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Indices and summaries 

Abstract 

The number of people with dementia is growing due to increasing life expectancy and 

demographic change. Alzheimer’s disease (AD) is the most common cause of dementia. 

There is still no curative treatment for AD. However, previous research suggests that several 

factors influence the onset as well as progression of dementia. Besides other factors, a healthy 

lifestyle, including regular cognitive and physical activity, seems to have a positive impact on 

cognition. It is not yet thoroughly understood, which aspects of cognitive and physical activity 

are crucial for beneficial effects on cognition. Another challenge is the investigation of the 

biological mechanisms which are associated with AD. Targeted interventions can be 

optimized to focus on the disrupted processes and to monitor the success of the intervention 

only after deriving an in-depth understanding of the biological alterations underlying AD.  

Despite the wide range of evidence that electroencephalography (EEG) is altered in patients 

with AD, so far, no EEG marker for cognition has been established. This thesis systematically 

explores the (1) impact of cognitive and physical activity on cognition, (2) demonstrates novel 

EEG markers for cognition, and (3) investigates whether the positive association between 

activity and cognition is mediated by EEG indices. All issues were addressed in the same 

sample of older adults with subjective or objective cognitive complaints, who are at a higher 

risk of developing dementia.   

In study I the effectiveness of a 10-week cognitive and a 10-week physical training, both 

designed to specifically improve cognition, was assessed and compared to cognition-lifestyle 

associations in the same sample and for the same time period. Lifestyle was defined as the 

variety of regularly performed cognitive, physical, and social activities. Neither of the two 

training programs showed a beneficial effect on cognition. However, participants with a more 

active lifestyle showed less cognitive decline than individuals with a less active lifestyle.  
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Study II dealt with mismatch negativity (MMN) as a potential electrophysiological marker 

for cognition. The MMN is an event-related potential (ERP) which is elicited when the 

presentation predicted by the central nervous system is violated, for example, when a deviant 

tone is presented in a sequence of standard tones. The time interval between the standard and 

the deviant tone is called interstimulus interval (ISI). MMN indicates two strongly interrelated 

pre-attentive processes: auditory discrimination ability and auditory memory trace. For short 

ISIs, the MMN reflects the detection between a stored auditory regularity and the current 

representation of the environment and therefore can be considered as an index for auditory 

discrimination ability. As ISI increases, the MMN provides information on the duration of the 

auditory memory trace. Previous studies have demonstrated changes in MMN in patients with 

AD, but no MMN index for cognition has been implemented. In study II, to account for 

individual differences in auditory discrimination ability and in auditory memory, we built a 

difference score between MMNs after short (0.5 s) and after long ISIs (2 s; ΔMMN) as a 

novel index for auditory memory decay, with higher values indicating less decay. MMN after 

long ISIs and ΔMMN were positively associated with episodic memory at baseline. ΔMMN, 

but not the MMN after long ISIs, was positively associated with episodic memory at a 5-year 

follow-up. 

In study III, two other novel electrophysiological markers for cognition were investigated, 

i.e., global coherence and global EEG slowing. Global indices might help to overcome 

inconsistencies in the results of previous studies focused on region- or frequency-specific 

coherence and power changes in AD. Global coherence was determined as coherence over the 

whole skull in the 1-30 Hz (delta till beta) frequency range, and global EEG slowing was 

calculated by dividing overall low-frequency power of 1-8 Hz (delta, theta) by the overall 

high-frequency power of 9-30 Hz (alpha, beta). Baseline EEG-cognition associations and the 

prognostic value of the EEG indices were assessed. Global coherence at baseline was 
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positively associated with baseline cognition, but not with cognitive change over a period of 5 

years. EEG slowing was not related to cognition at baseline or to cognitive decline.  

Study IV integrated the results from studies I, II, and III. The study investigated, whether 

the positive lifestyle-cognition association, as demonstrated in study I, is mediated by the 

EEG parameters for cognition identified in studies II and III, namely auditory memory decay 

and global coherence. Additionally, effects of the 10-week cognitive and physical training on 

the two EEG parameters were assessed. There was neither a positive lifestyle-EEG 

association nor a training-induced effect on the investigated EEG indices.  

