group (WLC). The three groups
(CT, PT, WLC) did not differ significantly in socio-
demographic variables, medication, cognitive perform-
ance, or baseline lifestyle activity (see Table 1). Lifestyle
was not significantly correlated to cognition at baseline
(see Table 2).

Procedure
Participants were screened for eligibility and socio-
demographic data were assessed. Cognitive tests were
performed with eligible subjects at a pre-test within one
or two appointments. In addition, lifestyle was assessed
in all participants at this time-point. Subsequently, the
participants were allocated to the three groups (CT, PT,
and WLC). Due to logistic issues, a randomized alloca-
tion to the groups was not feasible. To avoid a selection
bias, the groups were matched on age, education, gender
and cognitive status (MMSE). The PT intervention, car-
ried out in small groups, required five to ten participants
at a time when starting a new training group. At these

time-points, all participants who had currently finished
the screening and were included in the study were allo-
cated to the PT group until the required number of par-
ticipants was reached. In the following time periods the
participants were allocated to the CT and WLC group
using a minimization approach, in order to minimize
differences in age, gender, education and cognitive status
(MMSE) between the groups.
The training sessions or waiting period started 1 to

4 weeks after the pre-test and lasted 10 weeks (see
Fig. 2). Training duration was in accordance with typ-
ical durations of the applied cognitive training program
[31, 32]. After the last training session the post-test was
arranged. Time intervals between pre- and post-tests
were similar in the WLC group. A follow-up assess-
ment was carried out after another 3 months. Post-test
and follow-up included the same cognitive tests as the
pre-test plus a short questionnaire on the feasibility of
the training programs. The investigators who con-
ducted the neuropsychological assessment were blinded
to the subjects’ group assignments. This was not always
maintained due to participant disclosure.

Assessed for eligibility (n = 122)

Enrollment

Allocation

Posttest

Analysis 
(Add. material)

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

Cognitive training
(n = 19)

Analyzed – follow up (n = 8)

Physical training
(n = 21)

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

Analyzed – follow up (n = 13)

Wait-list control 
(n = 25)

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

Analyzed – follow up (n = 13)

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

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

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

Inclusion into training study
(n = 65)

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

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

Fig. 1 Flow of participants from screening to completion of the follow-up. Results regarding the follow-up are included in the Additional file 1
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Training interventions
Cognitive training
Participants performed 1 h training sessions five times
per week for 10 weeks. Apart from one to two guided
sessions in the beginning of the study, the training was
performed at the participants’ homes individually. Every
other week the participants were contacted via telephone
to ensure performance and compliance. In some cases,
family members of the participants were additionally
instructed to supervise the training sessions at home.
The computer-based training program was developed by
the Posit Science Corporation (San Francisco, CA) and
adapted and translated into German in cooperation with
Posit Science. The training consisted of six different tasks
which target the auditory discrimination of frequencies
and syllables as well as working memory processes (for de-
tails see [32]). One of the original tasks (“listen and do”)
was substituted by a task which targeted the frequency
discrimination of sounds (“frequency discrimination”), as

a translation of the original task into German would have
been too complex. The training was programmed in a way
that some of the tasks were executed more often than
others and that the order of the tasks varied in each ses-
sion. Within each task the difficulty of the auditory and
working-memory elements was adapted on the basis of
the participant’s performance. Correct answers were rein-
forced by specific sounds and the uncovering of a picture.
Performance in the training tasks was assessed in each
session. To evaluate improvements within the training,
the scores of the third session and the last session were
used for each of the four most frequently executed tasks
(“high or low”, “tell us apart”, “sound replay”, and “match
it”), as measures of beginning and final training perform-
ance, respectively (see Additional file 1).

Physical training
The PT was carried out in groups of five to ten partici-
pants. The groups attended 1 h training sessions twice a
week for 10 weeks. In addition, homework sessions of
around 20 min were completed three times a week at
home. Homework sessions were documented by the par-
ticipants and regularly checked by the instructors. We
aimed to provide a program that can be carried out by
older adults (without major walking disabilities) at home
and that does not require much additional equipment or
medical check-ups. The training program was therefore
adapted from a program which previously yielded small,
but positive effects in frail nursing home residents with
dementia [14]. Besides endurance training, it also in-
cluded coordination, balance, flexibility, and strengthen-
ing elements in order to keep participants motivated
during the intervention. In each session these elements

Table 1 Demographic and lifestyle characteristics and baseline cognitive performance within the three intervention groups

Variable CT (n = 16) PT (n = 18) WLC (n = 20) Statistic p

Age: M (SD) 70.2 (5.8) 73.7 (6.2) 70.3 (5.5) F (2,51) = 2.11 0.13

Gender: male / female 8 / 8 6 / 12 10 / 10 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

Variety of activitiesa: M (SD) 0.27 (0.13) 0.28 (0.09) 0.30 (0.09) F(2,49) = 0.60 0.55

Antidementive medication: no / yes 11 / 5 17 / 1 18 / 2 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
aAverage score of physical, cognitive, and social activities domain scores, which represent the proportion of performed activities in relation to the possible
number of activities in the respective domain

Table 2 Associations of lifestyle with demographic variables
and cognition at baseline

Variable r p

Age -0.18 0.21

Education in years 0.48 <0.001

MMSE 0.22 0.13

WST z-score 0.40 <0.001

Global cognition 0.23 0.11

Memory 0.17 0.23

Attention / executive functions 0.24 0.08

MMSE Mini-Mental State Examination, WST German vocabulary test as a
measure for premorbid intelligence
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were integrated into an imaginary journey. The difficulty
of the physical training was adapted individually by two
instructors.

Wait-list control
Participants of the WLC group did not receive any inter-
vention but were asked to continue their daily routine as
usual and were offered to take part in one of the training
programs after their study participation.

Assessment of lifestyle
Physical, cognitive, and social activity are major protect-
ive lifestyle factors of dementia [35]. We thus operation-
alized lifestyle in this study by the amount of activity
performed before study participation. By this means, the
lifestyle measure and the training procedures were com-
parable in their nature, as both focused on (physical and
cognitive) activity.
The Community Healthy Activities Model Program for

Seniors Physical Activity Questionnaire for Older Adults
[36] was used to assess lifestyle in all participants at pre-
test. The questionnaire assesses frequency and duration
of 40 different physical, cognitive, and social activities of
a typical week within the previous 4 weeks. The ques-
tionnaire is valid for measuring physical activity [37], but
also assesses a large number of social and cognitive ac-
tivities. The activities were categorized into physical,
cognitive, and social activity domains by three of the au-
thors and an independent sample of older adults, with
comparable results (see Additional file 1). Lifestyle was
defined as the variety of reported activities. A domain
score for each activity domain was built, reflecting the
percentage of performed, domain-specific activities in
relation to the possible number of activities in this do-
main. The three domain scores were averaged to one
score, in order to represent the overall variety of activ-
ities, as the lifestyle measure.

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

difficulty was assessed. Participants completed German
versions of the MMSE [38], the Alzheimer’s Disease As-
sessment Scale – cognitive subscale [39], the test battery
of the Consortium to Establish a Registry for Alzheimer’s
Disease (without word list encoding, recall, and recogni-
tion) [40], the subtests digit span and digit-symbol-
coding of the Wechsler Adult Intelligence Scale [41],
and the working-memory subtest of the Everyday Cog-
nition Battery [42]. In addition, an adapted German ver-
sion of the California Verbal Learning Test (J. Ilmberger:
Münchner Verbaler Gedächtnistest MVGT [ Munich
verbal memory test], unpublished) was conducted. The
Geriatric Depression Scale-15 (German short version)
[43, 44] served as a measure for depressive symptoms to
exclude participants with severe depression. A test of vo-
cabulary (German: Wortschatztest) [45] was used to esti-
mate the premorbid (crystallized) intelligence level.
To assess latent cognitive function scores, a principal

component analysis was performed (see Additional file 1).
In short, two components were extracted, one represent-
ing memory, the other representing attention / executive
functions. Variables were z-standardized using means and
standard deviations of the pre-test data. The two com-
ponent scores represent the weighted average of those
standardized variables with loadings of at least aij = .40 on
the respective component (see Fig. 3). In addition, a global
cognition score was built as the average of the two com-
ponent scores and was used as the primary outcome3.

Additional measures
At post-test, feasibility of the training programs was
assessed with a short, self-constructed questionnaire.
This questionnaire included an item on enjoyment and
motivation associated with the training programs, in
which the experienced enjoyment and motivation was
rated on a 5-point rating scale.

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

Assessment of
Lifestyle

Cognitive
Assessment

Pre-test

0
-

4
w

ee
ks

10 weeks

0
-

4
w

ee
ks

3 monthsPost-test Follow-up

Cognitive
Assessment

Enjoyment and
Motivation 
regarding
Training

Cognitive
Assessment

Physical
Training

Cognitive
Training

Wait-List 
Control

No
Intervention

Fig. 2 Study procedure. Participants underwent a pre-test, including the assessment of lifestyle and of cognitive measures. Participants were then
assigned to one of three training groups, which started up to 4 weeks after the pre-test. Up to 4 weeks after the last training session, the post-test was
arranged. A follow-up was conducted after further 3 months
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categorical variables, respectively. Correlations were cal-
culated as Pearson product-moment correlations.
To investigate effects of the training interventions on

cognition and associations of lifestyle with cognitive
change, linear mixed effect models were conducted,
using the nlme package 3.1.119 [47] in R. Global cogni-
tion was modelled with Group (contrasts CT vs. WLC
and PT vs. WLC) × Time (pre vs. post) + Lifestyle (con-
tinuous) × Time as fixed effects in the same model and
Subject as random intercept. Effects of training on cog-
nition were indicated by significant Group × Time in-
teractions, while associations of lifestyle with cognitive
change over time were indicated by significant Life-
style × Time interactions. The second aim was to com-
pare the strength of association between cognitive
change and training on the one hand and between
cognitive change and lifestyle on the other hand. We
therefore performed paired t-tests to compare the non-
standardized b-coefficients of the Lifestyle × Time inter-
action with the ones of the contrasts (CT group vs. WLC
group) × Time and (PT group vs. WLC group) × Time in
the models.
For all models the normality distribution of the model

residuals was assessed with quantile-quantile plots of the
residuals and Shapiro-Wilk normality tests. The power

to find small effects (f = 0.10) in the linear mixed effects
models with α = 0.05 was calculated for the sample size
of N = 54 with three groups and two time-points. Due to
a high retest reliability of the cognitive composite scores
(r ≥ .90, see Additional file 1), the calculated power was
high (1 – β = .82).
Further exploratory analyses can be found in the

Additional file 1: First, the stability of significant train-
ing effects was evaluated by the inclusion of the follow-
up as a third time-point into the analysis. In addition,
per protocol analyses were performed for the main out-
comes (global cognition and composite scores), includ-
ing only participants who completed at least 75 % of
the training sessions and WLC participants (n = 48), to
account for potential influences of training adherence.
Furthermore, the Lifestyle × Time interaction was also
evaluated for the three activity domain scores for var-
iety of physical, of cognitive, and of social activities as
lifestyle measures. Last, improvements in the CT pro-
gram were analyzed with paired t-tests within the
respective training group and correlations between
change in training task performance and change in cog-
nition were calculated. For improvements within the
training program Cohen’s d was calculated as measure
of effect size.

Phonematic fluency

Digit span forward

TMT A

TMT B

Digit span backward

Digit-symbol-coding

Semantic fluency

MVGT long delayed free recall

MVGT encoding

ADAS free recall

ECB computation span

Component 1:
Attentional and

executive functions

Component 2:
Memory functions

.80

.74

.73

.72

.71

.56

.44

.40

.49

.94

.90

.58

.47

Fig. 3 Results of the principal component analysis of cognitive measures. Two components were extracted, representing attention / executive
functions (component 1) and memory (component 2). All weightings of at least aij = .40 are depicted. TMT A – Trail Making Test part A,
TMT B – Trail Making Test part B, ECB – Everyday Cognition Battery, MVGT – Munich verbal memory test (adaptation of the California
Verbal Memory Test), ADAS – Alzheimer’s Diseases Assessment Scale
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Results
Training time intervals and attendance
The training sessions or waiting period started 1 to 4 weeks
after the pre-test (CT: M = 15.1 days, SD = 17.6 days, PT:
M = 14.6 days, SD = 20.5 days) and lasted 10 weeks. One to
four weeks after the last training session (CT: M = 5.0 days,
SD = 8.4 days, PT: M = 13.2 days, SD = 10.2 days) the
post-test was arranged. Time intervals between pre-
and post-tests were similar in the WLC group (M =
16.1 weeks, SD = 5.6 weeks). The follow-up assessment was
carried out after another 3 months (CT: M = 10.0 weeks,
SD = 2.7 weeks, PT: M = 11.3 weeks, SD = 4.7 weeks, WLC:
M = 15.7 weeks, SD = 13.5 weeks).
The participants in the cognitive training completed on

average 49.89 sessions (SD = 7.56, range 25–55) of training.
In the physical training group, the participants attended
on average 15.41 group sessions (SD = 2.65, range 9–20).
Most participants of the two training groups rated the
training interventions as good or very good with regard to
enjoyment and motivation (70 %, n = 19). Harms or unin-
tended effects were not observed.

Training- and lifestyle-related changes in cognition
There were significant main effects of Time, F(1,48) =
56.33, p < .001, and of Lifestyle, F(1,48) = 6.07, p = .02,
on global cognition. Furthermore, the Lifestyle × Time
interaction was significant, F(1,48) = 18.77, p < .001
(see Fig. 4), while the Group × Time interaction did
not reach significance, F(2,48) = 2.64, p = .08.
The same pattern arose when modeling memory, with

significant main effects of Time, F(1, 48) = 28.18, p < .001,
and of Lifestyle, F(1,48) = 5.32, p = .03, as well as a signifi-
cant Lifestyle × Time interaction, F(1,48) = 23.88, p < .001
(see Fig. 5). For modeling attention / executive functions,
only the main effects of Time, F(1,48) = 19.28, p < .001,
and of Lifestyle, F(1,48) = 4.57, p = .04, were significant,
but no interaction effects.
Accounting for age, education, and cognitive status

(MMSE) did not alter the results. For interaction effects
on single cognitive test outcomes see Table 3.

Comparison of lifestyle and training associations
The Lifestyle × Time interaction, b = 1.40, was significantly
larger than the one of (CT vs. WLC) × Time, b = -0.05,
t(48) = 4.50, p < .001, or the one of (PT vs. WLC) × Time,
b = -0.13, t(48) = 4.74, p < .001, in the model of global cog-
nition. Likewise, the Lifestyle × Time interaction, b = 2.68,
was significantly larger than the one of (CT vs. WLC) ×
Time, b = 0.02, t(48) = 4.89, p < .001, or the one of (PT vs.
WLC) × Time, b = -0.17, t(48) = 5.18, p < .001, in modeling
the memory composite score. There was no significant
difference between the b-coefficient of the Lifestyle ×
Time interaction, b = 0.13, and the ones of (CT vs.
WLC) × Time, b = -0.11, t(48) = 0.50, p = .31, or (PT vs.

Fig. 4 Global cognition as a function of lifestyle and time. Lifestyle
was measured as variety of reported activities. For illustration
purposes, the global cognition scores are depicted for individuals
with a more active lifestyle (i.e., activity variety above median) versus
individuals with a less active lifestyle (i.e., activity variety below
median), at pre- and post-test. The median activity variety was 0.30.
Error bars represent standard errors of the mean

Fig. 5 Memory as a function of lifestyle and time. Lifestyle was
measured as variety of reported activities. The memory composite
scores are depicted for individuals with a more active lifestyle
(i.e., activity variety above median) versus individuals with a less
active lifestyle (i.e., activity variety below median), at pre- and
post-test. The median activity variety was 0.30. Error bars represent
standard errors of the mean
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WLC) × Time, b = -0.10, t(48) = 0.48, p = .32, in the
model of attention / executive functions.