In sum, this thesis suggests that the effect of cognitive and physical activity on cognition is 

influenced by factors other than the investigated EEG parameters and these factors seem to be 

more present in lifestyle than in specified training programs. It demonstrates that MMN after 

long ISIs and ΔMMN are indices for cognition. Moreover, ΔMMN as a new marker for 

auditory memory decay might be suitable for predicting episodic memory over a period of 5 

years. This thesis also presents global EEG coherence at rest as a more robust EEG marker for 

cognition than region- and frequency-specific coherence measures. Finally, this thesis shows 

that short-term, unimodal training programs are not suitable for tapping auditory memory 

decay or functional connectivity. Similarly, the positive lifestyle-cognition association seems 

not to be mediated by functional connectivity. 
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Zusammenfassung 

Aufgrund der steigenden Lebenserwartung und des demographischen Wandels steigt die 

Anzahl von Personen mit dementiellen Erkrankungen. Die Alzheimer-Krankheit (engl. 

Alzheimer’s disease, AD) ist die häufigste Ursache für Demenz. Trotz fehlender kurativer 

Behandlung für AD legt die Studienlage nahe, dass bestimmte Faktoren den Beginn und den 

Verlauf der Erkrankung beeinflussen können. Unter anderem scheint ein gesunder Lebensstil, 

der kognitive sowie physische Aktivität mit einschließt, den kognitiven Verlauf positiv zu 

beeinflussen. Es ist bis jetzt jedoch größtenteils unklar, was genau den Erfolg kognitiver und 

physischer Aktivität ausmacht.  

Eine weitere Herausforderung stellt die Erforschung der bei AD veränderten biologischen 

Prozesse dar. Nur wenn diese bekannt sind, können gezielte Interventionen entwickelt 

werden, um auf die betroffenen Mechanismen Einfluss nehmen zu können und um den Erfolg 

unterschiedlicher Interventionen zu überprüfen. Trotz der umfangreichen Literatur zu 

veränderter Elektroenzephalographie (EEG) bei AD, konnte bis jetzt kein EEG-Marker für 

Kognition etabliert werden.  

Die vorliegende Arbeit setzt sich mit den Einflüssen kognitiver und physischer Aktivität auf 

Kognition auseinander, stellt neuartige EEG-Marker für Kognition vor und untersucht, 

inwieweit Zusammenhänge zwischen Aktivität und Kognition durch diese EEG-Indikatoren 

mediiert werden. Alle Fragestellungen wurden in derselben Stichprobe älterer Erwachsener 

mit subjektiven oder objektiven kognitiven Beschwerden und damit einem erhöhten Risiko 

für Demenz untersucht.  

In Studie I wurden trainingsinduzierte Effekte eines 10-wöchigen kognitiven sowie eines 10-

wöchigen körperlichen Trainings auf die Kognition sowie der Zusammenhang zwischen 

Lebensstil und Kognition miteinander verglichen. Der Lebensstil wurde definiert als die 

Menge regelmäßig ausgeübter kognitiver, körperlicher und sozialer Aktivitäten. Keine der 
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kurzzeitigen Trainingsinterventionen zeigte einen positiven Effekt auf die Kognition. 

Dagegen zeigten Teilnehmer mit einem aktiveren Lebensstil einen besseren kognitiven 

Verlauf als Personen, die einen weniger aktiven Lebensstil pflegten. 

In Studie II wurde die Mismatch Negativity (MMN) als ein EEG-Marker für Kognition 

untersucht. Die MMN ist ein ereigniskorreliertes Potenzial (engl. event-related potential, 

ERP), das ausgelöst wird, wenn eine Vorhersage, die vom Zentralnervensystem getroffen 

wurde, verletzt wird. Dies ist z.B. der Fall, wenn in einer Sequenz von Standardtönen ein 

abweichender Ton dargeboten wird. Durch die MMN werden zwei eng miteinander 

verknüpfte aufmerksamkeitsunabhängige Prozesse erfasst: die auditorische 

Diskriminationsfähigkeit sowie die auditorische Gedächtnisspur. Mit größeren Abständen 

zwischen dem Standard und dem abweichenden Ton (engl. interstimulus interval, ISI) 

gewinnt die auditorische Gedächtnisspur zunehmend an Bedeutung. Um beiden beteiligten 

Prozessen Rechnung zu tragen, wurde in Studie II die Differenz zwischen der MMN nach 

kurzen (0.5 sec) und nach langen ISIs (2 sec; ΔMMN) als ein Marker für den Zerfall der 

auditorischen Gedächtnisspur gebildet, wobei höhere Werte für einen geringeren Zerfall 

stehen. Die MMN nach langen ISIs sowie die ΔMMN korrelierten signifikant mit der 

Gedächtnisleistung zur Baseline. Darüber hinaus war ein positiver Zusammenhang zwischen 

Baseline-ΔMMN, aber nicht mit der MMN nach den langen ISIs, und der Gedächtnisleistung 

zum 5-Jahres Follow-up zu beobachten.  

Zwei weitere potentielle elektrophysiologische Marker als Indikatoren für Kognition wurden 

in Studie III untersucht: die globale EEG-Kohärenz und die globale EEG-Verlangsamung. 

Globale Indikatoren könnten dabei helfen, vorher berichtete Inkonsistenzen für regions- und 

frequenzspezifische Veränderungen in der Kohärenz und der Power bei AD zu überwinden. 

Die globale Kohärenz wurde definiert als die Kohärenz über die ganze Schädeloberfläche 

hinweg in einem Frequenzbereich von 1-30 Hz (delta bis beta), während globale EEG-

Verlangsamung gebildet wurde durch das Teilen der gesamten Niedrigfrequenzpower von 1-8 
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Hz (delta, theta) durch die gesamte Hochfrequenzpower von 9-30 Hz (alpha, beta). Untersucht 

wurden Assoziationen zwischen EEG-Parametern und Kognition zur Baseline sowie der 

prognostische Wert von EEG über zehn Wochen hinweg. Die Baseline-Kohärenz war 

signifikant mit der Kognition zur Baseline assoziiert, jedoch nicht mit kognitivem Abbau. Es 

zeigten sich keine signifikanten Zusammenhänge zwischen EEG-Verlangsamung und 

Kognition. 

Studie IV integriert die Ergebnisse aus den Studien I, II und III. Es wurde untersucht, 

inwieweit der positive Zusammenhang zwischen Lebensstil und Kognition aus Studie I durch 

die in Studie II und III identifizierten EEG-Marker für Kognition (ΔMMN und globale 

Kohärenz) mediiert wird. Des Weiteren wurden Effekte des kognitiven und des körperlichen 

Trainings auf die EEG-Indikatoren untersucht. Wir fanden weder einen signifikanten 

Zusammenhang zwischen Lebensstil und ΔMMN oder globaler Kohärenz noch einen 

signifikanten trainingsinduzierten Effekt auf die beiden untersuchten EEG-Marker.  

Zusammenfassend zeigen die vorliegenden Ergebnisse, dass der positive Einfluss kognitiver 

und physischer Aktivität auf die Kognition durch Faktoren gesteuert wird, die bei einem 

aktiven Lebensstil präsenter sind als bei unimodalen Trainingsprogrammen. Die Arbeit legt 

nahe, dass die MMN nach langen ISIs und ΔMMN als Indikatoren für Kognition dienen 

könnten. Darüber hinaus könnte ΔMMN als ein neuer Marker für den Zerfall der 

auditorischen Gedächtnisspur den Verlauf von episodischem Gedächtnis über einen Zeitraum 

von 5 Jahren vorhersagen. Ferner belegt die Arbeit, dass globale Kohärenz im Ruhe-EEG 

einen robusteren Marker für Kognition darstellt als regions- und frequenzspezifische 

Kohärenz-Messungen. Abschließend weisen die Studienergebnisse nach, dass kurzzeitige, 

unimodale Trainingsprogramme nicht geeignet zu sein scheinen, um den Zerfall der 

auditorischen Gedächtnisspur oder die funktionelle Konnektivität anzusprechen. Ebenfalls 

scheint der positive Zusammenhang zwischen Lebensstil und Kognition nicht durch globale 

Kohärenz mediiert zu sein.  
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Abbreviations 

ACh = acetylcholine  

Aβ = amyloid beta 

AD = Alzheimer’s disease 

BDNF = brain-derived neurotrophic factor 

Ca
2+

 = calcium ion 

DSM-V = Diagnostic and Statistical Manual of Mental Disorders, fifth edition 

DMN = default mode network 

EEG = electroencephalography 

ERP = event-related potential 

fMRI = functional magnetic resonance imaging 

ISI = interstimulus interval 

MEG = magnetoencephalography  

MCI = mild cognitive impairment 

MMN = mismatch negativity 

MRI = magnetic resonance imaging 

NMDA = N-Methyl-D-aspartate  

PET = positron emission tomography 

SD = standard deviation 

ΔMMN = delta MMN, index for auditory memory trace decay, defined as the difference 

between MMN amplitude after short (0.5 s) and after long ISIs (2 s) 
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Synopsis 