Discussion
We investigated effects of cognitive and physical training
on cognition, in the context of lifestyle-related changes
in cognition. In addition, we compared the strength of
association between cognitive change and training on
the one hand, and between cognitive change and lifestyle
on the other hand. Neither the PT nor the CT group
improved in global cognition after 10 weeks of training
compared to the WLC condition. In contrast, the self-
reported lifestyle, defined as the variety of regular leisure
activities (i.e., the number of different activities) in a
typical week before study participation, was associated
with changes in global cognition over the same period.
Individuals with a more active lifestyle demonstrated a

favorable change in cognitive performance during the
study period compared to individuals with a less active
lifestyle. This association was irrespective of the inter-
vention group to which the participants had been
assigned. Moreover, the association of lifestyle with cog-
nitive change was significantly stronger than the associ-
ation of training with cognitive change. Accounting for
cognitive status, age, and education did not affect the
lifestyle associations, implicating that influences of these
covariates on the lifestyle-related changes in cognition
are unlikely.
Unexpectedly, we did not observe any cognitive be-

nefits of the cognitive and physical training programs.
Previous research has also produced mixed results re-
garding training outcomes [16, 20]. Several factors may
influence effects of training on cognition, such as the na-
ture of the training programs. We applied a multimodal

Table 3 Training- and lifestyle-related changes in cognition from pre- to post-test

Difference Post-Pre [95 % CI] Group × Time Lifestyle × Time

Outcome measure CT (n = 16) PT (n = 18) WLC (n = 20) F statistic p F statistic p

Global cognition 0.20 [0.03–0.37] 0.16 [0.01–0.30] 0.32 [0.22–0.43] F(2,48) = 2.64 0.08 F(1,48) = 18.77 <0.001

Memory 0.34 [0.11–0.57] 0.15 [-0.10–0.40] 0.38 [0.19–0.58] F(2,48) = 1.78 0.18 F(1,48) = 23.88 <0.001

Attention / executive functions 0.06 [-0.20–0.31] 0.16 [-0.03–0.36] 0.27 [0.11–0.42] F(2,48) = 0.66 0.52 F(1,48) = 0.07 0.79

ADAS free recall -0.34 [-0.89–0.22] 0.15 [-0.36–0.66] -0.08 [-0.61–0.45] F(2,48) = 1.33 0.27 F(1,48) = 2.47 0.12

ADAS recognition 0.00 [-1.13–1.13] -0.44 [-1.27–0.38] 0.25 [-0.55–1.05] F(2,47) = 0.71 0.50 F(1,47) = 1.06 0.31

ADAS orientation 0.00 [-0.48–0.48] 0.22 [-0.14–0.59] 0.10 [-0.11–0.31] F(2,48) = 0.42 0.66 F(1,48) = 0.00 0.96

ADAS imagination -0.19 [-0.48–0.1] 0.17 [-0.43–0.76] -0.15 [-0.32–0.02] F(2,48) = 0.93 0.40 F(1,48) = 0.38 0.54

ADAS naming -0.12 [-0.55–0.3] 0.00 [-0.17–0.17] 0.00 [0.00–0.00] F(2,48) = 0.43 0.65 F(1,48) = 0.08 0.78

ADAS verbal expression 0.00 [0.00–0.00] 0.00 [0.00–0.00] 0.00 [0.00–0.00]

ADAS verbal comprehension -0.06 [-0.20–0.07] 0.06 [-0.06–0.17] -0.05 [-0.29–0.19] F(2,48) = 0.44 0.65 F(1,48) = 0.80 0.38

ADAS word finding disturbances -0.19 [-0.40–0.03] -0.11 [-0.27–0.05] -0.10 [-0.31–0.11] F(2,48) = 0.05 0.95 F(1,48) = 0.00 0.99

CERAD figure copy 0.27 [-0.18–0.71] 0.33 [-0.23–0.90] 0.15 [-0.29–0.59] F(2,47) = 0.47 0.63 F(1,47) = 0.02 0.89

CERAD figure recall -1.14 [-2.68–0.39] 0.00 [-0.84–0.84] -0.15 [-0.91–0.61] F(2,46) = 0.90 0.41 F(1,46) = 0.85 0.36

CERAD Boston Naming Test 0.06 [-0.47–0.59] -0.17 [-1.78–1.44] 0.20 [-0.25–0.65] F(2,48) = 0.16 0.85 F(1,48) = 0.17 0.68

TMT A 0.36 [0.02–0.71] 0.22 [-0.14–0.59] 0.51 [0.12–0.91] F(2,48) = 0.73 0.49 F(1,48) = 2.07 0.16

TMT B -0.01 [-0.46–0.43] 0.28 [-0.14–0.70] 0.20 [-0.03–0.43] F(2,48) = 0.22 0.81 F(1,48) = 1.71 0.20

Phonematic fluency 0.06 [-0.31–0.43] 0.48 [-0.11–1.07] 0.45 [-0.003–0.91] F(2,48) = 0.79 0.46 F(1,48) = 1.64 0.21

Semantic fluency 0.20 [-0.10–0.50] -0.02 [-0.29–0.26] 0.23 [-0.12–0.57] F(2,48) = 0.70 0.50 F(1,48) = 0.11 0.74

MVGT encoding 0.47 [0.16–0.78] 0.34 [-0.04–0.71] 0.66 [0.37–0.95] F(2,47) = 1.46 0.24 F(1,47) = 15.96 <0.001

MVGT delayed free recall 0.68 [0.39–0.97] -0.00 [-0.41–0.41] 0.49 [0.27–0.72] F(2,45) = 6.62 0.003 F(1,45) = 9.91 0.003

MVGT recognition 1.27 [-0.26–2.80] 0.78 [-0.03–1.59] -0.28 [-1.02–0.46] F(2,46) =2.35 0.11 F(1,46) = 0.14 0.71

Digit span forward -0.03 [-0.56–0.50] -0.19 [-0.71–0.33] 0.07 [-0.33–0.47] F(2,48) = 0.58 0.57 F(1,48) = 0.23 0.64

Digit span backward -0.28 [-0.86–0.30] 0.31 [-0.19–0.81] 0.14 [-0.29–0.57] F(2,48) = 0.73 0.49 F(1,48) = 0.79 0.38

Digit-symbol-coding 0.12 [-0.35–0.59] -0.11 [-0.35–0.14] 0.19 [-0.10–0.48] F(2,48) = 1.83 0.17 F(1,48) = 0.09 0.76

ECB computation span 0.22 [-0.20–0.65] 0.19 [-022–0.59] 0.33 [-0.03–0.69] F(2,44) = 0.26 0.77 F(1,44) = 2.00 0.16

Depicted are the mean differences in cognitive measures between pre- and post-test within the three groups and 95 % confidence intervals in brackets, as well as
statistics for Group × Time and Lifestyle × Time interactions
CT Cognitive training group, PT Physical training group, WLC Wait-list control group. ADAS, Alzheimer’s Diseases Assessment Scale, CERAD Consortium to Establish
a Registry for Alzheimer’s Disease, TMT Trail Making Test (part A and B), MVGT German adaptation of the California Verbal Learning Test, ECB Everyday Cognition Battery
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physical training program in this study. The great major-
ity of physical training effects are based on aerobic train-
ing, though a small but increasing number of resistance
training experiments have also shown promising effects
[48, 49]. Another factor may constitute the investigated
sample of older adults at risk of dementia. Training may
be less effective in these at risk populations [16, 34] than
in healthy older adults [31, 50]. Finally, the cognitive
training program with an emphasis on auditory pro-
cessing might not have recruited the assessed cognitive
outcomes. However, high correlations between CT per-
formance and global cognition at pre-test do not support
this assumption (see Additional file 1). Rather, the lack
of an association between improvement in the cognitive
training tasks and improvements in global cognition in-
dicates that the transfer from training gains to global
cognitive domains was low. That is, although there were
improvements within the cognitive training tasks, these
did not generalize to global cognitive benefits.
The observed relationship between an active lifestyle

and cognitive change in this study is in line with pro-
spective studies demonstrating a substantial risk reduc-
tion of cognitive decline and dementia in individuals
with higher physical [3] or cognitive [4, 51] activity and
in particular in individuals with a higher variety of phys-
ical and cognitive activities [5–7]. The study extends
previous work in that it revealed that the associations of
lifestyle with cognitive change were stronger than the
effects yielded with specifically designed training pro-
grams in older adults at risk of dementia. Physical, cog-
nitive and social activity are main protective lifestyle
factors against cognitive decline and dementia. We thus
operationalized lifestyle by the amount of activity, in
which the participants usually engage. In order to evalu-
ate training effects in the context of lifestyle activity, we
assessed lifestyle in all participants at the beginning of
the study. Another interesting option to directly com-
pare lifestyle and training effects would be to design an
“active lifestyle intervention”, in which previously seden-
tary adults engage into different, unspecific leisure activ-
ities, and compare its effect to the ones of a specific
training intervention (similar to a study of Stine-Morrow
and colleagues [52]).
The association of lifestyle with change in cognitive

performance was only observed for memory, but not for
attention and executive functions. Similarly, Park and
colleagues [53] reported specific effects of engagement
in novel tasks on memory, but not on other cognitive
domains. The finding is also in line with a large number
of animal studies demonstrating benefits in learning and
memory of animals placed in an “enriched environ-
ment”, i.e. a condition which enables cognitive, physical,
and social activity [54–56]. Effects on hippocampal vol-
ume and memory have also been associated with

physical [57] as well as cognitive activity [58] in humans.
Meta-analyses on physical exercise reported effects in
particular on executive functions [18], but also on mem-
ory [20]. The specific relationship of lifestyle with mem-
ory, but not with attentional and executive functions,
implies that different mechanisms may underlie and in-
fluence the course of both domains.
Variety of activities within all three activity subdo-

mains (cognitive, physical, social activities) was signifi-
cantly associated with changes in global cognition and in
memory, indicating that it is not one specific activity do-
main which is most favorable (see Additional file 1).
If an active lifestyle causes beneficial effects on cogni-

tion indeed, then the question arises why specifically de-
signed physical and cognitive training programs fail to
produce corresponding results. There are several aspects
in which activities of an active lifestyle and training in-
terventions may differ: First, the intrinsic motivation and
experienced enjoyment may be different between train-
ing tasks and leisure activities. The desire to engage in
activities is predictive for activity-induced structural
brain changes, indicating that motivation plays an im-
portant role in affecting cognitive change [59]. However,
most participants in this study found the training inter-
ventions motivating and enjoyable. Thus, it seems un-
likely that the absence of training effects on cognition
was due to a lack of enjoyment or motivation. Second,
leisure activities and training interventions may differ with
respect to activity dosage and duration: Leisure activities
might have been pursued more frequently or for a longer
period of time. And third, the training interventions con-
sisted of specific, but only few activity types, namely six
working-memory and auditory-discrimination tasks in the
cognitive training program and endurance, coordination,
balance, flexibility, and strengthening components in the
physical training program. In contrast, the assessed life-
style of the participants comprised three to 14 different
socially, cognitively, or physically demanding activities,
each involving many different tasks. Variation of tasks
might be a crucial factor in inducing generalizing effects
on global cognition [5–7, 60] and may be more effective
than repeated training of a limited number of tasks [26].
In line with this notion, Angevaren and colleagues [5]
demonstrated that cognitive function was associated with
the number of different physical leisure activities, but not
with the time spent with physical exercise per week. Fi-
nally, an active lifestyle comprises activities of different
domains such as physical and cognitive activities, which
may have synergistic effects on cognition [27].
This study has several limitations: The variety of activ-

ities, as our measure of lifestyle, was only observed and
not experimentally manipulated. Hence, a causal effect
of lifestyle on cognitive change cannot be inferred. To
exclude reverse causality, that is, an effect of cognitive
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status on lifestyle, we statistically accounted for cognitive
status. This did not alter the significant associations of
lifestyle with cognitive change. As mentioned above, our
sample size of 54 participants constrained power to
detect effects. However, due to the high measurement
accuracy resulting from the extensive cognitive test bat-
tery, the sample size was sufficient to detect small effects
with a high power. The small sample size might be a rea-
son for the lack of significant training effects, but is not
an explanation for stronger associations of lifestyle than
of training with cognitive change. Last, the outcome of a
training intervention on cognition may be moderated by
the previous fitness or activity level [61]. As in the
present study the sample was not restricted to sedentary
older adults, the relatively moderate activity level of the
participants might have reduced effects of the training
interventions.
Further research is needed in order to establish recom-

mendations for patients. The assessment of lifestyle vari-
ables should be considered in future interventional
training studies to investigate the impact of lifestyle on
the efficacy of training programs (moderating effect).
The present study provides a first indication, that life-
style factors might have a stronger impact on cognition
than training programs. It is thus important to investi-
gate whether a change towards a more active lifestyle in
general, with multiple cognitive, physical, and social ac-
tivities, is effective and more advantageous than the
engagement in specific training programs. Furthermore,
the mentioned key factors which may be critical for the
positive associations of an active lifestyle (such as dur-
ation, frequency, variety, multimodality, motivation, and
enjoyment of activities) should be pursued in order to
design more efficient training programs.

Conclusions
Lifestyle activity but not specific training interventions
were associated with changes in cognition. These results
demonstrate that an active lifestyle must contain further
factors (besides physical and cognitive exercise) which
may play a role for effects on cognition. Further experi-
mental studies are necessary to investigate these factors
which may account for the beneficial effects of an active
lifestyle, such as variety, dosage or experienced enjoy-
ment. Incorporating these factors in newly designed
programs may then results in more efficient interven-
tions than currently available cognitive and physical
training programs.

Endnotes
1Initial exclusion criterion was changed from MMSE

< 22 to MMSE < 20, in order to allow the participation
of participants with probable mild dementia and the

range for mild dementia usually includes MMSE scores
of 21 and 20.

2The number of participants was reduced from initially
planned 100, as the retest reliability of the primary out-
come was higher than expected, which resulted in a high
power to detect small effects already in 65 included
participants.

3We refrained from the ADAS-Cog sum-score as the
previously defined primary outcome and used a global
composite score instead, as its skewed distribution indi-
cated that ADAS-Cog was prone to ceiling effects in the
applied cohort. Besides, composite scores of cognition
reduce alpha-error inflation which results from multiple
testing and became the gold standard in recent years in
interventional trials that assess cognitive change as the
primary outcome.

Additional file

Additional file 1: Additional methods and results. The document contains
more detailed information of methods regarding the principal component
analysis to retrieve cognitive component scores, and the generation of the
lifestyle activity scores. It further describes additional results, including results
of the 3-month follow-up and associations of cognitive training tasks with
the assessed cognitive outcomes. (DOCX 42 kb)
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Additional methods 

Principal component analysis of cognitive measures 

To assess latent cognitive function scores, a principal component analysis was performed 

including all screened participants with complete cognitive baseline tests (n = 64). An oblique rotation 

technique (OBLIMIN) was chosen, as correlations between the extracted cognitive components were 

assumed. The Kaiser criterion (eigenvalues ≥ 1.0) was used to determine the number of extracted 

components. Eleven cognitive variables were included in the principal component analysis: Munich 

verbal memory test (MVGT) encoding, MVGT long delayed free recall, free recall of the Alzheimer’s 

Disease Assessment Scale, working memory in the Everyday Cognition Battery, Trail Making Test A 

and B, digit span forward and backward, digit-symbol-coding and semantic and phonematic fluency. 

Not included into the principal component analysis were figure copy and recall and the Boston 

Naming Test of the Consortium to Establish a Registry for Alzheimer’s Disease test battery, the 

subtests recognition, orientation, imagination, naming, verbal expression, verbal comprehension, and 

word finding disturbances of the Alzheimer’s Disease Assessment Scale, as well as MVGT 

recognition, as 30% of the participants or more had achieved the best or second best score on these 

scales at baseline, precluding improvement on these scales. Two components were extracted, one 

representing memory with high loadings of working memory and episodic memory scores, the other 

component representing attention / executive functions with high loadings of processing speed, task 

switching, and verbal fluency (see Figure 3 in the main article). 

All variables were z-standardized by using the pre-test data of the analyzed training sample (n 

= 54) and two component scores were built representing the weighted average of those z-standardized 

variables with loadings of at least a ij = .40 on the respective component. In addition, a global 

cognition score was built as the average of the two component scores. In the case of missing variables, 

the respective variables were excluded for the subject at all time-points and the component scores were 

calculated with the remaining variables, if less than half of the variables of a component score were 

missing. In the case that more variables were missing at a time point, the respective component score 
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and the global cognition score were not built for this individual and time point. Retest reliability, 

assessed in the wait-list control group, was very good for global cognition as the primary outcome (pre 

– post, r = .96, and pre – follow-up, r = .97), and both secondary outcomes, memory (pre – post, r = 

.93, and pre – follow-up, r = .96) and attention / executive functions (pre – post, r = .90, and pre – 

follow-up, r = .84). 

Rating of lifestyle activity domains 

With the Community Healthy Activities Model Program for Seniors Physical Activity 

Questionnaire for Older Adults [1] the frequency and duration of 40 different physical, cognitive, and 

social activities were assessed. We categorized the activities to three activity domains (physical, 

cognitive, and social) on the basis of independent ratings of three authors (PF, OCK, DL). Each 

activity was rated with respect to cognitive and physical demands as well as to the amount of social 

interaction on a five-point rating scale from 1 (no demands) to 5 (high demands). All activities with a 

mean author rating over 3 (moderate demands) were categorized to the respective domain (see Table 

A1). The ratings were validated with ratings of 39 cognitively healthy older adults (Mini-mental state 

examination ≥ 26, aged 64-90, not participants of the present study). The correlations between the 

authors’ ratings and the seniors’ ratings were very high for all domains (physical domain: r = .87, 

cognitive domain: r = .89, social domain: r = .84). We adapted the categorization to better fit the 

seniors’ opinion, if their ratings clearly indicated the inclusion (values > 3.5) or the exclusion (values 

< 2.5) of the activity to the particular domain. By this procedure ”Yoga or Tai Chi” was additionally 

included in the cognitive domain, ”golf (with wearing equipment)”, “singles tennis”, and “aerobic” 

were additionally included in the social domain, and “golf (with wearing equipment)” was additionally 

included in the physical domain. Twelve activities with low physical, cognitive, and social demands 

were not categorized to any domain. The reliability of ratings was very high. Authors’ ratings revealed 

a very good Cronbach’s α for all domains (physical domain: αCronbach = .92, cognitive domain: αCronbach 

= .86, social domain: αCronbach = .95). Three domain scores for physical, cognitive, and social activities 

as well as one overall activities score were built. Each domain score reflects the percentage of 
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performed, domain-specific activities in relation to the possible number of activities in this domain. 

The overall activities score was built by averaging the three domain scores.  

Additional results 

Training- and lifestyle-related changes in cognition from pre-test to follow-up 

Similarly to the main analysis of training effects and associations of lifestyle with cognitive 

change between pre- and post-test, linear mixed effect models were conducted to analyze associations 

with change in cognition in the time between pre-test and follow-up. Global cognition as well as 

memory and attention / executive functions were modelled with Time (pre, post, and follow-up) × 

Group (cognitive training [CT], physical training [PT], wait-list control [WLC]) + Time × Lifestyle as 

fixed effects and Subject as random intercept.  

There were significant main effects of time, F(2,77) = 39.19, p < .001, and of lifestyle, F(1,48) 

= 6.21 , p = .02, on global cognition. Furthermore, the Lifestyle × Time interaction was significant, 

F(2,77) = 8.12, p = .001, while the Group × Time interaction was not significant, F(4,77) = 1.92, p = 

.12.  

There were also significant main effects of time, F(2,77) = 31.16, p < .001, and of lifestyle, 

F(1,48) = 5.68, p = .02, and a significant Lifestyle × Time interaction, F(2,77) = 12.51, p < .001, when 

modeling memory, but no Group × Time interaction, F(4,77) = 1.11, p = .36. For modeling attention / 

executive functions, only the main effects of time, F(2,76) = 10.32, p < .001, and of lifestyle, F(1,48) 

= 4.58, p = .04, were significant, but no interaction effects, ps > .36. 

Per protocol analyses 

Per protocol analyses were performed for global cognition and the composite scores memory 

and attention / executive functions, as the main outcomes. These analyses including only participants 

who completed at least 75% of the training sessions and WLC participants (n = 48), to account for 

potential influences of training adherence. Per protocol analyses did not alter the results regarding 

Group × Time and Lifestyle × Time interactions on cognition. 
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Associations of activity subdomains with cognitive change over time 

Regarding the three activity domains, all three domain scores had significant Lifestyle × Time 

interactions on global cognition, ps < .008, and on memory, ps < .002, but not on attention / executive 

functions, ps > .73. 

Improvements within the training programs 

Within the CT group, global cognition and the memory composite score at pre-test were 

associated with performance in the training tasks “tell us apart” and “sound replay”, but not with 

performance in “high or low” or “match it” at the beginning of the training period (third session). 

“Sound replay” was also associated with the composite score of attention/ executive functions. At 

post-test, the final training performances in “tell us apart”, “match it”, and “sound replay” were 

associated with the global cognition post-test score (for further information see Table A2). Within the 

CT group, the performance increased from beginning to end of training in the trained tasks “high or 

low”, t(12) = -5.27, p < .001, Cohen’s d = 1.46, “tell us apart”, t(13) = 4.71, p < .001, Cohen’s d = 

1.26, and “match it”, t(13) = 3.77, p = .002, Cohen’s d = 1.01, but not in the task “sound replay”, t(13) 

= 1.42, p = .18, Cohen’s d = 0.38. However, improvements in the trained tasks were not significantly 

associated with improvements in global cognition, memory, or attention / executive functions (ps > 

.25, see Table A2). 

List of abbreviations used 

CT: cognitive training; MVGT: Munich verbal memory test (adaptation of the California Verbal 

Memory Test); PT: physical training; WLC: wait-list control. 
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Tables 

Table A1. Categorization of activities into social, physical, and cognitive domains. 

Activity  

Rating scores 

% Subjects 
Cognitive 
domain Social domain 

Physical 
domain 

Multidomain activitiesa 
    Play basketball, soccer or racquetball 3.7 4.3 5.0 10 

Play singles tennis 3.3 3.7d 5.0 6 
Play doubles tennis 3.3 3.3 5.0 0 
Dance 3.3 4.3 4.0 13 
Play cards and board games 4.3 4.7 

 
29 

Visit family or friends 3.3 5.0 
 

81 
Do volunteer work 4.0 4.0 

 
56 

Attend club meetings 3.3 4.7 
 

50 
Attend cultural events 4.0 3.3 

 
62 

Do Yoga or Tai Chi 3.5d 
 

3.3 4 
Do aerobic 

 
3.5d 4.7 0 

Play golf, with carrying equipment 
 

3.6d 3.8d 0 
Single domain activitiesb 

    Play musical instruments 5.0 
  

10 
Use a computer 4.3 

  
73 

Read 3.7 
  

98 
Do arts and crafts   3.3 

  
38 

Go to the senior center 
 

4.3 
 

25 
Attend church activities 

 
3.3 

 
38 

Jog or run 
  

4.7 21 
Swim moderately or fast 

  
4.7 13 

Skate (ice, roller, in-line) 
  

4.0 2 
Use an aerobic machine 

  
4.3 19 

Do moderate/heavy strength training 
 

 4.3 15 
Walk uphill or hike  

  
3.7 46 

Do heavy gardening 
  

3.7 35 
Do water exercise 

  
3.7 19 

Bicycle 
  

3.7 71 
Do heavy work around the house 

  
3.3 50 

Low demand activitiesc 
    Play golf, riding in a cart 
   

0 
Shot pool or billiards 

   
2 

Do light work around the house 
   

88 
Do light gardening 

   
50 

Work on machinery 
   

23 
Walk fast or briskly 

   
33 

Walk to do errands 
   

71 
Walk leisurely 

   
62 

Swim gently 
   

21 
Do stretching or flexibility 

   
58 

Do light strength training 
   

23 
General conditioning exercises 

   
25 
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Note. Depicted are mean ratings on a five-point rating scale from 1 (no demands) to 5 (high demands), 

for ratings higher than 3. % Subjects = Percentage of subjects who had engaged into the respective 

activity.  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. 

 
Global cognition pre Memory pre 

Attention / executive 
functions pre 

 
r p r p r p 

Start high or lowa -.07 .83 .02 .95 -.17 .57 
Start tell us apart .58 .03 .63 .02 .44 .12 
Start match it -.13 .65 -.23 .42 .02 .94 
Start sound replay .62 .02 .57 .03 .62 .02 

 
Global cognition post Memory post 

Attention / executive 
functions post 

 
r p r p r p 

End high or lowa -.46 .11 -.51 .07 -.23 .45 
End tell us apart .59 .03 .65 .01 .33 .24 
End match it .76 .002 .66 .01 .73 .003 
End sound replay .54 .046 .35 .22 .72 .003 

 

Difference global 
cognition Difference memory 

Difference attention / 
executive functions 

 
r p r p r p 

Difference high or lowa -.28 .36 -.39 .19 -.03 .93 
Difference tell us apart -.03 .91 .35 .21 -.37 .19 
Difference match it -.13 .67 -.15 .61 -.03 .92 
Difference sound replay .33 .25 .23 .42 .23 .43 

Note. Data of 14 cognitive training participants. Start = training task performance at the beginning of 

the training period (third session), End = training task performance at the end of the training period 

(last session), Difference = difference in performance between beginning and end of the training 

program and between pre- and post-test of the cognitive outcomes, respectively. aLower scores 

indicate better performance. 
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Abstract. Psychosocial stress and physical, cognitive, and social activity predict the risk of cognitive decline and dementia.
The aim of this study was to elucidate brain-derived neurotrophic factor (BDNF), irisin, and the kynurenine pathway (KP)
as potential underlying biological correlates. We evaluated associations of irisin and the KP with BDNF in serum and with
cognition, stress, and activities. Furthermore, changes in serum concentrations of BDNF, irisin, and KP metabolites were
investigated after physical or cognitive training. Forty-seven older adults at risk of dementia were assigned to 10 weeks
of physical training, cognitive training, or a wait-list control condition. Previous physical, cognitive, and social activities
and stressful life events were recorded; global cognition, episodic memory, and executive functions were assessed. Serum
levels of L-kynurenine, kynurenic acid, 3-hydroxykynurenine (3-HK), and quinolinic acid (QUIN) were determined by
validated assays based on liquid chromatography coupled to tandem mass spectrometry. BDNF and irisin serum levels were
determined with enzyme-linked immunosorbent assays. BDNF and irisin correlated positively with global cognition and
episodic memory, while the neurotoxic metabolite QUIN correlated negatively with executive functions. Stressful life events
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1098 O.C. Küster et al. / Biomarkers of Stress, Training, and Cognition

were associated with reduced BDNF and increased 3-HK. 3-HK decreased after cognitive training, while BDNF tended to
increase after physical training. This suggests that psychosocial stress as well as cognitive and physical training may impact
BDNF serum levels and the KP. Irisin and QUIN may constitute novel serum biomarkers of cognitive impairment, in addition
to BDNF. Larger scale trials are needed to replicate and extend these novel findings.

Keywords: Brain-derived neurotrophic factor, cognitive function, dementia, exercise training, kynurenine, lifestyle

INTRODUCTION

A number of lifestyle factors influence the risk
of cognitive decline and dementia in old age. While
a high amount of physical, cognitive, and social activ-
ities lowers the risk of cognitive decline and dementia
[1], psychosocial stress can increase the risk [2, 3]. In
recent years, an increasing number of studies focused
on unravelling the underlying biological mechanisms
of lifestyle effects, with the aim of identifying novel
treatment strategies for an increasing number of older
adults with neurodegenerative diseases.

The neurotrophin brain-derived neurotrophic fac-
tor (BDNF) is a probable mediator of lifestyle
effects on cognition. BDNF plays a major role in
neuroplasticity [4] and is linked to learning and
memory processes [5, 6]. Reduced peripheral BDNF
concentrations have been reported in patients with
Alzheimer’s disease (AD) [7, 8] and in individuals
with mild cognitive impairment (MCI) [9, 10], but
results are mixed [11]. Experimental studies demon-
strated an involvement of BDNF in the positive
effects of physical exercise on cognition [12]. Some
studies also reported BDNF enhancements in serum
after cognitive interventions [13–15]. In contrast,
serum BDNF seems to be reduced in individuals with
high stress loads at work [16] or a higher number of
stressful life events [17]. Recently, exercise-induced
BDNF alterations have been linked to the myokine
irisin and the kynurenine pathway (KP) in animal
studies.

The discovery of the “exercise hormone” irisin
attracted a great deal of attention [18]. Irisin was iden-
tified as a communicator between the skeletal muscle
and adipocytes, and thus a potential bearer of positive
effects of physical exercise on other target organs out-
side the muscle [19]. Boström et al. [18] demonstrated
that irisin is cleaved from the transmembrane recep-
tor fibronectin type III domain containing 5 (FNDC5)
in skeletal muscle and secreted into the periphery
as a myokine, from where it acts on adipocytes.
Ten weeks of physical training resulted in increased
levels of irisin in plasma of humans [18]. Subsequent

studies confirmed altered irisin levels after acute
bouts of exercise [20, 21]. Results were, however,
more equivocal with respect to physical training inter-
ventions over several weeks [22–25].

The observation that irisin administration
increased the proliferation of hippocampal cells
in vitro [26] and FNDC5 expression resulted in
elevated irisin concentrations and BDNF gene
expression in cell-culture [27] suggested that irisin
might also constitute a potential therapeutic target
in neurodegenerative disorders [28–30]. Despite
that, associations between cognition and irisin
in older adults or patients with neurocognitive
disorders have not yet been investigated. Two studies
reported correlations between cognition and irisin in
serum in younger healthy adults, with one finding
positive associations of irisin with the Mini-Mental
State Examination (MMSE) [31], the other finding
negative associations with measures of executive
functions [32].

Another link between lifestyle factors, cogni-
tion and neuroplasticity constitutes the KP, the
major route of tryptophan (TRP) metabolism. The
essential amino acid TRP is metabolized into
L-kynurenine (KYN). The KP itself consists of
two branches with neuroactive metabolites as key
products: One branch is initiated by kynurenine 3-
monooxygenase (KMO)—an enzyme that catalyzes
compounds with rather neurotoxic characteristics,
including 3-hydroxykynurenine (3-HK) [33] and
quinolinic acid (QUIN) [34]. The other branch of the
KP leads to the formation of kynurenic acid (KYNA)
through kynurenine aminotransferases (KAT I-IV).
Depending on its concentration, KYNA can have
neuroprotective effects and is able to counteract
QUIN-induced neurotoxicity in the brain [35]. Fur-
thermore, KYNA is not able to pass the blood-brain
barrier, in contrast to KYN [36]. Thus, the catabolism
of KYN to KYNA in the periphery may also
reduce the amount of (deleterious) KYN passing to
the brain.

Altered levels in kynurenine metabolites have been
detected in neurodegenerative disorders [37, 38].
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In AD, an increased activation of the KP and a shift
toward the neurotoxic metabolites with higher levels
of 3-HK and QUIN was found in the hippocam-
pus [39, 40] as well as in peripheral tissue [41–43].
Cognitive performance was negatively associated
with QUIN and positively associated with KYNA
concentrations in plasma [41]. Agudelo and col-
leagues [36] recently demonstrated in an animal
study that stress increased the activity of KMO in
plasma and reduced BDNF in the hippocampus.
Both actions could be prevented by overexpres-
sion of the peroxisome proliferator-activated receptor
gamma coactivator 1 alpha (PGC-1�) in the muscle,
as a model for physical exercise. PGC-1� over-
expression as well as physical exercise increased
metabolism along the KYNA branch, demonstrated
by an increased gene expression of KATs in the
muscle and corresponding increases of KYNA in
plasma. Similarly, 3 weeks of physical training
in humans were also associated with increases in
KATs [36].

In sum, BDNF has been related to effects of
stress, physical and cognitive training, and an
activity-enriched environment on cognition, although
evidence in humans is mixed. Irisin and the KP
may be further underlying biological mechanisms
of lifestyle effects, including physical and cognitive
activity, on cognition and may be linked to BDNF
increases in the brain.

This study investigated older adults at risk of AD,
who completed an elaborate assessment of lifestyle
parameters as well as neuropsychological tests at
baseline, and received a 10-week period of either
physical training (PT), cognitive training (CT), or
a wait-list control (WLC) condition. We aimed at
evaluating BDNF, irisin, and kynurenine metabolites
as potential underlying biological mechanisms of
associations between lifestyle risk and protective fac-
tors of dementia and cognition and of training effects
on cognition. We therefore tested the hypotheses that
1) Irisin and the KP metabolites are associated with
BDNF in serum; 2) BDNF, irisin, and the neuro-
protective KP metabolite KYNA are associated with
better cognitive performance, while the neurotoxic
KP metabolites (3-HK and QUIN) are associated with
poorer cognitive performance at baseline; 3) BDNF
is negatively and the neurotoxic KYN metabolites
are positively associated with stress; and 4) BDNF,
irisin and KYNA are positively associated, while the
neurotoxic KP metabolites are negatively associated
with the amount of physical, cognitive, and social
activities. We further evaluated 5) whether a short

physical or cognitive training program altered serum
levels of irisin, the KP metabolites and BDNF as early
biomarkers.

MATERIALS AND METHODS

Study design

The results reported here are part of a clini-
cal trial (ClinicalTrials.gov Identifier NCT01061489,
registered February 2, 2010), of which we previ-
ously reported cognitive outcomes [44] and diffusion
tensor imaging data [45]. Here, we report associa-
tions and training-induced alterations of blood-based
biomarkers.

Participants

The study population has previously been
described in detail [44]. In brief, subjects were
recruited in the Memory Clinic of the University Hos-
pital Ulm, Germany and the Center for Psychiatry
Reichenau, Germany or via public advertisements.
Inclusion criteria were age of 55 years or older,
subjective memory complaints and either objective
(German version of the California Verbal Learning
Test [46]: average of learning and long-delayed free
recall trials below –1 SD of the age norm) or clinically
apparent memory impairment (e.g., increased diffi-
culty in relocating objects, keeping appointments,
remembering conversations or events), and fluency
in the German language. Exclusion criteria were any
psychiatric or neurologic disorders, severe hearing
or visual impairment, physical impairment which
would have prevented participation in the PT pro-
gram, changes in antidementive or antidepressive
medication before study initiation, and moderate or
severe dementia (MMSE <20; see Fig. 1).

Procedure

The study was approved by the Ethics Com-
mittees of the Universities of Konstanz and Ulm,
Germany. Written informed consent was obtained
from participants prior to study participation. Cog-
nitive tests, a diagnostic interview with self-report
questionnaires, and the collection of blood were usu-
ally performed on two appointments for each, the pre-
and the post-test. One to 4 weeks after the pre-test,
the 10-week intervention period started, followed by
the post-test up to 4 weeks after the last training
session.



1100 O.C. Küster et al. / Biomarkers of Stress, Training, and Cognition

Fig. 1. Flow of participants within the cognitive training, physical training, and wait-list control group.

Groups were matched with respect to age, edu-
cation, gender, and cognitive status (MMSE) using
a minimization approach, in order to avoid a selection
bias. The investigators who conducted the neu-
ropsychological assessments at post-test and who
performed the BDNF and irisin measurements were
blinded to the subjects’ group assignments. Inves-
tigators conducting the KP measurements were not
blinded to group allocation in order to evenly dis-
tribute the samples of the three groups on the
measurement plates to avoid a measurement bias.

Assessment of biological parameters in serum

Blood collection, sample pre-processing and
storage

Venipuncture was performed between 8 : 30 and
11 : 00 a.m., prior to which participants were asked
to refrain from physically demanding activities and
were seated for a resting period of at least 5 min before
venipuncture. Fasting was not mandatory. Blood col-
lection time at pre- and post-test was kept constant for
each participant. Blood was collected in 7.5 ml serum
tubes (Sarstedt, Nümbrecht, Germany) containing
beads coated with a clotting activator (silcate). Blood

samples were centrifuged 2.5 h (± 30 min) post col-
lection for 4 min at 2700 g and 4◦C. Serum samples
were frozen at –80◦ C until analysis.

BDNF
Serum levels of total BDNF were measured using

the Enzyme-linked Immunosorbent Assay (ELISA)
kit BDNF Emax ImmunoAssay Systems (Cat #:
G7610, Promega Corporation, Madison, WI, USA)
according to the manufacturer’s instructions. All sam-
ples of each participant and each time-point (pre,
post) were assayed in duplicate on each plate, in order
to test the intra-assay variation. Serum samples were
diluted 1 : 100 in blocking buffer and acidified before
used in the system. A BDNF standard was used on
each plate to generate a linear standard curve rang-
ing from 7.8–500 pg/ml. The absorbance at 450 nm
was recorded within each well using an automated
microplate reader (Biotek). The samples were pro-
cessed on 4 plates in total. Samples, which were to
be compared, i.e., pre- and posttest samples of each
participant, were processed on the same plate. Four
samples, in which the absorbance of the duplicates
differed by 100 pg/ml or more, were excluded from
the analyses.
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Irisin
Irisin concentrations in serum were determined

using a competitive, commercially available ELISA
kit (Phoenix, EK-067-52) according to the manu-
facturer’s instructions. Samples were measured in
duplicate; given values are averages. To determine
irisin concentrations, absorbance at 450 nm wave-
length was measured using a spectrophotometer
(Thermo Scientific, Multiskan FC).