1 General introduction 

Dementia has been described as the “greatest global challenge for health and social care in the 

21st century” (Livingston et al., 2017, p. 2673). Current advances in health care and medicine 

allow people to live longer than ever before, and with increase in life expectancy the risk of 

age-related disease also increases. Old age is the greatest risk factor for dementia, with most 

affected subjects being 65 years old or older. It was estimated that, globally, there were 47 

million people living with dementia in 2015 and this number is projected to triple by 2050 

(Prince et al., 2015). Dementia is not only a large functional and emotional burden for the 

affected subjects but also for their families, friends, and caregivers, and it is also associated 

with high economic and social costs.  

However, old age is not necessarily accompanied by dementia. Previous studies suggest that 

lifestyle factors, as well as cognitive and physical interventions, might lessen the symptoms of 

dementia or even prevent its onset. Knowledge about the neurological, biological, and 

electrophysiological mechanisms that underlie pathological aging might support the 

development of successful intervention methods by targeting the disrupted processes. 

However, the multifactorial pathogenesis of dementia is not yet fully understood. Dementia 

describes a cluster of symptoms which can occur as a consequence of different pathologies, 

like problems in the supply of blood to the brain in vascular dementia or Lewy body disease in 

Lewy body dementia (Alzheimer’s Association, 2014).  

The word dementia – which derives from Latin and means “out of mind” – is accompanied by 

prejudices and stigmatization. For this reason, according to the Diagnostic and Statistical 

Manual of Mental Disorders, fifth edition (DSM-V; American Psychiatric Association, 2013) 

cognitive disorders are classified in the chapter neurocognitive disorders. The DSM-V 

distinguishes between major neurocognitive disorder, minor neurocognitive disorder, and 

delirium. Major neurocognitive disorder corresponds to the term dementia. However, the term 
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dementia will be used in this thesis as it is still widely used in the clinical and in research 

setting. 

1.1 Alzheimer’s disease (AD) 

Alzheimer’s disease (AD) is the most common cause of dementia, accounting for 50%–75% of 

dementia cases (Prince et al., 2014), and its early onset is characterized by impairment in 

episodic memory. AD progression is accompanied by the impairment of other cognitive 

domains and skills including language, orientation, and executive functions (Dubois et al., 

2010). An important characteristic of the disease is the impact of symptoms on daily life and 

social functioning (American Psychiatric Association, 2013). According to neuropsychological 

assessment, dementia diagnosis is associated with cognitive performance 2 SDs below the age- 

and education-appropriate mean value in one or more cognitive domains. In final stages, the 

affected persons are no longer able to live independently, and require intensive care.  

1.2 Mild cognitive impairment (MCI) 

Mild cognitive impairment (MCI) is considered a minor neurocognitive disorder in the DSM-

V (American Psychiatric Association, 2013). Subjects with MCI show cognitive performance 

1–1.5 SDs below the expected performance corresponding to the person’s age and education. 

However, the deficits are not as severe as those for patients with dementia. In contrast to 

subjects with dementia, subjects with MCI show intact daily functioning. MCI might be a 

prodromal state for AD; 22%–39% of those diagnosed with MCI develop dementia within 3 to 

10 years (Mitchell and Shiri-Feshki, 2009). In comparison, only 3% of the general population 

develop dementia at the same age (Tschanz et al., 2006). It should be noted that MCI is a very 

heterogeneous condition, including subjects with different underlying pathologies, some of 

whom revert to healthy cognition. Individuals with MCI can be further categorized as amnestic 

MCI (aMCI) and non-amnestic MCI (naMCI). Memory loss is predominant in aMCI. Patients 
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with naMCI show impairments in other cognitive domains than memory. Higher rates of 

progression to dementia have been reported for subjects with aMCI that for subjects with 

naMCI (Petersen, 2016). Furthermore, previous studies indicate that, besides objective 

cognitive impairment, already increased subjective memory deficits might be a predictor for 

the development of dementia within 6 years (Jessen et al., 2014). The causes for subjective 

memory impairment might be even more heterogeneous than for MCI, though. Thus, it is 

important to find early markers for cognitive decline in order to identify subpopulations which 

are at higher risk of developing dementia.  

1.3 Diagnosis and markers for AD 

It is well established that pathological changes related to AD occur years or even decades 

before the first symptoms arise. Current anti-dementia medications are only capable of slowing 

the progression of symptoms by several months. However, recent studies report new 

pharmaceutical agents which target the biological hallmarks of AD and might help to slow the 

onset of the disease (Sevigny et al., 2016). The identification of pathological processes 

accompanying AD is the prerequisite for its treatment, making the search for suitable markers 

for AD in its early stage an increasingly important issue. A definitive diagnosis for AD is still 

only possible postmortem, when the brain tissue can be investigated for AD pathology via 

biopsy.  

For many years, neuropsychological assessment, as well as the patient and third-party history, 

were the core tools for diagnosing AD. In recent years, neuropsychological assessment has 

been extended by AD biomarkers. One biological hallmark of AD are extracellular senile 

plaques composed of accumulated protein fragment amyloid beta (Aβ). Senile plaques are 

thought to trigger neuronal dysfunction and apoptosis in the brain. However, about 25% of 

subjects with an AD diagnosis do not show abnormal Aβ values (Karran and Hardy, 2014). 

Another preliminary marker of AD are neurofibrillary tangles, whose main constituent is 
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intracellular accumulation of tau protein. During the production of neurofibrillary tangles, 

insoluble aggregates of tau protein are produced, which disrupt the structure and the function 

of the neuron. Postmortem analyses have shown neurofibrillary tangles in transentorhinal areas 

in young, cognitively unimpaired subjects, and even in children (Braak and Del Tredici, 2011).  

Through lumbar puncture, concentrations of tau and Aβ in the cerebrospinal fluid can be 

measured.  Since the implementation of positron emission tomography (PET), metabolism and 

Aβ deposition can be observed in the brain without the need for a biopsy. To visualize 

metabolic processes in the body, the PET technique uses radioactive tracers, which are injected 

into the body before making the PET scan. Even though the health hazard is assumed to be low 

for PET, it is an invasive method, which is associated with radiation exposure. The diagnostic 

process has also been extended by investigation of brain atrophy via magnetic resonance 

imaging (MRI) and blood tests for genetic risk factors. However, the multifactorial 

pathogenesis of AD is still in its infancy (for a recent review on biological markers in AD see 

Walsh et al., 2017). 

Previous research has demonstrated that electroencephalography (EEG) might provide new 

insights into brain health. The most promising electrophysiological indices are altered event-

related potentials (ERPs), EEG slowing, and diminished functional connectivity. While robust 

results have been reported on the group level, they are difficult to reproduce on an individual 

level, and therefore no electrophysiological AD marker has been established.  

In summary, AD is a multifactorial condition meaning that it is characterized by multiple 

biological, electrophysiological, and cognitive changes, which probably influence each other. 

This knowledge has to be kept in mind when developing disease-modifying prevention or 

intervention strategies, and also for drug development (Walsh et al., 2017).  
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1.4 EEG as a method to record the electrophysiological activity of the brain 

EEG analyzes the electrical activity of assemblies of neurons in the brain by using electrodes 

placed across the surface of the scalp. EEG voltage is measured in millivolts. The EEG 

approach focuses on the derivation of ERPs and the study of EEG at rest, also called resting-

state EEG. ERPs are elicited from the brain in a matter of milliseconds after stimulus 

presentation, when endogenous and exogenous ERPs can be distinguished. Exogenous ERPs 

reflect the initial neuronal processing of the stimuli 100–200 ms after stimulus presentation; 

they are generated automatically and are not influenced by the subject’s inner state, such as 

vigilance or attention (Jäncke, 2005). Typical exogenous agents are N0, P0, Na, Pa, and Nb, 

which are associated with activity in the primary sensory areas. The endogenous ERPs occur 

later than their exogenous counterparts; they can be detected from 100 ms up to 1000 ms after 

the stimulus presentation. It is assumed that the elicitation and formation of endogenous ERPs 

is greatly influenced by the subject’s inner state (Jäncke, 2005). One of the most prominent 

endogenous components is the P300 (Sutton et al., 1965), a wave which is elicited after an 

expectation predicted by the brain is violated. 