Kynurenine metabolites
Measurements were conducted at Boehringer

Ingelheim Pharma GmbH & Co. KG, DMPK Ger-
many, Biberach an der Riss, Germany. Quantification
of serum levels of TRP and its catabolites KYN,
KYNA, 3-HK, and QUIN was performed by vali-
dated assays based on liquid chromatography tandem
mass spectrometry. TRP, KYNA, 3-HK, and QUIN
concentration levels in serum samples were quanti-
fied together in one assay, while KYN serum levels
were quantified separately. The assays comprised
sample clean-up by protein precipitation followed
by reversed-phase chromatography and mass spec-
trometric detection in the positive ion multiple
reaction monitoring mode using the deuterated ana-
logues of the analytes, namely [D5] tryptophan,
[D4] kynurenine, [D5] kynurenic acid, [D3] 3-
hydroxykynurenine, and [D3] quinolinic acid as
internal standards. The lower limits of quantification
in serum were 2000 nM for TRP, 770 nM for KYN,
5 nM for KYNA, 20 nM for 3-HK, and 50 nM for
QUIN. Assay accuracy (in terms of relative deviation,
dev., from nominal concentrations) and precision (in
terms of coefficient of variability, CV, of multiple
measurements) were determined for each analyte by
the fourfold analysis of quality control samples at four
concentration levels. Assay accuracy and precision
were <6.1% (dev.) and <8.7% (CV) for TRP;<6.7%
(dev.) and <14.1% (CV) for 3-HK;<23.2% (dev.) and
5.3% (CV) for KYN; <11.3% (dev.) and 20.1% (CV)
for KYNA; and <14.1% (dev.) and <8.6% (CV) for
QUIN.

Cognitive assessment

Global cognition, memory functions, and atten-
tional and executive functions were assessed with
an extensive neuropsychological test battery. Prin-
cipal component analysis served to construct these
three component scores (see [44]). All variables
were z-standardized by using the baseline data. For
each participant the two component scores (memory

functions and attention/executive functions) were
built as the weighted average of the standardized
variables with loadings of at least aij = 0.40 on the
respective component. The global cognition score
represents the average of the two component scores.

The neuropsychological assessment included Ger-
man versions of the MMSE [47], subtests of the test
battery of the Consortium to Establish a Registry
for Alzheimer’s Disease [48], the Alzheimer’s Dis-
ease Assessment Scale – Cognitive Subscale [49],
and an adapted German version of the California Ver-
bal Learning Test [46] as well as the digit-span and
digit-symbol-coding test of the Wechsler Adult Intel-
ligence Scale [50] and the working memory subtest
of the Everyday Cognition Battery [51].

Assessment of lifestyle protective and risk factors

Physical, cognitive, and social activities
The Community Healthy Activities Model Pro-

gram for Seniors Physical Activity Questionnaire for
Older Adults [52] was applied to assess regular physi-
cal, cognitive, and social activities of the participants.
The questionnaire assesses the frequency and dura-
tion of 40 activities in a typical week within the
previous 4 weeks. The activities were categorized
into physical, cognitive, and social activity domains,
as reported previously [44]. A score for each activity
domain was built, reflecting the percentage of per-
formed activities in relation to the possible number
of activities in this domain. Then, an overall activ-
ity score was built by averaging the three domain
scores.

Stressful life events
The Clinician-Administered PTSD Scale Life

Events Checklist [53] was applied to assess the num-
ber of potentially traumatic life events. An event
(personally experienced or witnessed) is considered
traumatic if it poses a potential threat to life or phys-
ical integrity (criterion A1 for posttraumatic stress
disorder) and is accompanied by the experience of
intensive anxiety, helplessness, or horror (criterion
A2). Regarding 19 event types, participants were
asked whether they had experienced or witnessed the
event at least once in their life and to shortly describe
it including the experienced emotions. Two sum-
scores were built, one comprising all events fulfilling
criterion A1 (critical life events) and one including
only those events which also fulfilled criterion A2
(traumatic life events).
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Depressive symptoms
The Geriatric Depression Scale-15 [54] was used

to determine depressive symptoms. Scores over 5 are
indicative of mild to moderate depression; scores over
10 indicate severe depression.

Other potential influencing factors
We assessed age, education in years, the number of

cigarettes smoked per day, and the number of glasses
of alcohol consumed per day in a standardized inter-
view and measured height and weight to calculate the
body mass index.

Training interventions

Cognitive training
The CT group was asked to complete 1-h

computer-based training sessions five times per week
for a total of 10 weeks (i.e., 50 sessions in total),
which were carried out individually at the partic-
ipants’ homes. The training was an adapted and
translated German version of a program developed
by the Posit Science Corporation, San Francisco, CA
and focuses on the training of auditory discrimina-
tion and working memory (for detailed descriptions
see [44, 55]).

Physical training
The PT group was asked to attend 1-h sessions

twice a week in groups of five to ten participants and
three 20-min sessions per week at home for 10 weeks
(i.e., 20 group- and 30 home-based sessions in total).
The multimodal PT program included endurance,
coordination, balance, flexibility, and strengthening
components, embedded into an imaginary journey.
A similar program with the same structure yielded
beneficial effect on cognition in frail nursing-home
residents [56].

Wait-list control group
Participants of the WLC group were asked to con-

tinue their daily routine as usual and were offered to
take part in one of the training programs after their
study participation.

Statistical analyses

Statistical analyses were carried out with R version
3.1.2 [57]. Baseline group differences in continuous
variables were evaluated with one-way analyses of
variance. Baseline differences in categorical variables
were analyzed with χ²-tests.

Associations of irisin and the KP measures (KYN,
KYNA, 3-HK, QUIN) with cognition and with risk
and protective lifestyle factors were calculated as
Pearson’s product-moment correlations. As BDNF
values were not normally distributed, all associations
with BDNF were calculated with Spearman rank cor-
relations (see also [58]). Significant associations with
measures of cognition are also reported after sta-
tistically accounting for influencing covariates, by
including the covariates into a multiple regression
analysis (for irisin and KP measures) or calculating
partial correlations after partialling out the covariates
(for BDNF).

To evaluate effects of training on irisin and KP
measures, linear mixed effects models were con-
ducted with Group (PT, CT, WLC) and Time (pre,
post) as fixed effects and Subject as a random
intercept, using the nlme package 3.1–119 in R. Sig-
nificant Group × Time interactions indicated effects
of training on the biological measures. Changes from
pre- to post-test within each group were analyzed
with paired t-tests. Effects of training on BDNF were
analyzed with Wilcoxon tests within each group.

RESULTS

Subject characteristics

The study population consisted of 20 male and
27 female participants with a mean age of 71.2
years (SD = 6.0, range 60–88 years), a mean edu-
cation time of 14.1 years (SD = 3.4), and a mean
MMSE score of 28.0 (SD = 1.9). The sample included
mostly individuals with MCI (n = 32), 11 partici-
pants with no objective memory impairment, and
four participants with probable beginning dementia.
Three participants (n = 1 in each group) had Geriatric
Depression Scale scores indicative of mild to mod-
erate depression (6–8 points). Self-reported leisure
activity was high (6–20 regular activities, M = 13.77,
SD = 3.70) considering the age of the sample. The par-
ticipants reported 0 to 11 critical life events (M = 3.74,
SD = 2.49), of which 0 to 5 were traumatic (M = 1.23,
SD = 1.35). The three groups (CT, PT, and WLC) did
not differ in any demographic characteristics, cogni-
tive status, lifestyle, or biomarker concentrations (see
Table 1). Thirty-four participants reported current
medical conditions, most of them with one (n = 10)
or two (n = 14) diagnoses, the most frequent being
hypertension (n = 14) and arthrosis (n = 9). Thirty-
six subjects reported current medication intake,
most frequently antihypertensives (n = 15) or thyroid
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Table 1
Baseline characteristics for each of the three intervention groups

CT (n = 12) PT (n = 17) WLC (n = 18) Statistic p

Demographic data
Age: M (SD) 70.50 (6.14) 73.18 (5.99) 69.89 (5.70) F2,44 = 1.47 0.24
Gender: male/female 5/7 6/11 9/9 χ2(2) = 0.78 0.68
Education in years: M (SD) 12.79 (4.06) 14.06 (3.00) 15.06 (3.28) F2,44 = 1.61 0.21

Biomarker data
BDNF: Mdn (IQR) 339 (221) 291 (284) 388 (385) χ2(2) = 1.27 0.53
Irisin: M (SD) 55.2 (9.9) 57.9 (10.6) 56.4 (14.1) F2,39 = 0.16 0.85
KYN: M (SD) 1983 (457) 2090 (479) 1902 (419) F2,38 = 0.68 0.51
KYNA: M (SD) 45.7 (14.1) 40.8 (10.2) 41.3 (18.2) F2,38 = 0.37 0.69
3-HK: M (SD) 53.5 (11.3) 52.7 (16.3) 49.9 (12.9) F2,37 = 0.26 0.77
QUIN: M (SD) 681 (277) 560 (201) 560 (295) F2,38 = 0.80 0.46

Cognitive data
Global cognition: M (SD) 0.16 (0.60) 0.04 (0.62) –0.14 (0.85) F2,44 = 0.67 0.52
MMSE: M (SD) 28.08 (1.68) 27.88 (1.69) 28.06 (2.29) F2,44 = 0.05 0.95

Lifestyle data
Overall activity: M (SD) 0.28 (0.13) 0.28 (0.09) 0.31 (0.07) F2,44 = 0.77 0.47
CAPS critical life events: M (SD) 3.58 (2.15) 4.06 (2.66) 3.56 (2.64) F2,44 = 0.21 0.82
GDS-15: M (SD) 2.33 (2.23) 2.59 (1.73) 2.28 (1.69) F2,44 = 0.14 0.87

KYN, KYNA, 3-HK, and QUIN are measured in nM, irisin is measured in pg/ml, and BDNF is measured in ng/ml. 3-HK,
3-hydroxykynurenine; BDNF, brain-derived neurotrophic factor; CAPS, Clinician-Administered PTSD Scale; CT, cognitive
training group; GDS-15, Geriatric Depression Scale-15; KYN, L-kynurenine; KYNA, kynurenic acid; MMSE, Mini-Mental
State Examination; PT, physical training group; QUIN, quinolinic acid; WLC, wait-list control group.

hormones (n = 9). Six participants took antidemen-
tive, two participants antidepressive medication.

Irisin measurements were missing for five partici-
pants, KP metabolite measurements were missing for
six participants, as there were not enough serum sam-
ples available. BDNF measurements were missing
for five subjects at baseline. For pre-post compar-
isons, the BDNF data of a further 6 subjects were
excluded, as post-data were missing. Test-retest reli-
ability between pre- and post-measurements was
reasonable for all biomarkers (Irisin: r = 0.67; BDNF:
ρ = 0.70; KYN: r = 0.68; KYNA: r = 0.55; 3-HK:
r = 0.72; QUIN: r = 0.83).

Irisin but not the kynurenine metabolites are
associated with BDNF

To evaluate proposed links of irisin and the KP with
BDNF, baseline associations between the biomark-
ers were calculated. Irisin levels correlated positively
with BDNF levels (ρ = 0.32, p = 0.05), while the
kynurenine metabolites were not associated with
BDNF (ps ≥ 0.45).

Irisin, QUIN, and BDNF levels correlate with
measures of cognition

To test the hypothesis whether irisin, KP metabo-
lites, and BDNF are associated with cognitive

Table 2
Baseline associations of biological parameters with measures

of cognition

Global Cognition Memory Attention/EF

BDNF 0.33∗ 0.36∗ 0.21
Irisin 0.37∗ 0.45∗∗ 0.20
KYN 0.001 0.05 –0.05
KYNA 0.02 –0.04 0.09
3-HK –0.14 –0.17 –0.08
QUIN –0.24 –0.13 –0.31∗

Associations with BDNF are Spearman rank correlations, all other
associations are Pearson product-moment correlations. 3-HK, 3-
hydroxykynurenine; Attention/EF, attention/executive functions;
BDNF, brain-derived neurotrophic factor; KYN, L-kynurenine;
KYNA, kynurenic acid; QUIN, quinolinic acid. ∗∗p < 0.01,
∗p < 0.05.

performance, correlations with global cognition as
well as with the composite scores were calculated
at baseline (see Table 2). Global cognition was
significantly associated with irisin serum concentra-
tions (r = 0.37, p = 0.02) as well as a with BDNF
serum concentrations (ρ = 0.33, p = 0.04), but not
with any of the KP metabolites (ps ≥ 0.14). Within
the two cognitive component scores, memory cor-
related significantly with irisin (r = 0.45, p = 0.003)
and BDNF (ρ = 0.36, p = 0.02), while the component
of attention/executive functions was inversely corre-
lated with QUIN (r = –0.31, p = 0.05; see Fig. 2).

After statistically accounting for age and educa-
tion, the associations of global cognition with BDNF
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Fig. 2. Baseline associations of biomarkers with composite measures of cognition. Higher brain-derived neurotrophic factor (BDNF) and
irisin serum levels were significantly associated with better memory performance (ρ = 0.36, p = 0.02; and r = 0.45, p = 0.003, respectively).
Higher levels of quinolinic acid (QUIN) in serum were associated with poorer performance in a composite score of attention and executive
functions (r = –0.31, p = 0.05).

Fig. 3. Baseline associations of critical life events with 3-HK and BDNF serum levels. The number of critical life events was assessed with
the Life Events Checklist of the Clinician-Administered PTSD Scale (CAPS), as a measure of lifetime psychosocial stress. There was a trend
for a positive correlation of critical life events with 3-hydroxykynurenine (3-HK) serum levels (r = 0.29, p = 0.07) and a significant negative
correlation with brain-derived neurotrophic factor (BDNF) serum levels (ρ = –0.40, p = 0.009).

(p < 0.01) as well as of memory with irisin (p = 0.046)
and BDNF (p < 0.01) remained significant, while the
associations of global cognition with irisin was no
longer significant (p = 0.21). The association between
attention/executive functions and QUIN remained
marginally significant after accounting for either
age and education (p = 0.07) or alcohol consumption
(p = 0.10).

Lifetime stress is associated with lower BDNF
and higher 3-HK levels

To assess associations of the biomarkers with
lifetime stress as a risk factor of AD we used
the Clinician-Administered PTSD Scale Life Events
Checklist. The number of experienced critical life

events, which pose a threat to life or physical integrity,
was negatively associated with BDNF (ρ = –0.40,
p = 0.009) and tended to positively correlate with 3-
HK levels (r = 0.29, p = 0.07, see Fig. 3 and Table 3).
Associations with the number of traumatic life events
which were also connected with the experience of
extreme fear or helplessness, were not significant.

No association of self-reported activity with the
investigated biomarkers

The amount of regular physical, cognitive, and
social activities before study participation was
assessed with a questionnaire. The amount of activ-
ity was not associated with serum levels of irisin, KP
metabolites, or BDNF at baseline (see Table 3).
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Table 3
Baseline associations of biological parameters with lifestyle risk and protective factors and covariates

Irisin BDNF KYN KYNA 3-HK QUIN

Age –0.42∗∗ –0.25 –0.04 –0.01 0.09 0.08
Years of education 0.12 0.26 0.13 0.26# –0.07 –0.09
Body mass index 0.02 0.00 0.16 –0.09 0.06 0.06
Overall activity 0.05 0.25 0.09 0.22 0.03 –0.03
CAPS critical life events –0.16 –0.40∗∗ 0.21 0.02 0.29# 0.14
CAPS traumatic life events –0.05 0.01 0.12 0.05 0.13 –0.12
GDS-15 –0.03 –0.09 0.05 –0.07 0.15 –0.09
Alcohol consumption –0.04 –0.06 –0.27# 0.28# –0.16 –0.40∗∗
Cigarette consumption 0.02 –0.09 –0.05 –0.07 –0.10 –0.04

Associations with BDNF are Spearman rank correlations, all other associations are Pearson product-
moment correlations. 3-HK, 3-hydroxykynurenine; BDNF, brain-derived neurotrophic factor; CAPS,
Clinician-Administered PTSD Scale; GDS-15, Geriatric Depression Scale-15; KYN, L-kynurenine;
KYNA, kynurenic acid; QUIN, quinolinic acid. ∗∗p < 0.01, ∗p < 0.05, #p < 0.10.

Fig. 4. Pre to post changes in irisin, 3-HK and BDNF serum levels for the three groups. Irisin levels remained unchanged in all three groups.
3-HK levels decreased significantly from pre to post within the cognitive training group in comparison to the wait-list control group. BDNF
levels tended to increase within the physical training group, while levels remained unchanged in the wait-list control group. Error bars depict
standard errors of the mean.

Training-induced alterations of BDNF and 3-HK
levels

There was a trend for an increase in BDNF levels
from pre to post in the PT group (Wilcoxon V = 25,
p = 0.09). BDNF also increased in the CT group,
but the difference did not reach significance (V = 11,
p = 0.11; see Fig. 4 and Table 4). When taking the
two training groups (CT and PT) together, the BDNF
serum levels significantly increased from pre- to post-
test (V = 66, p = 0.02), while there was no alteration
in the WLC group.

We found a significant Group × Time interac-
tion on 3-HK, F(2,37) = 3.25, p = 0.05 (see Fig. 4).
3-HK decreased significantly in the CT group,
t(9) = 3.17, p = 0.01, and tended to decrease in the
PT group, t(13) = 1.76, p = 0.10, while it remained

unchanged in the WLC group, t(15) = –0.11, p = 0.91.
KYNA decreased significantly within the CT group,
t(9) = 2.23, p = 0.05, but a Group × Time interaction
was not significant, F(2,38) = 0.36, p = 0.70.

There were no other significant Group × Time
interactions for modelling kynurenine metabolites
(ps > 0.18). There was also no significant Group ×
Time interaction on irisin levels, F(2,39) = 0.05,
p = 0.95.

DISCUSSION

We aimed to evaluate potential neurobiological
correlates of lifestyle- and training-related associa-
tions with cognition in a sample of older adults at
risk of dementia. We found significant associations
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Table 4
Comparisons of biological parameters in the three intervention

groups between pre- and post-test

Variable n Pre-test Post-test Statistic p
M (SD) M (SD)

KYN
CT 10 1983 (457) 1802 (405) t = 1.73 0.12
PT 14 2090 (479) 2043 (519) t = 0.55 0.59
WLC 17 1902 (410) 1978 (379) t = –0.83 0.42

KYNA
CT 10 45.7 (14.1) 40.4 (15.4) t = 2.23 0.05
PT 14 40.8 (10.2) 40.1 (11.4) t = 0.45 0.66
WLC 17 41.3 (18.2) 39.0 (10.6) t = 0.51 0.61

3-HK
CT 10 53.5 (11.3) 43.8 (13.1) t = 3.17 0.01
PT 14 52.7 (16.3) 48.7 (12.2) t = 1.76 0.10
WLC 16 49.9 (12.9) 49.0 (14.3) t = –0.11 0.91

QUIN
CT 10 681 (277) 595 (301) t = 1.52 0.16
PT 14 560 (201) 524 (185) t = 0.90 0.38
WLC 17 560 (295) 551 (258) t = 0.30 0.77

Irisin
CT 10 55.2 (9.9) 55.8 (10.4) t = –0.88 0.40
PT 16 57.9 (10.6) 58.0 (10.0) t = –0.06 0.95
WLC 16 56.4 (14.1) 55.9 (8.6) t = 0.16 0.88

BDNFa

CT 10 339 (221) 427 (231) V = 11 0.11
PT 14 291 (284) 469 (123) V = 25 0.09
WLC 12 388 (385) 444 (110) V = 35 0.79

KYN, KYNA, 3-HK, and QUIN are measured in nM, irisin is
measured in pg/ml, and BDNF is measured in ng/ml. 3-HK, 3-
hydroxykynurenine; BDNF, brain-derived neurotrophic factor; CT,
cognitive training group; KYN, L-kynurenine; KYNA, kynurenic
acid; QUIN, quinolinic acid; PT, physical training group; WLC,
wait-list control group. adescriptive statistics for pre- and post-test
expressed as median and interquartile range.

of BDNF, irisin, and the neuroactive kynurenine
metabolite QUIN in serum with measures of cog-
nition. Lifetime psychosocial stress, as a risk factor
of cognitive decline and dementia, correlated with
BDNF and 3-HK. In the interventional part of the
study, we found significant decreases of the neuro-
toxic 3-HK after 10 weeks of cognitive training in
comparison to a wait-list control group and a trend
for an increase of BDNF after physical training.

Involvement of Irisin and the kynurenine pathway
in neuroplasticity and cognition

Corroborating our hypotheses, we found that irisin
levels were positively associated with BDNF in
serum, a marker of neuroplasticity, and with cogni-
tion, especially with hippocampus-related memory
functions. This adds to evidence of animal and in vitro
studies, which suggested connections of irisin and its

progenitor FNDC5 with BDNF and neuroplasticity
in the central nervous system, as part of a pathway
between physical exercise and cognition [26, 27, 59].
In accordance with our results, a positive association
of serum irisin levels with a screening measure of
cognition as well as with BDNF had been demon-
strated in young adults [31]. The herein observed
associations between irisin, BDNF, and cognition
might indicate BDNF as a mediator between irisin
and cognition, as suggested by previous research
in animals [27]. However, other mechanisms by
which irisin is connected to cognition are also plau-
sible, for instance by an influence of mitochondrial
processes. In adipocytes, FNDC5 enhanced mito-
chondrial density [18]; and in rat cardiomyoblasts,
irisin upregulated mitochondrial metabolism [60].

In our study, higher QUIN levels were associated
with poorer performance in attentional and execu-
tive functions. Our results are in line with studies
demonstrating an increased QUIN concentration in
brain [40] and serum [41] of AD patients, with a neg-
ative association between QUIN serum levels and
the clock-drawing test, a cognitive screening tool for
dementia.

Associations of the kynurenine pathway and
BDNF with lifetime psychosocial stress

In line with the hypothesis, we found reduced
BDNF serum levels and higher 3-HK serum lev-
els in individuals who reported stressful life events.
This adds evidence to results of animal studies,
which demonstrated stress-related changes in tryp-
tophan metabolism, with a shift toward the KP and
an increase of neuroactive KP metabolites in plasma
and brain [36, 61, 62], including increases of 3-HK
[61]. The stress-related increases of 3-HK and reduc-
tions of BDNF observed here might contribute to the
increased risk of cognitive deficits and dementia in
stressed individuals [63, 64]. The number of experi-
enced stressful life events was low, as expected within
a non-psychiatric sample of this age [65]. Future stud-
ies should examine the associations with 3-HK and
BDNF in samples with higher exposure to stress.

Biological alterations with physical or cognitive
training

We observed increases in BDNF levels and reduc-
tions of 3-HK after 10 weeks of physical and
cognitive training, respectively. Physical exercise-
induced changes in BDNF concentrations have been
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reported in numerous animal studies, mainly within
the hippocampus [66, 67]. Effects of physical training
on peripheral BDNF in humans, including older
adults [68, 69] and patients with MCI [70] were
less consistent [71]. Changes in BDNF concentra-
tions after 10 weeks of cognitive training did not
reach significance in this study. Cognitive training
with the BrainFitness program (as applied in this
study) yielded BDNF enhancements in other patient
populations [14, 15], but have not been reported
in the context of neurodegenerative disease. Fur-
ther research with larger sample sizes is needed to
elucidate the underlying biological mechanisms of
cognitive training, particularly in individuals with
neurocognitive disorders.

We observed a decrease of the neurotoxic metabo-
lite 3-HK in the cognitive training group and
a tendency for a decrease in the physical training
group, in comparison to the control group. Lit-
tle literature exists with respect to training-induced
alterations in kynurenine metabolism. Changes in
kynurenine metabolism have been demonstrated after
a longer period of physical training in mice and
humans, namely an increase of KATs in skeletal mus-
cle which convert KYN to KYNA [36]. However,
other studies [72]—like ours—failed to find effects of
physical activity on kynurenine metabolites in serum
of humans. As KP alterations after cognitive training
have not been reported before, the 3-HK reductions
observed here were not expected and need further
confirmation.

Irisin levels remained unchanged after physical
training. This is in accordance with previous reports
[25], although other studies reported effects of phys-
ical training regimens with similar duration as ours
[18, 23]. It has been hypothesized that irisin levels
only rise after acute bouts of physical exercise but
are not chronically elevated in response to physical
training programs [73]. This notion is supported by
reports of only transient irisin enhancements after
a bout of exercise with a subsequent return to initial
levels within 24 h [20, 74]. Another exciting hypoth-
esis is that irisin is only increased in states of energy
need [20, 29], that is when exercise constitutes a chal-
lenge to present energy resources, for example, in
untrained, sedentary individuals. The participants in
our study were quite active before taking part in
the physical training. Thus, energy demands of the
training program may have been too low in these
participants to yield elevations of irisin.

Notably, we did not find any significant training-
related effects on cognition in this sample [44]. This

seems contrary to the alterations in BDNF and 3-HK
on the molecular level reported here. In contrast to
alterations on the biomarker level, training-induced
changes in cognition might have been masked by
substantial retest-effects in all groups. Furthermore,
alterations on the biomarker level might have been
too small to transfer to improvements in cognition.
Cognitive improvements during the same time-period
were, however, correlated to the self-reported activity
level of the participants’ lifestyles. Considering both
the training-related alterations on the biomarker level
and the lifestyle-related changes in cognition, another
possibility is that changes at the molecular level are
more likely to be influenced by short-term measures,
such as the 10-week training programs, while changes
at the cognitive level rather occur after longer term
activity, as with an active lifestyle.

Limitations and outlook

By nature of the human study population,
biomarker measurements were obtained in the
periphery. Thus, we cannot infer that the observed
alterations in biomarker concentrations in serum
reflect those in the brain. However, regarding BDNF,
close relationships between brain and serum concen-
trations of BDNF have been demonstrated in different
species [75–77]. Furthermore, BDNF is able to pass
the blood-brain barrier in both directions [78] and
an interesting study recently demonstrated that the
brain is the main source of exercise-induced BDNF
elevations in the blood [79].

The validity of irisin ELISA measurements, in par-
ticular the identification of irisin in serum as a cleaved
product of the transmembrane receptor FNDC5, has
been doubted [80]. However, the immunoblot iden-
tification of irisin has recently been validated by
mass spectrometry, which implicates ELISA valid-
ity [81]. BDNF measurements faced challenges due
to a large variance. For this reason, statistical analyses
including the BDNF measures were performed with
non-parametrical, rank-based tests, as recommended
by Ziegenhorn and colleagues [58]. This may have
constrained the power to detect changes, e.g., after
cognitive training. Unfortunately, no international
recommendations or standard operating procedures
with respect to BDNF measurements in serum exist
and measurements may be influenced by the applied
commercial assay [82]. Standardized procedures and
validation for the assays for the determination of
BDNF in human material are needed to improve the
comparability of study results. The catabolite 3-HK
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turned out to be quite instable during measurements,
which might imply influences of clotting time on the
concentration. However, venipuncture and centrifu-
gation procedures were kept constant and did not
differ between groups. Furthermore, a high correla-
tion between pre- and post-measurements indicated
reasonably reliable measures. Clotting time was fairly
long (2-3 h, but compare [82]), but was kept constant
for all probes. Pre-analytic handling of the probes
may influence the measurements of the biomarkers
[82], which is why a standardized procedure is of
utmost importance. The validity of the results in this
study might be improved by a different pre-analytic
procedure.

Other demographic or lifestyle factors, such as age,
education, or the body mass index, may influence
biomarker levels or their associations with cogni-
tion. We found associations of age with irisin and
of alcohol consumption with some of the kynurenine
metabolites. After statistically accounting for these
variables most of the reported associations between
biomarker concentrations and cognitive performance
remained (at least marginally) significant. However,
the association between irisin and global cognition
lost significance after accounting for age, indicating
that this association may be influenced by associa-
tions with age. Apart from that, serum concentrations
of BDNF, irisin, and the kynurenine metabolites are
probably not specifically associated to cognition,
psychosocial stress, or training, as described here,
but also to other diseases (e.g., adiposity [74] or
depression [83]) or treatments (e.g., antidepressant
medication [83]).

The limited sample size likely impeded the detec-
tion of small effects. Further research is needed to
confirm our results and investigate the potential role
of BDNF, irisin, and the KP in lifestyle- and training-
effects on cognition in the context of dementia and
other neurodegenerative disorders. In addition, other
potential mediators of effects of physical and cogni-
tive training on neuroplasticity and cognition should
be examined. Understanding the biological mecha-
nisms which connect an “active lifestyle” to enhanced
brain health will strengthen the support for lifestyle
changes and also open possibilities for the devel-
opment of further treatment strategies, including
pharmacological ones.

Conclusion

Associations of irisin and metabolites of the KP
with BDNF and cognition on the one hand, and with

psychosocial stress as well as cognitive or physi-
cal training on the other hand, indicate that these
biological measures may constitute candidate media-
tors of lifestyle influences on cognition and dementia
in old age. Further research in larger scale studies
is necessary to confirm the results and elucidate the
potential role of irisin and kynurenine metabolites in
prevention strategies of neurodegenerative diseases.
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O.C. Küster et al. / Biomarkers of Stress, Training, and Cognition 1111

[66] Neeper SA, Gomez-Pinilla F, Choi J, Cotman CW (1995)
Exercise and brain neurotrophins. Nature 373, 109.

[67] Cotman CW, Berchtold NC (2007) Physical activity and the
maintenance of cognition: Learning from animal models.
Alzheimers Dement 3, S30-S37.

[68] Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A,
Chaddock L, Kim JS, Heo S, Alves H, White SM, Wojcicki
TR, Mailey E, Vieira VJ, Martin Sa, Pence BD, Woods JA,
McAuley E, Kramer AF (2011) Exercise training increases
size of hippocampus and improves memory. Proc Natl Acad
Sci U S A 108, 3017-3022.

[69] Ruscheweyh R, Willemer C, Kruger K, Duning T, War-
necke T, Sommer J, Volker K, Ho HV, Mooren F, Knecht S,
Floel A (2011) Physical activity and memory functions: An
interventional study. Neurobiol Aging 32, 1304-1319.

[70] Baker LD, Frank LL, Foster-Schubert K, Green PS, Wilkin-
son CW, McTiernan A, Plymate SR, Fishel MA, Watson
GS, Cholerton BA, Duncan GE, Mehta PD, Craft S (2010)
Effects of aerobic exercise on mild cognitive impairment:
A controlled trial. Arch Neurol 67, 71-79.

[71] Szuhany KL, Bugatti M, Otto MW (2015) A meta-analytic
review of the effects of exercise on brain-derived neu-
rotrophic factor. J Psychiatr Res 60, 56-64.

[72] Hennings A, Schwarz MJ, Riemer S, Stapf TM, Sel-
berdinger VB, Rief W (2013) Exercise affects symptom
severity but not biological measures in depression and soma-
tization – results on IL-6, neopterin, tryptophan, kynurenine
and 5-HIAA. Psychiatry Res 210, 925-933.

[73] Huh JY, Mougios V, Skraparlis A, Kabasakalis A, Mant-
zoros CS (2014) Irisin in response to acute and chronic
whole-body vibration exercise in humans. Metabolism 63,
918-921.
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Abstract
Process-based cognitive trainings (PCTs) and novelty interventions are two traditional ap-

proaches aiming to prevent cognitive decline and dementia. However, both have their limita-

tions. PCTs improve performance only in cognitive tests similar to the training tasks with

inconsistent transfer effects on dissimilar tests. We argue that this learning specificity is

due to a low training task variability. Novelty interventions are characterized by a high task

variability but do not target specific processing demands affected in aging and dementia. To

overcome the limitations of both approaches, we developed a process-based novelty interven-

tion using a card and board game-based training approach. Here, we use highly variable tasks,

which overlap in targeted processing demands (“overlapping variability” framework). An-

other nontraditional training approach combines cognitively with physically challenging tasks

to induce multimechanistic effects, which might even interact positively. Initial results of both

synergistic approaches indicate their potential to enhance broad cognitive abilities and prevent

dementia.
Keywords
challenging mental activity, novelty intervention, process-based cognitive training, process-

based novelty intervention, physically demanding novelty intervention, learning specificity,

variability of practice, executive control, dementia
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1 INTRODUCTION
As the world population ages, costs of dementia are expected to double within the

next 40 years (Hurd et al., 2013). Effective interventions to prevent dementia are ur-

gently sought after. Currently, no preventive or curative pharmacological therapy for

dementia exists (Daviglus et al., 2011; Plassman et al., 2010); however, a vast and

steadily growing literature suggests cognitive health benefits from engaging in

mentally challenging activities (see, e.g., Verghese et al., 2003; Wang et al.,

2013) and physical activities (see, e.g., Smith et al., 2010; Sofi et al., 2011;

Weuve et al., 2004). Here, we review interventional studies on mentally challenging

activities, excluding studies on pure physical activities such as aerobic (Kramer et al.,

1999; Smith et al., 2010) and resistance exercise (Nagamatsu et al., 2012). We con-

clude that currently used cognitive interventions, namely, novelty interventions and
process-based cognitive trainings (PCTs), did not tap specific processes or showed

only inconsistent transfer effects on cognitive tests dissimilar to the training tasks,

respectively. Addressing these limitations, the rationale for a synergistic process-
based novelty intervention is presented, followed by initial results that indicate

improvement in executive control. Finally, the rationale and cognitive effects of

physically demanding novelty interventions are depicted.
2 EFFECTS OF CHALLENGING MENTAL ACTIVITIES
Evidence from prospective observational studies suggests that the risk for dementia

is reduced in individuals who engaged in challenging mental activities over the

whole lifespan (see Stern and Munn, 2010, and Valenzuela and Sachdev, 2006,

for a meta-analysis and a systematic review). Individuals who were raised with mul-

tiple languages (Bialystok et al., 2007; Craik et al., 2010; Perquin et al., 2013), ac-

quired a high educational level and a high occupational status (Valenzuela and

Sachdev, 2006), or engaged in mentally challenging leisure activities (e.g., playing

board games and musical instruments, Verghese et al., 2003) showed a better cog-

nitive development (see Wang et al., 2012, for a recent review).

At the same time, observational studies have the downside that causal attributions

cannot be made, as attribution of effects to nonmeasured confounding variables and

reverse causality (cognitive impairments lead to reduced activities) cannot be ex-

cluded (see Eriksson Sörman et al., 2013). Experimental studies, on the other hand,

allow for the causal interpretation of effects. Furthermore, their interventional nature

enables the evaluation of theory-driven interventions, for example, cognitive training

instead of unspecific mental activities.

Two approaches within cognitive interventions seem most promising and will be

outlined in more detail in the succeeding text: novelty intervention and process-

based cognitive training (PCT).

Novelty intervention is defined as a program which enables participants to en-

gage in difficult, novel tasks offering a high variability but generally not targeting
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specific processes. Thus, it induces a mismatch of functional organismic supply and

task demands (see Lövdén et al., 2010) in multiple unspecific processes. Often, these

interventions are intrinsically motivating, related to real life and implemented in a

social context (e.g., Carlson et al., 2008; Cheng et al., 2013; Klusmann et al.,

2010; Mortimer et al., 2012). Cognitive leisure activity (Stern and Munn, 2010),

complex mental activity (Valenzuela et al., 2007; Wilson, 2011), and engagement
intervention (Park et al., 2007) depict similar concepts.

Based on Gates and Valenzuela (2010), we define PCT as a repeated practice on

standardized and theory-driven tasks. Similar to novelty interventions, PCTs induce

a supply–demand mismatch but not in unspecific but in specifically targeted pro-

cesses. This mismatch is not maintained by introducing novel tasks but by the adap-

tation of difficulty to participants’ performance in repeatedly practiced tasks. Similar

concepts include cognitive exercise (Gates and Valenzuela, 2010) or process training

(Lustig et al., 2009).
2.1 Novelty interventions
Experimental animal studies on the effect of environmental enrichment (see van

Praag et al., 2000, for a review and Li et al., 2013 and observational studies in

humans suggest the importance of novelty for brain health (Angevaren et al.,

2007; Eskes et al., 2010; Fritsch et al., 2005). For example, Fritsch et al. (2005) tested

the role of novelty-seeking activities from ages 20 to 60 in predicting Alzheimer’s

disease (AD) using a case-control study design. By running a factor analysis on 16

activities, a novelty-seeking factor was extracted, composed of indicators such as the

frequency of learning new skills, taking up new hobbies or learning about a new sub-

ject. More frequent engagement in novelty-seeking activities significantly reduced

the odds ratio for AD even after adjusting for other predictive factors such as age,

education, and occupational status (odds ratio¼0.25; 97.5% CI: 0.139–0.443;

p<0.001).

These studies stimulated interventional studies on beneficial cognitive effects of

exposure to novelty. For example, Klusmann et al. (2010) compared healthy older

adults—unfamiliar with computers—who were randomized to a 6-month computer

course (75 sessions; 90 min each) or to a passive control group. The computer course

was composed of novel tasks such as writing, playing, calculating, e-mailing, draw-

ing, image editing, or videotaping, to name just a few. Participants who attended the

computer course significantly improved in tests of episodic memory and executive

function, compared with the control group. Various other interventions exposing par-

ticipants to novel, multifaceted mental tasks such as playing strategy video games

(Basak et al., 2008; Glass et al., 2013) and multiple other kinds of video games

(Oei and Patterson, 2013); a diverse range of cognitive and perceptual–motor activ-

ities (Tranter and Koutstaal, 2008); convergent and divergent problem solving in

groups (Stine-Morrow et al., 2008); volunteering to help children with reading

achievement, classroom behavior, and library support (Carlson et al., 2008); partic-

ipating in individualized piano instruction (Bugos et al., 2007); and engaging in
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group discussion (Mortimer et al., 2012) showed beneficial effects on cognitive out-

comes. On the contrary, there are also a few studies failing to find any effect from

action and strategy video gaming (Boot et al., 2008, 2013). In contrast to the studies

mentioned earlier, Cheng et al. (2013) investigated the potential to improve cogni-

tion in people with dementia rather than in healthy individuals. Participants in the

intervention group played the Chinese tile-based game mahjong for 1 h, 3 days a

week for 3 months, while the active control group was engaged in simple handicraft

for the same duration. Six months after treatment completion, the mahjong group

differed by 4.5 points (95% confidence interval: 2.0–6.9; d¼0.48) on the Mini-

Mental State Examination from the active control group. To our knowledge, no

experimental study investigated the effects of a pure novelty intervention on

incidence of dementia. Thus, conclusions as to whether these cognitive benefits

translate to a delay of dementia onset cannot be drawn. Taken together, novelty in-

terventions showed promising and rather consistent effects on cognitive outcomes,

indicating enhancement of cognitive ability. Nevertheless, the tasks used in novelty

interventions did not tackle specific processes affected in aging and dementia, such

as executive control processes (see Fig. 1). PCT addresses this issue.
2.2 Process-based cognitive trainings
A recent meta-analysis from Hindin and Zelinski (2012) reliably showed improve-

ments of PCTs on untrained cognitive test performance. These beneficial effects

were found for different types of PCT such as visual (Wolinsky et al., 2013) and au-

ditory processes (Zelinski et al., 2011) and higher-order process training such as task

switching (Karbach and Kray, 2009) and working memory training (Jaeggi et al.,

2008; Klingberg et al., 2005). However, the crucial question is whether those im-

provements in assessed outcomes represented improvements in a broad cognitive

ability or only the acquisition of task-specific skills (e.g., stimulus–response map-

pings or strategies). There is an ongoing debate on this decisive question without

consensus as of yet (see, e.g., Hulme and Melby-Lervåg, 2012; Li et al., 2008;

Lövdén et al., 2013; Melby-Lervåg and Hulme, 2012; Redick et al., 2013;

Schmiedek et al., 2010; Shipstead et al., 2010, 2012). In the following, we explain

why this question is still open to debate despite a vast amount of studies.

Conclusively answering the ability/skill question is hindered because of method-

ological aspects. In the following, these aspects are shortly addressed before study

results are reviewed. Next to the lack of appropriate control conditions (e.g.,

Schmiedek et al., 2010), outcome abilities were frequently not assessed by multiple
tests of the targeted cognitive ability (e.g., Jaeggi et al., 2008, and see, e.g., Shipstead
et al., 2012, for the same argument). Maybe the most important methodological as-

pect is that the cognitive tests shared peripheral task characteristics with the training
tasks (e.g., Dahlin et al., 2008a). Thus, not only improvements in the targeted pro-

cesses may have contributed to the effects but also lower-order processes not repre-

senting the broad cognitive ability (see, e.g., Shipstead et al., 2012). The similarity

between training and transfer measure is rather subjective, and judgments are



FIGURE 1

Traditional cognitive intervention approaches. Novelty interventions or PCTs depict the most

promising traditional cognitive interventions. Novelty interventions are challenging through

difficult novel tasks, include a high variability of tasks, but target only unspecific cognitive

processes, thus leading to broad transfer but only small improvements in unspecific abilities.

PCT is challenging primarily through task difficulty adaptation to participants’ performance,

targets specific processes, but traditionally implements only a small variability of training

tasks, thus leading to large effects on trained tasks but only very limited transfer on the

cognitive ability level. Limitations of traditional approaches are depicted in italic and bold

letters.
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difficult as a thorough description of the training tasks as well as an analysis of the

relation between the training and transfer tasks was often missing (e.g., Shatil, 2013,

and see Lövdén et al., 2013, for the same argument). Finally, the measurement of
neurofunctional and neurostructural outcomes could reveal whether the perfor-

mance improvements in cognitive tests were mediated by the targeted processes.

This field is still in its infancy and does not show consistent patterns which allow

conclusive interpretations (see Buschkuehl et al., 2012, for a review).
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Several studies addressed at least some of the mentioned methodological aspects.

While some results suggested cognitive ability enhancement by improvements in

multiple outcomes tapping the same cognitive ability (Smith et al., 2009;

Wolinsky et al., 2013), others did not (Borness et al., 2013; Colom et al., 2010;

Li et al., 2008; Redick et al., 2013; Schneiders et al., 2011, 2012; Stephenson and

Halpern, 2013; Thompson et al., 2013). A similar mixed picture arises from studies

that assessed cognitive tests substantially dissimilar to the training task.While some

studies found positive effects (Brehmer et al., 2011; Jaeggi et al., 2008, 2010;

Karbach and Kray, 2009; Klingberg et al., 2002, 2005; Schweizer et al., 2011,

2013; Zhao et al., 2011), others did not (Ball et al., 2002; Barnes et al., 2013;

Bergman Nutley et al., 2011; Borness et al., 2013; Brehmer et al., 2012;

Buschkuehl et al., 2008; Dahlin et al., 2008b; Jaeggi et al., 2011; Li et al., 2008;

Redick et al., 2013; Thompson et al., 2013).

A study by Schmiedek et al. (2010) used both multiple tests for a single cognitive
ability and outcomes with task characteristics substantially different to the training
tasks. The large sample size even allowed the use of latent difference score models

to extract latent factors representing broad cognitive abilities. Only the lack of an

active control group hindered interpretation of results. The intervention group, in

contrast to a passive control group, engaged in 100 days of processing speed,

episodic memory, and working memory training and showed small improvements

on broad cognitive abilities such as fluid intelligence and episodic memory in youn-

ger adults. In older adults, however, improvements were only found on a latent

factor, which was based on tests with a high overlap of training and test task charac-

teristics. Improvements in latent factors, which were based on dissimilar tests, were

not significant, indicating that in older adults, improvements were limited to task-

specific skills (see Dahlin et al. (2008a) for similar differential age-related transfer

effects). Even amore pessimistic view ariseswith respect to a recentworkingmemory

training study, which used appropriate control groups, multiple assessments for
each cognitive ability, and cognitive tests dissimilar to the training tasks (Redick
et al., 2013). No differential effect was found as a function of treatment group.

A strategy avoiding the earlier-mentioned methodological problems with regard

to the ability/skill debate is the direct measurement of incidents of dementia. To our

knowledge, only one recent study published results regarding this outcome

(Unverzagt et al., 2012). In this study, which comprised more than 2,800 participants,

none of the three short-term cognitive interventions (including one PCT) were able to

reduce the hazard ratio (HR) for dementia during the 5 years of follow-up, compared

to a passive control group (nonadjusted HR: 0.9; 95% CI: 0.65–1.24 and adjusted

HR: 1.00; 95% CI: 0.71–1.40 of all interventions combined).
2.3 Conclusion
Overall, observational (e.g., Fritsch et al., 2005) and experimental studies (e.g.,

Klusmann et al., 2010) have shown beneficial effects of exposure to novelty on cog-

nitive functions with only a few exceptions (e.g., Boot et al., 2013). In contrast to
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PCT, the training tasks applied in novelty interventions have no obvious similarity to

cognitive outcome tests, allowing a straightforward interpretation of results. How-

ever, to our knowledge, no study investigated the effect of novelty interventions

on the incidence of dementia. Furthermore, novelty interventions provided rather

unspecific processing demands, thus not tackling specific processes, which are par-

ticularly prone to deterioration in aging and dementia (see Fig. 1). It seems reason-

able that interventions targeting these specific processes might be more effective.

PCT aims to address this issue by targeting perceptual (e.g., Mahncke et al.,

2006a) and higher-order cognitive abilities such as working memory (e.g.,

Buschkuehl et al., 2008) or task switching (e.g., Karbach and Kray, 2009). Regarding

the efficacy of PCTs, we conclude that several methodological issues leave room for

different interpretations of observed effects (see also Shipstead et al., 2012). There

is abundant evidence that PCTs improve task-specific skills, but most decisively, it

seems that the potential for improvement exists even on the level of broad cognitive

abilities (e.g., Jaeggi et al., 2010; Wolinsky et al., 2013). However, this potential

seems to be exploited only to a very limited degree with current training programs,

especially in older adults (see Fig. 1, Schmiedek et al., 2010, and Dahlin et al.,

2008a). Therefore, new synergistic training approaches are needed, which

enable both the targeting of specific processes shown to deteriorate in aging and

dementia and a generalization to the level of broad cognitive abilities rather than

task-specific skills.
3 RATIONALE AND EVIDENCE FOR SYNERGISTIC APPROACHES
Beneficial effects of traditional interventions such as novelty interventions and PCTs

may be improved by two synergistic approaches: the combination of novelty inter-

ventions with (1) a process-based or (2) a physically demanding element. First, the

process-based novelty interventions aim to overcome limited effects on broad

cognitive abilities while enabling process specificity. Second, the previously dis-

cussed generalization effects of novelty interventions might be enhanced by additive

or synergistic effects of an integrated physical activity component.
3.1 Process-based novelty interventions
In the following, we propose a new cognitive intervention approach, which targets

specific processes while overcoming learning specificity, that is, only cognitive tests

that were similar to the training tasks improved consistently (see Fig. 2). After we

discuss the processes that are worth targeting to delay the onset of dementia, we point

to the overarching phenomenon of learning specificity in various fields of learning.

Furthermore, we present results demonstrating that high task variability counteracted

this phenomenon. The differential neuronal underpinning of learning effects induced

by variable and constant practice protocols will be outlined before we review how the

concept of task variability is implemented in currently used PCTs. Finally, we



FIGURE 2

Process-based novelty interventions. In contrast to previous process-based approaches, the

new approach targets a specific process, for example, executive control, by using a high

variability of training tasks with overlapping processing demands (“overlapping variability”

framework). It thus enables broad transfer on specific cognitive abilities. Strengths of this

synergistic approach are depicted in bold letters.
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present the “overlapping variability” framework of effective cognitive interventions

and its implementation in our newly developed process-based novelty intervention

using card and board games.

3.1.1 Tackling specific processes
Executive control (Park et al., 2002) on the behavioral level and the dorsolateral pre-

frontal cortex (dlPFC) on the neuronal level are particularly affected by the aging

process (Raz et al., 2005). Next to memory impairment, decline in executive control

is a core symptom of dementia. In line, synaptic integrity is affected in the frontal

lobe of individuals with high AD pathology (Arnold et al., 2013). Interestingly, dis-

rupted synapse integrity was only found in individuals suffering from dementia

symptoms but not in those with resilient cognition despite high AD pathology

(Arnold et al., 2013). Furthermore, increased neural density and cortical thickness

in the dlPFC seem to mediate the mental activity-induced protective effect on de-

mentia (Valenzuela et al., 2011). Those studies indicate that improving executive

control and its underlying neural substrate can delay the onset of dementia even

in the presence of AD pathology. We want to stress that other processes such as

visual (Unverzagt et al., 2012; Willis et al., 2006; Wolinsky et al., 2013), auditory

(Mahncke et al., 2006a,b; Smith et al., 2009; Zelinski et al., 2011), and memory pro-

cesses (Jennings and Jacoby, 2003; Lustig and Flegal, 2008) might be additional

potential targets for the prevention of dementia.

3.1.2 Overcoming learning specificity
As reviewed in the previous section, PCT not only addressed the issue of process

specificity but also led to learning specificity. This indicated that improvement in

an underlying ability did not or only to a limited extent occur. In line with Green

and Bavelier (2012), we propose an “overlapping variability” framework (see

Fig. 2) to induce changes on the cognitive ability level. According to that framework,



4113 Rationale and Evidence for Synergistic Approaches

Author's personal copy
plastic changes can be induced in broad cognitive abilities by variable practice re-

gimes, which overlap in the targeted processing demands while excluding overlap

in demands on lower-order processes. That means that the targeted processing level

on which the different tasks overlap is the one where plastic changes take place but

only if all lower-order processes are varied. The framework that we outline in the

following section can be applied to a wide range of processes including perceptual

and motor processes.

3.1.2.1 Learning specificity as an overarching learning principle
The phenomenon of learning specificity is encountered beyond PCT. Examples

range from auditory learning (Lively et al., 1993), visual learning (Ahissar and

Hochstein, 1997), motor learning (Proteau, 1992), avoidance learning (Adolph,

2000), and knowledge acquisition (Barnett and Ceci, 2002). Interestingly, learning

specificity is so strong that even contextual factors that normally go along with im-

paired cognitive performance, for example, alcohol intoxication, can improve mem-

ory performance, if learning and recall occur in the same intoxicated state (Goodwin

et al., 1969): intoxicated participants who drank�270 ml of 80-proof vodka showed

better performance in recalling items in contrast to sober participants, when both had

learned those in an intoxicated state. Taken together, specific task characteristics,

states, and contexts in which learning occurs have a strong impact on transfer tasks

(see also Green and Bavelier, 2012).

3.1.2.2 Variability of practice enhances generalization
Beginning already in the 1970s, research in motor, verbal, and perceptual learning

revealed that learning specificity can be overcome by using a variable practice pro-

tocol (see Schmidt and Bjork, 1992, for a review). Although variable practice, in con-

trast to constant practice, generally decreased the rate of training task improvements,

it increased performance on transfer tasks.

Regarding perceptual learning, for example, Lively et al. (1993) demonstrated

that Japanese listeners were able to improve in an identification task between the

English consonants /r/ and /1/ presented by a single speaker. However, if an unfamil-

iar speaker presented the words, they performed significantly worse, indicating

learning specificity for the single speaker. In another experiment, words were pre-

sented not by a single but by five different speakers during learning. Participants suc-

cessfully learned to differentiate /r/ and /1/ words. Decisively, if the words were

produced by yet another novel speaker, a decline in identification performance

was not evident at all.

Further evidence for transfer after variable practice comes from observational

studies (Angevaren et al., 2007; Eskes et al., 2010). For example, Eskes et al.

(2010) found that a higher amount of different mental activities, but not a higher

frequency of engagement in activities, was associated with better overall cogni-

tive function. We might speculate that different mental activities have shared pro-

cessing demands, which are improved by these activities and allow transfer to

novel tasks.
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What is the differential neuronal underpinning between these specific and gen-

eralizing effects?

3.1.2.3 Neural underpinning of variable and constant practice effects
It is logical that improvement in higher-order processes induces transfer on other

tasks, while improvement in lower-order processes is very specific to the task

(see psycho-anatomy logic, Ahissar and Hochstein, 2004). As variable practice leads

to enhanced transfer of learning, higher-order processes should be responsible.

Decades after the first findings on variable practice effects on transfer tasks

(Schmidt, 1975), neural mechanisms underlying this phenomenon were revealed

(Ahissar and Hochstein, 2004; Kantak et al., 2010). Indeed, results suggest that

plastic brain changes of variable and constant practice occur at different hierarchical

processing levels. Kantak et al. (2010) discovered in a motor learning paradigm

that retention performance after variable practice was affected by repetitive transcra-

nial magnetic stimulation (rTMS)-induced interference in the dlPFC, but not by

rTMS interference in the primary motor cortex. This indicates that effects of variable

practice were attributable to higher-order processing, which are assumed to be de-

pendent on the dlPFC. In contrast, interference in the primary motor cortex was ex-

clusively detrimental for retention performance after constant practice, indicating

reliance on lower-order processes in constant practice learning. This finding fits well

with behavioral and physiological studies in the visual domain, suggesting that initial

training involves high-order brain areas (Ahissar and Hochstein, 1997, 2004); with

increased expertise and task difficulty, neural substrates of learning shift to lower-

order areas, even including the primary visual cortex (Schoups et al., 2001).

Furthermore, we argue that investigations of the neural processing in multilin-

gualism shed some light on the role of task-overlapping higher-order processes as

a function of the variability of practice. Speech acquisition in early and late bilin-

guals might be regarded as a model for variable and constant training regimes, re-

spectively. Technically speaking, early bilinguals were exposed to a variable

training protocol in early childhood, while late bilinguals initially learned only a sin-

gle language (constant practice protocol) before they learned the second language

later in life. According to transfer and higher-order effects of variable practice, early

bilinguals should create an overlapping higher-order processing system for multiple

languages enabling them to integrate and learn novel languages faster. Late bilin-

guals should develop a network that processes language information on a lower

order and should thus not be able to integrate a newly learned language. In fact, a

functional magnetic resonance imaging study demonstrated that early bilinguals

represented both languages in a shared, overlapping brain area (Kim et al., 1997),

while in late bilinguals, the two languages were represented by adjacent but distinct

areas (see also Bloch et al., 2009, for further evidence supporting this notion). Fur-

thermore, the organization of the shared network seemed to facilitate transfer to

novel languages, as it was repeatedly shown that bilinguals learn a novel language

faster than monolinguals (see Cenoz, 2003, for a review). Taken together, variable

practice with shared processing demands seems not only to induce plastic changes in
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higher rather than lower processing networks but also to induce task-invariant

higher-order processing capabilities. These processing networks could then be uti-

lized also by subsequent novel tasks. On the behavioral level, this seems to be

reflected by transfer effects on tasks never encountered before. On the other hand,

constant or repeated practice on the same task appears to redistribute the involved

processes from higher- to lower-order networks (e.g., Kantak et al., 2010), thus en-

abling fast learning and highly efficient processing of these tasks but without transfer

to dissimilar ones (Schmidt and Bjork, 1992). What can be deduced from these stud-

ies to the training of executive control?

As mentioned earlier, we conclude that the training of a variety of tasks rather

than the constant practice of a single task yielded better transfer to subsequent

untrained tasks. This seems to be accompanied by higher-order processing networks

able to efficiently process demands of a wide variety of tasks. With regard to exec-

utive control, we propose that training of variable tasks tapping overlapping execu-

tive control processes enhances a shared frontoparietal control network, thus leading

to an improvement even in dissimilar tasks, which tap these task-invariant processing

capabilities (see Duncan, 2010, proposing the existence of such a common fronto-

parietal processing network). On the other hand, repeated practice on a single or a

limited amount of executive control tasks will induce initial plastic changes in

higher-order processes followed by a shift to plastic changes in increasingly

lower-order processing levels. This may be reflected by fast improvements on the

training task but with only very limited transfer to dissimilar tasks.

3.1.3 Variability in process-based cognitive trainings
But how is variability of practice implemented in current training programs targeting

executive control processes?With regard to the phenomena of learning specificity in

repeated practice of the same task, it is astonishing that current PCT studies used

interventions that included only a very limited amount of task paradigms. For exam-

ple, some studies used only a single task paradigm (Jaeggi et al., 2008, 2010;

Schweizer et al., 2011, 2013) or two task paradigms only varying in task content

(Dahlin et al., 2008b). Others used three task paradigms (Buschkuehl et al., 2008;

Olesen et al., 2003; Schmiedek et al., 2010), four task paradigms (Brehmer et al.,

2012; Klingberg et al., 2005), or five task paradigms (Thorell et al., 2009). Further-

more, not only the limited amount of tasks but also the similarity of them may limit

generalization of effects. For example, in the study by Thorell et al. (2009)—which

found strong effects on near-transfer outcomes with mixed effects and generally

smaller effect sizes on far-transfer measures—the training program focused on

visuospatial working memory trained with five different exercises. However, for

all exercises, stimuli were presented with constant presentation times and interstimu-

lus intervals and the participant had to accomplish the same general task, namely, to

remember location and order of the stimuli.

Two studies mentioned explicitly to have used variable tasks to increase general-

ization of the effects (Dahlin et al., 2008a; Karbach and Kray, 2009). Karbach and

Kray (2009) even manipulated variability systematically. Conditions included a
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task-switching trainingwith andwithout task variability.However, Karbach andKray

(2009) did not induce variability by novel task-switching paradigms but by novel di-

mensions between which participants had to switch. That is, the constant task-

switching group had to switch only between the dimensions “transportation” and

“number,” while the variable training group also needed to switch between several

additional dimensions such as “plant” and “color” or “animal” and “direction.”

The variable training group outperformed the nonvariable conditions in the near-

transfer outcome. In this outcome test, exactly the same task as during the training

sessions was administered but with novel, untrained switching dimensions. There

was no differential group effect between the variable and constant task-switching con-

ditions in far-transfer measures of intelligence, workingmemory, or interference.We

assume that variability of task paradigms rather than of stimulus dimensions is deci-

sive for far transfer. A rule of thumb may be that the variation level must be equal to

the transfer level. For example, varying speakers in an identification task may induce

transfer on new speakers in this identification task. Varying stimuli dimensions in a

task paradigm may induce transfer on new stimuli dimensions in this paradigm. That

means that a variation in task paradigms within a specific ability is needed to induce a

“farer” transfer on a new paradigm within this specific ability.

A study by Dahlin et al. (2008a) supports this idea: their 5-week training inter-

vention (45 min, three sessions/week) consisted of a single running span paradigm

with five different kinds of stimuli and a keep-track task. A numerical n-back task

and a Stroop task were assessed as a near- and far-transfer measure, respectively.

fMRI served to investigate neuroplastic changes mediating transfer effects. Despite

the fact that the Stroop and the training task activated a shared frontoparietal network

at the baseline assessment, no transfer effect was found. Only the similar near-

transfer n-back task improved as a function of training group. Strikingly, this

near-transfer effect was only evident in young adults, while no improvement was

found in older adults. As a number running span task was part of the training, the

training and the near-transfer task were identical regarding the kind of stimuli used

and differed slightly only by the response format (recalling the last four numbers as

soon as the presentation list ended vs. indicating whether each presented item

matched an item that appeared three items back). The similarity of training and

near-transfer task and the absence of transfer effects to the far-transfer Stroop task

suggest that plastic brain changes occurred at a lower-order level only. Indeed, pre–

post changes in the fMRI revealed a pattern of activation redistribution from higher-

to lower-order brain areas during the training task: while the activation in striatal,

temporal, and occipital areas increased, frontal and parietal activation decreased.

The striatal activation also increased during the near-transfer n-back task and was

interpreted as the mediating area for the transfer effect. Those results allow different

interpretations, but clearly, the higher-order frontoparietal network did not mediate

the near-transfer effects.

Taken together, the variation of stimulus dimensions improved performance on

the near-transfer but not the far-transfer outcome measures, indicating some gener-

alization effect, however only on that level where variation took place. This inter-

pretation is in line with the shift from higher- to lower-order processing in a
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training task after 5 weeks of a repeated practice protocol (see Buschkuehl et al.,

2012, for a comprehensive review of training-induced neuronal effects).

In conclusion, repeated practice of a single task leads to a shift from higher-order

to lower-order processing (see Ahissar and Hochstein, 2004, concluding the same in

the perceptual domain), whereas generalization seems to be promoted by high task

variability (see Schmidt and Bjork, 1992, concluding the same for motor and verbal

learning). On that background, it seems surprising that pervious training programs

aiming to improve working memory, shifting, or inhibition applied only a very lim-

ited amount of tasks, which sharedmost task characteristics. We suggest that enhanc-

ing variability of training tasks (not only of stimuli material but also of task

paradigms) while targeting specific executive control processes enhances generali-

zation on the cognitive ability level (see Fig. 2).

3.1.4 “Overlapping variability” framework
Process-based novelty interventions implement three components necessary to in-

duce far-transfer effects on broad cognitive abilities (see Fig. 2). According to the

framework by Lövdén et al. (2010), a prolonged mismatch between functional sup-

ply and environmental demands is a prerequisite to induce plastic change. This com-

ponent is part of almost all PCTs. In contrast to the common procedure to induce

challenge by difficulty adaptation in repeated tasks, we suggest to use primarily

novel tasks of appropriate difficulty to achieve this aim. This method enables the

application of the “overlapping variability” framework, which comprises the other

two training components of this approach: First, high task variability represents a

prerequisite for generalization and improvements on the ability level (see also

Green and Bavelier, 2012). This component is usually not found in current PCTs,

but implemented in novelty interventions. Second, specific processes should be tar-

geted based on knowledge regarding their neuronal basis and their age- and

dementia-related changes. Novelty interventions are currently not emphasizing this

component, in contrast to PCTs. Hence, the combination of variable tasks with a tar-

geted approach, which makes use of overlapping processing demands of superfi-

cially dissimilar tasks, is the main difference of this new approach from

traditional PCTs and novelty interventions (see Figs. 1 and 2). We want to stress that

the “overlapping variability” framework contrasts with multidomain trainings (see,

e.g., Cheng et al., 2012) as in process-based novelty interventions, only a common

processing demand is targeted and not several independent processes such as epi-

sodic memory, reasoning, and visuospatial ability. Though we focused on executive

control processes, this framework can be applied to several other ones ranging from

perceptual to motor and language processes.

3.1.5 Nourishing intrinsic motivation
As detailed earlier, challenge and task variability seem to be two decisive factors for

healthy brain development and prevention of dementia. Exposure to novelty inher-

ently goes along with both. Interestingly, the same concepts are a key point in

Ryan and Deci’s (2000: p. 70) definition of one of the most influential concepts

in psychology: intrinsic motivation—“the inherent tendency to seek out novelty
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and challenges, to extend and exercise one’s capacities, to explore, and to learn [. . .].
From the time of birth, children, in their healthiest states, are active, inquisitive, cu-

rious, and playful.” From an evolutionary perspective, there should be an uncondi-

tional predisposition to strive for factors that increase fitness. Moreover, Ryan and

Deci (2000) not only stressed the natural tendency of humans to strive for challenge

and variability but also proposed its value for cognitive development and psycho-

logical well-being.

Therefore, novelty interventions seem to fit well to nourish intrinsic motivation

by providing an environment which comprises the basic ingredients to elicit feelings

of interest and curiosity. In which way is intrinsic motivation functional for interven-

tions? First, intrinsic motivation determines the environment people choose (guiding

function), allowing long-term adherence to interventions. Second, the motivation-

associated psychological states such as interest and curiosity have been shown to

go hand in hand with the activation of the neuromodulatory control system—a cen-

tral regulatory system for the facilitation of plastic brain changes (plasticity facili-

tation function; see, e.g., Bao et al., 2001, for the role of dopamine). For

example, it has been shown that curiosity is associated with activation of caudate

regions, which are innervated by dopaminergic neurons and part of the neuromodu-

latory control system. Curiosity during learning was associated with improved recall

one to two weeks later, indicating its plasticity facilitating effect (Kang et al., 2009).

3.1.6 Implementation in a novel game-based intervention: Results
from a pilot study

This novel intervention aimed to implement the “overlapping variability” frame-

work, which was embedded in a socially meaningful context. We used card and

board games as the vehicle for the development of variable and challenging tasks

while tapping shared executive control processes based on the unity/diversity frame-

work of Miyake et al. (2000).

After thorough cognitive task analyses, we included a total of 15 games including

self-developed and off-the-shelf games tapping all components of executive control.

While some games stressed a single executive control component, others involved all

components to a similar degree. We selected games with a minimal amount of rules,

allowing for a quick start of the game and restricting the amount of strategies which

can be used to accomplish the task. For optimally nourishing intrinsic motivation, not

only challenge and novelty were provided but also a socially meaningful context,

which allows the fulfillment of the need for relatedness (Ryan and Deci, 2000).

In a single-blinded randomized controlled pilot study, we tested this intervention

to enhance cognitive functions in community-dwelling older adults. Participants

(N¼17) were randomized to a gaming group (n¼9; 7 females; mean age¼70.4)

and a control group (n¼8; 6 females; mean age¼69.8). The groups did not differ

significantly in age, gender, or years of higher education, ps>0.80. The 5-week

training protocol (three times per week) emphasized variability of practice by play-

ing three games in every 2 h training session. In every other session, two already-

introduced games (�30 min each) and one game never played before (�1 h) were
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applied. That means every game was played not more than three times and 2 h in

total. Overall, participants completed 30 training hours within 15 sessions.

Outcomemeasures were selected on the basis of the methodological prerequisites

for the assessment of broad abilities rather than task-specific skills (see Section 2.2).

Aiming to assess multiple measures of executive control dissimilar to the training

tasks, three computerized tests assessing inhibition (flanker task, Stahl et al.,

2013), switching (Stahl et al., 2013), and updating (Oberauer et al., 2000) were ap-

plied. Additionally, two complex executive control tests, namely, the Standard Pro-

gressive Matrices (Raven et al., 1990) and the Culture Fair Test 20-R (Weiß, 2006),

were used. The primary outcome operationalizing executive control was calculated

by averaging the standardized single-test scores. Despite the small sample size, linear

mixed effect modeling revealed a marginally significant Group�Session interaction

effect, F(1,15)¼4.39, p¼0.054, net effect size, 0.53 SD (see Fig. 3), indicating per-

formance improvement in the intervention group compared to the passive control

group. While the gaming group improved performance in executive control

(0.46 SD, p¼0.04), performance in the passive control group did not change

(�0.06 SD; p¼0.70). The use of a passive rather than an active control group limits

the interpretation of effects. Nevertheless, a marginally significant improvement of

the gaming group, in contrast to the control group, in a broad measure of executive

control composed of tests dissimilar to the training tasks was revealed. The result

indicates improvement in executive control, that is, a broad cognitive ability, over-

coming often observed learning specificity.
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FIGURE 3

Intervention effect. Change of executive control (standardized) from pre- to posttraining as a

function of intervention group in a pilot study of a process-based novelty intervention using

card and board games. While the waiting-list control group (dark triangles) remained stable,

the intervention group (white squares) significantly improved, resulting in a marginally

significant group� time interaction. Arrows represent standard errors. Statistically significant

effects are marked by asterisks: * p<0.05.
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3.2 Physically demanding novelty interventions
In the following, we present a rationale for the combination of novelty interventions

with a physical activity component, which is based on two arguments: First, the

combination might induce multimechanistic effects appropriate for a multicausal

disease such as dementia. Second, both components may interact in a way that

we term “guided plasticity facilitation”. Thus, this extended novelty interventions

might induce additive or synergistic effects by the integration of a physical activity

component.
3.2.1 Tackling multiple mechanisms
Dementia is a multicausal disease (see Olde Rikkert et al., 2006, for a review). For

optimal prevention, it is plausible to tackle different pathological mechanisms by mul-

tiple approaches (Gillette-Guyonnet et al., 2009). Physical and cognitive activities

have shown differential effects on disease progression in animal models (e.g., Wolf

et al., 2006). Furthermore, these multiple pathogenic mechanisms and, hence, the pre-

ventive interventions may be dependent upon person-specific characteristics. Indeed,

there is evidence that cognitive effects of physical, social, or cognitive activity interact

with such characteristics, including genetic polymorphisms such as APOE genotype

(Head et al., 2012; Luck et al., 2013; Niti et al., 2008), brain-derived neurotrophic fac-

tor (BDNF) Val66Met polymorphism (Erickson et al., 2013; Kim et al., 2011) and

dopamine-related genes (Bellander et al., 2011; Brehmer et al., 2009; Pieramico

et al., 2012) as well as baseline levels of growth factors such as VEGF (Voss et al.,

2013), gender (see, e.g., Baker et al., 2010; Kåreholt et al., 2011), or personality traits

such as neuroticism (Wang et al., 2009). If, for example, one population profits most

from physical activity due to a certain BDNF polymorphism (Erickson et al., 2013;

Kim et al., 2011), APOE genotype (Head et al., 2012; Luck et al., 2013; Niti et al.,

2008), or gender (Baker et al., 2010; Kåreholt et al., 2011), a second population profits

most from social activity due to personality traits (see Wang et al., 2009) or gender

(Wang et al., 2013) and a third population benefits most from cognitive activity

due to dopamine-related polymorphisms (Bellander et al., 2011; Brehmer et al.,

2009), the averaged effect across all populations would be best in a combined inter-

vention of all the three types of activity. Such a combination of activity types is given

in certain leisure activities such as dancing or Tai Chi.
3.2.2 Guided plasticity facilitation
In addition to addressing various potential mechanisms by a combination of physical

and cognitive activity, there is increasing evidence that the combination of both ex-

ercise types may have synergistic effects (see Kraft, 2012, for a review). While phys-

ical exercise may “facilitate plasticity,” cognitive activity may “guide” the plastic

changes (see Fig. 4). Exercise-induced plasticity facilitation was shown by enhanced

precursor cell proliferation in the hippocampus (Fabel et al., 2009) and increased

synaptic plasticity such as long-term potentiation (Van Praag et al., 1999). BDNF
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Guided plasticity facilitation framework.
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seems to be one potential mediator of plasticity facilitation effects of exercise as ex-

ercise induces BDNF production (e.g., Neeper et al., 1995; Rasmussen et al., 2009).

BDNF, in turn, is known for its potential to increase synaptic transmission, synaptic

plasticity, and synaptic growth (see Lu et al., 2013, for a recent review). Indeed, the

learning and memory-enhancing effects of exercise were shown to disappear after

blockage of the BDNF-binding receptor TrkB (Vaynman et al., 2004).

Cognitive activity, on the other hand, may “guide” this facilitated plastic poten-

tial by (1) a survival-promoting effect on exercise-induced newborn cells (Fabel

et al., 2009) and (2) the regulation of synaptic change by time-dependent neural ac-

tivity (see Hebb, 1949). For example, Trachtenberg et al. (2002) demonstrated

experience-dependent synaptic plasticity. Experience-induced neural activity seems

to guide elimination and formation of synapses. Neurofunctional plastic changes

were induced after PCT (see Buschkuehl et al., 2012, for a review), which may

be partly attributable to the experience-dependent synaptic turnover. Cognitive

activity-induced plasticity was shown on not only the neurofunctional (see also

Elbert et al., 1995) but also the neurostructural level (see, e.g., Draganski et al.,

2004, 2006; Maguire et al., 2000; Takeuchi et al., 2011; Woollett and Maguire,

2011). Overall, cognitive activity has consistently revealed plasticity-inducing

effects by synaptic change and neurofunctional and neurostructural change.

Kempermann et al. (2010) argued that these “guiding” and “facilitation” effects

of cognitive and physical activity would be beneficial from an evolutionary point of

view given the frequent coincidence of the necessity for learning and physical activ-

ity. For example, acquisition of new spatial representations is inherently bound to

physical activity (disregarding video gaming).

Not only plasticity but also stability of the central nervous system is crucial for its

function (Koleske, 2013). It thus seems apparent that effects of physical activity on

plasticity facilitation would be dysfunctional if they were not restricted to a certain

time frame. In line with this notion, studies repeatedly reported an increase of periph-

eral BDNF during and within one hour after an acute bout of physical exercise fol-

lowed by a reduction below baseline, indicating increased BDNF production and

utilization after exercise (see Knaepen et al., 2010, for a review). Therefore, facilita-

tion of plastic mechanisms, for example, mediated by BDNF, might be most pro-

nounced during or right after physical exercise. Indeed, Winter et al. (2007)

demonstrated in humans that verbal learning and memory were improved after an

acute bout of physical exercise, compared to a period of rest. Performance parameters

of learning and memory were associated with peripheral BDNF and various
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catecholamine levels supporting their effect-mediating role. In line with this result,

Roig et al. (2012) found that an acute bout of 20 min intense cycling immediately be-

fore and after a motor task, compared with a period of rest, improved retention of a

learned motor skill 24 h and 7 days after practice. Interestingly, the effect of an acute

bout of exercise after the motor task, in contrast to before practice, had even larger

effect on retention 7 days after motor practice. Taken together, the timing of physical

activity in relation to cognitive activity seems to be crucial in the “guided plasticity

facilitation” framework (see Fig. 4).

3.2.3 Evidence
There is a growing evidence from observational studies indicating that engaging in a

number of different types of activities ranging from cognitive to physical and social

activities is able to reduce cognitive decline (Chan et al., 2005; Lee et al., 2009;

Wang et al., 2013) or dementia incidence (Karp et al., 2006; Paillard-Borg et al.,

2009; Verghese et al., 2003; Wang et al., 2002). Interestingly, beneficial effects

of leisure activity types on cognition follow a dose–response relationship (Wang

et al., 2013). For example, cognition declined over a 2-year period in participants

engaged in low levels in all three activity types, while cognition was stable in par-

ticipants who engaged in high levels in one activity type, and engagement in multiple

activities even predicted cognitive improvement. In this, the different types of activ-

ities had differential effects on several cognitive domains. This result supports the

rationale that multidomain interventions induce multimechanistic effects; thus, they

may be best suited to address a multicausal disease. Karp et al. (2006) demonstrated

that even dementia risk could be reduced by engaging in physical, social, or cognitive

leisure activities and that the strongest effect was present in individuals who engaged

in more than one type of activity. A dose–response pattern of the number of different

activity types—including physical, cognitive, and social activity—for dementia risk

was also found in a study by Paillard-Borg et al. (2009): high engagement in no or

only one type of activity served as the reference group. High engagement in two

types of activities reduced the risk by 34%, and high engagement in all three types

of activities reduced the risk even by 49%. The combination of multiple lifestyle ac-

tivities is decisive for prevention of cognitive decline and dementia and should be

further investigated (see also Lee et al., 2009). One leisure activity that is a good

model for an integrative physical, cognitive, social, and emotional approach is danc-

ing. In an observational study, Kattenstroth et al. (2010) demonstrated that long-time

amateur dancers outperformed age-, education-, and gender-matched controls in re-

action times, motor behavior, and cognitive performance, exhibiting the potential of

this challenging, multicomponent activity.

However, as mentioned earlier, observational studies cannot exclude other inter-

pretations of effects. So what does experimental evidence tell us about the effective-

ness of a combined physical and cognitive approach?

Several interventional studies investigated the effect of combined physical and

cognitive interventions on cognition (Barnes et al., 2013; Fabre et al., 2002;

Legault et al., 2011;Oswald et al., 2006; Shatil, 2013).Apart from the first two studies,
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which showed better effects of the combined approach (Fabre et al., 2002; Oswald

et al., 2006), the more recent studies could not show additional or synergistic effects

of the combination of both interventions (Barnes et al., 2013; Legault et al., 2011;

Shatil, 2013). Those studies investigated the effect of combined interventions, but each

component was separated in time from each other. As depicted in the rationale for the

guided plasticity facilitation framework, simultaneous cognitive and physical activi-

ties might be crucial for interaction effects, explaining the negative findings.

Physically demanding novelty interventions provide simultaneous cognitive and

physical activity (see Fig. 5). Indeed, there are several interventional studies which

found beneficial effects on cognition for such a multimodal approach. For example,

consistent and large improvements in cognitive outcomes were found in older adults

allocated to a dancing intervention (Kattenstroth, Kalisch, Holt, Tegenthoff, and

Dinse, 2013), mind–body exercises like Tai Chi (Mortimer et al., 2012), theater play

(Noice and Noice, 2009; Noice et al., 2004), or “exergaming” (Anderson-Hanley

et al., 2012; Maillot et al., 2012), that is, physical exercise carried out in a mentally

stimulating and motivating virtual reality environment. Mixed results, showing im-

provements in some cognitive tests but not others, were found by Pieramico et al.

(2012) for a 1-year multimodal training program consisting of various activities

and by Coubard et al. (2011) for a dancing intervention.

After a 6-month dancing intervention, elderly adults significantly improved in

cognitive outcomes, such as attention and memory functions, compared to partici-

pants of an inactive control group (Kattenstroth, Kalisch, Holt, Tegenthoff, and

Dinse, 2013). Noice et al. (2004) compared the outcome of a 7-session theater course

for healthy older adults not only to the one of an inactive control group but also to an

active visual arts control group. The mentally and physically challenging theater

course resulted in an enhancement in problem solving compared to both control

groups and an improvement in episodic memory when compared to the inactive
FIGURE 5

Physically demanding novelty interventions. Dancing, Tai Chi, cybercycling, and theater arts

depict examples of this combined physical–cognitive approach. In contrast to traditional

novelty interventions, they include physical demands in addition to highly variable, novel tasks

and thus enhance the transfer to unspecific cognitive based abilities.
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control group. Similar effects were found for the same intervention with older adults

in retirement homes (Noice and Noice, 2009). Compared to physical training only,

greater improvements were yielded by cybercycling, that is, cycling within a men-

tally challenging virtual reality environment (Anderson-Hanley et al., 2012), and by

Tai Chi (Mortimer et al., 2012).

Finally, there is even initial experimental evidence that long-term Tai Chi train-

ing decreases the incidence of dementia, evaluated with the Clinical Dementia Rat-

ing (Lam et al., 2011, 2012). However, this study had some limitations with respect

to dropout rates, operationalization of dementia incidence, and baseline differences

between groups. Therefore, caution is necessary in the interpretation of results.

To sum up, the evidence for physically demanding novelty interventions such as

dancing, Tai Chi, theater play, or exergaming is promising. To elucidate whether the

combination of activities is decisive, further research is needed comparing physically

demanding novelty interventions with pure physical and novelty interventions. Also,

more research investigating the potential for dementia prevention must follow.
4 CONCLUSIONS
Observational and experimental studies suggest that novelty interventions are effec-

tive behavioral means to delay cognitive decline (e.g., Eskes et al., 2010; Klusmann

et al., 2010) and the onset of dementia (e.g., Fritsch et al., 2005). However, this ap-

proach is rather unspecific, that is, it does not tackle specific processes shown to de-

teriorate in aging and dementia (see Fig. 1). PCT addresses this problem and has

shown transfer effects on untrained cognitive tests. Crucially, however, consistent ef-

fects were only shown for cognitive tests sharing superficial training task character-

istics, suggesting learning specificity with only limited transfer to broad cognitive

abilities (see Fig. 1, e.g., Redick et al., 2013; Barnes et al., 2013). Based on a growing

literature on biological and behavioral effects of variable practice, in contrast to con-

stant practice, we propose in line with Green and Bavelier (2012) that low task var-

iability of currently available PCTs is partly responsible for limited transfer (compare

Figs. 1 and 2). A process-based novelty intervention, using variable card and board

games in a socially meaningful context, addressed this issue and showed initial evi-

dence for an enhancement in the broad cognitive ability of executive control (see

Fig. 3). Furthermore, rather small transfer effects of novelty interventions might be

enhanced by engaging in novel challenging mental activities which also comprise

physical demands such as dancing or Tai Chi (see Fig. 5). A mechanism of action

of this multimodal approach may be guided plasticity facilitation (see Fig. 4).

With respect to current evidence, we suggest four principles that behavioral

interventions for the prevention of dementia should implement:

• Challenge: The training tasks should induce a mismatch of supply and demand

(see Lövdén et al., 2010).

• “Overlapping variability”: The training tasks should have a high task variability

but a low variability in targeted processes. In other words, tasks should overlap in
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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-the-

science statement prepared by independent panels of public representatives and

health professionals, no intervention can be recommended to delay dementia, as

“the evidence is inadequate to conclude that any are effective” (Daviglus et al.,

2010, p. 12). We propose that no single type of activity such as cognitive or physical

activity should be considered as a prevention technique. The focus should rather lie

on a style of activity engagement, a composition of activities, or underlying effective

factors such as novelty, variability, process overlap, and challenge. This is crucial as

activities interact to produce their beneficial effects, which is clearly demonstrated

by variable and constant practice protocols. Therefore, we propose that recommen-

dations for single-activity types are inherently flawed. We come to an alternate con-

clusion for dementia prevention in recommending a lifestyle composed of both

physical demands and novel challenging mental activities integrated in a socially

meaningful context. This conclusion is based on the earlier-mentioned findings of

novelty interventions and on the ratio of their potential costs and benefits: (1) poten-

tial emotional and financial benefits through dementia prevention are high on both a

personal and a societal level, and (2) costs for engagement in such activities are with

exceptions rather low.

For future interventional studies, we suggest that they should assess the most im-

portant outcome of interventions, which is the incidence of dementia. To accomplish

this aimwith clinically meaningful results, we are convinced that long-term interven-

tion with high adherence is key (see Unverzagt et al., 2012). Therefore, interventions

should be personally meaningful to participants (see, e.g., Carlson et al., 2008;

Lautenschlager and Cox, 2013) while nourishing intrinsic motivation. Thus, in the

coming years, structured programs for the prevention of dementia might be exper-

imentally validated allowing for widespread public recommendations and imple-

mentation in the health-care system (see Dehnel, 2013).
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Wang, H.-X., Karp, A., Herlitz, A., Crowe, M., Kåreholt, I., Winblad, B., Fratiglioni, L., 2009.

Personality and lifestyle in relation to dementia incidence. Neurology 72, 253–259.

Wang, H.-X., Xu, W., Pei, J.-J., 2012. Leisure activities, cognition and dementia. Biochim.

Biophys. Acta 1822, 482–491.

Wang, H.-X., Jin, Y., Hendrie, H.C., Liang, C., Yang, L., Cheng, Y., Unverzagt, F.W., Ma, F.,

Hall, K.S., Murrell, J.R., Li, P., Bian, J., Pei, J.-J., Gao, S., 2013. Late life leisure activities

and risk of cognitive decline. J. Gerontol. A: Biol. Med. Sci. 68, 205–213.

Weiß, R.H., 2006. Grundintelligenztest Skala 2 (CFT 20-R), Göttingen, Hogrefe.

Weuve, J., Kang, J.H., Manson, J.E., Breteler, M.M.B., Ware, J.H., Grodstein, F., 2004. Phys-

ical activity, including walking, and cognitive function in older women. JAMA 292,

1454–1461.

Willis, S., Tennstedt, S., Marsiske, M., Ball, K., Elias, J., Koepke, K., Morris, J., Rebok, G.,

Unverzagt, F., Stoddard, A., 2006. Long-term effects of cognitive training on everyday

functional outcomes in older adults. JAMA 296, 2805–2814.

Wilson, R.S., 2011. Mental stimulation and brain health: complex, challenging activities can

support cognitive health in older adults. Generations 35, 58–62.

Winter, B., Breitenstein, C., Mooren, F.C., Voelker, K., Fobker, M., Lechtermann, A.,

Krueger, K., Fromme, A., Korsukewitz, C., Floel, A., 2007. High impact running improves

learning. Neurobiol. Learn. Mem. 87, 597–609.

Wolf, S., Kronenberg, G., Lehmann, K., Blankenship, A., Overall, R., Staufenbiel, M.,

Kempermann, G., 2006. Cognitive and physical activity differently modulate disease pro-

gression in the amyloid precursor protein (APP)-23 model of Alzheimer’s disease. Biol.

Psychiatry 60, 1314–1323.

http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0725
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0725
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0730
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0730
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0730
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0735
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0735
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0735
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0740
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0740
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0740
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0745
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0745
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0750
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0750
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0755
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0755
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0755
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0760
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0760
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0760
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0765
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0765
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0765
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0770
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0770
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0775
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0775
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0780
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0780
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0780
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0785
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0790
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0790
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0790
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0795
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0795
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0795
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0800
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0800
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0805
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0805
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0805
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0810
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0810
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0810
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0810


434 CHAPTER 16 Novelty Interventions for Brain Health

Author's personal copy
Wolinsky, F.D., Vander Weg, M.W., Howren, M.B., Jones, M.P., Dotson, M.M., 2013. A ran-

domized controlled trial of cognitive training Beneficial effects of traditional interventions

such as novelty interventions and PCTs may be improved by two novel synergistic

approaches: the combination of novelty interventions with 1) a process-based or 2) a

physically demanding element . using a visual speed of processing intervention in middle

aged and older adults. PLoS ONE 8, e61624.

Woollett, K., Maguire, E.A., 2011. Acquiring the knowledge of london’s layout drives struc-

tural brain changes. Curr. Biol. 21, 2109–2114.

Zelinski, E.M., Spina, L.M., Yaffe, K., Ruff, R., Kennison, R.F., Mahncke, H.W., Smith, G.E.,

2011. Improvement in memory with plasticity based adaptive cognitive training: results of

the 3 month follow up. J. Am. Geriatr. Soc. 59, 258–265.

Zhao, X.,Wang, Y., Liu, D., Zhou, R., 2011. Effect of updating training on fluid intelligence in

children. Chin. Sci. Bull. 56, 2202–2205.

http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0815
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0815
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0815
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0815
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0815
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0815
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0820
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0820
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0825
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0825
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0825
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0830
http://refhub.elsevier.com/B978-0-444-63327-9.00017-5/rf0830


Danksagung 

146 
 

DANKSAGUNG 

Diese Arbeit wäre nicht ohne die Unterstützung zahlreicher Personen zustande gekommen.  

Iris-Tatjana Kolassa und Christine von Arnim haben mich auf meinem wissenschaftlichen 

Weg stets gefördert und die Arbeit als Doktormütter mit viel Interesse und Engagement 

betreut. Von Ingo Uttner habe ich im Feld der klinischen Neuropsychologie sehr viel gelernt 

und auch in wissenschaftlichen Belangen viel Unterstützung erfahren.  

Mit Patrick Fissler und Daria Laptinskaya hatte ich perfekte Projektkollegen, mit denen ich 

sehr gerne zusammen gearbeitet und mich sehr viel ausgetauscht habe. Franka Thurm und 

Winfried Schlee haben mich vor allem zu Beginn der Doktorarbeit dem Thema Altern und 

Demenz nähergebracht. Meinen beiden Teams, der Klinischen und Biologischen Psychologie 

an der Universität Ulm und der Neuropsychologie am RKU danke ich für den fachlichen und 

nicht-fachlichen Austausch und die gute Atmosphäre.  

In interdisziplinären Projekten sind gute Verbindungen zu den Nachbardisziplinen wichtig. 

Insbesondere Alexander Karabatsiakis, Cathrin Schnack, Martina Zügel und Patrick Weydt 

haben mir hierbei den Blick über den Tellerrand erleichtert. Auch die umfangreiche 

Datenerhebung in den Projekten wäre nicht ohne viele Hilfskräfte und MTAs denkbar, hierbei 

haben vor allem Barbara Awiszus, Heike Riedke, Dörte Polivka, Christiane Wolf, Anne 

Korzowski, Nelli Hirschauer und Christina Schaldecker unterstützt. Zahlreiche Senioren und 

Seniorinnen haben zudem ihre Zeit mit viel Ausdauer und Engagement zur Verfügung 

gestellt, um in den Projekten als Probanden zu dienen.  

Bettina, Ulrich, Jenny und Moritz Küster sowie Tobias Mönch haben mich auf dem Weg zur 

Dissertation mit viel Geduld begleitet, mir Rückhalt gegeben und mein Vorhaben stets 

unterstützt. Ihnen allen gilt mein ganz herzlicher Dank! 


	Indices and summaries
	Table of contents
	Abstract
	Zusammenfassung
	Abbreviations

	Synopsis
	1 Introduction
	1.1 Cognitive Decline and Dementia
	1.2 Early Diagnosis of AD
	1.3 Prevention and Intervention
	1.4 Biological Mechanisms of Lifestyle and Intervention Effects
	1.5 Aims and Outline of the Dissertation

	2 Summary of Dissertation Studies
	2.1 TtL as an Instrument for the Early Diagnosis of AD
	2.2 Benefits of Lifestyle and Training Interventions on Cognition in a Risk Group for AD 
	2.3 Biomarkers of Cognition, Lifestyle, and Training Interventions 
	2.4 Novel Cognitive Training Approaches to Benefit Global Cognition

	3 General Discussion
	3.1 Cognitive Plasticity as a Clinical Marker for AD
	3.2 Activity as an Important Agent towards Successful Aging
	3.3 Novel Biomarkers for Stress- and Training-Related Changes in Neurodegenerative Diseases
	3.4 Fostering Cognitive, Neural, and Metabolic Reserve
	3.5 Implications and Outlook
	3.6 Conclusions

	4 References

	Original Research Articles
	I. Cognitive Reserve in Alzheimer’s Dementia: Diagnostic Accuracy of a Testing-the-Limits Paradigm
	II. 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
	III. Novel Blood-Based Biomarkers of Cognition, Stress, and Physical or Cognitive Training in Older Adults at Risk of Dementia: Preliminary Evidence for a Role of BDNF, Irisin, and the Kynurenine Pathway
	IV. Novelty Interventions to Enhance Broad Cognitive Abilities and Prevent Dementia: Synergistic Approaches for the Facilitation of Positive Plastic Change

	Danksagung