In comparison with imaging methods, such as functional magnetic resonance imaging (fMRI), 

PET, and magnetoencephalography (MEG), EEG recording is less expensive and has an 

excellent temporal resolution as electrophysiological signals can be detected in a range of 

milliseconds. Unlike PET, which uses radioactive tracers to observe metabolic processes in the 

brain, EEG is a non-invasive tool, with minimal risks for the examined person. It must be noted 

that EEG can measure only the electrophysiological signals from cell assemblies. As distance 

from the source increases, EEG amplitude decreases, and it is nearly impossible to detect the 

electrophysiological activity of a single neuron from the scalp (Nunez and Srinivasan, 2005). 

Thus, the spatial resolution of EEG recording is low. In addition, action potentials measured by 

EEG are influenced and can, for example, be diminished by the cranial bone or skin tissue. 
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Thus, one cannot be sure that the tension recorded by EEG does represent the 

electrophysiological activity of the brain directly under the electrode, an issue which is called 

the inverse problem (Grech et al., 2008). Depending on the system used for EEG recording, 

data from 1 to 256 electrodes can be recorded. The placement of electrodes on the scalp 

follows the International 10–20 system. The electrophysiological activity measured on the 

scalp surface is always a voltage difference between the examined electrode and a reference 

electrode, where the tension is assumed to be zero. Common references are the nose reference, 

linked mastoid reference, or the average reference, which is the average activity across all 

electrodes. For high-density recordings (> 60 channels), the average reference has been shown 

to be the best method (Dien, 1998).  

In contrast to EEG research using ERPs, resting-state EEG examines electrophysiological 

activity during rest, when external influence factors are kept as limited as possible. Typical 

observation methods for resting-state EEG are decomposition of data in the frequency domain, 

which typically spans from 0 to 50 Hz, and assessment of coherence. Major frequency bands in 

the human brain are delta (1–4 Hz), theta (5–8 Hz), alpha (9–13 Hz), beta (14–30 Hz), and 

gamma (> 30 Hz) band and have been shown to be associated with different wakefulness 

stages (Steriade et al., 1993) and neurocognitive functions (Klimesch, 1999; Ward, 2003). 

Electrophysiological coherence is a marker for functional connectivity and reflects the 

similarity in rising and falling of two signals, also called the signals phase (Kam and Handy, 

2015). High functional connectivity between brain regions is present when two areas show 

similar electrophysiological activity patterns, independent of their anatomical proximity. Thus, 

also distant brain regions can be highly functionally connected (Sakkalis, 2011).  

In a nutshell, EEG is a non-invasive, user-friendly, and, compared to other imaging methods, 

non-expensive tool with a high temporal resolution. Regarding clinical application, EEG is 

closer to the brain than blood markers, whose significance can be restricted by the blood-brain 

barrier. An advantage to neuropsychological tests is that, in general, EEG does not show retest 
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effects. The recording of EEG is a well-established method in clinical settings (e.g., for the 

diagnosis of epilepsy; Smith, 2005) and in research alike. Currently, no EEG tool is used in the 

assessment of pathological aging and dementia, although several changes in EEG have been 

shown for patients with AD. The following chapters provide an overview of the most 

prominent of these changes. 

1.5 EEG changes in subjects with AD 

Changes in functional connectivity among subjects with AD 

Among patients with AD, functional connectivity has been mostly investigated in the context 

of default mode network (DMN) alterations. The DMN is a large-scale functional network 

comprising primarily the medial prefrontal cortex and the posterior cingulum, but also some 

lateral parietal areas (Raichle et al., 2001). It is active at rest and is associated with internal 

neuronal processes, such as autobiographical memory, and making plans; its activity decreases 

with increasing external task load (Buckner et al., 2008). An attenuated connectivity in the 

DMN has been shown for patients with AD (e.g., Hsiao et al., 2013) and with MCI (e.g., 

Garcés et al., 2014). Previous studies have demonstrated a link between reduced connectivity 

in the DMN and progression of cognitive decline in patients with MCI, and suggest that the 

connectivity of the DMN might help to predict the progression from MCI to AD (Petrella et al., 

2011).  

An attenuated EEG coherence in AD and MCI subjects has been found for individual brain 

regions and separate electrode pairs (for reviews see Babiloni et al., 2016; Dauwels et al., 

2010), and especially in the fast frequency bands, namely alpha and beta (e.g., Jelic et al., 

1996; Knott et al., 2000; Wada et al., 1998a). There is also a decrease in the theta band activity 

in patients with AD, compared to controls (e.g., Adler et al., 2003; Stevens et al., 2001). 

Results regarding delta band activity in patients with AD are controversial: while some studies 
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report a decrease in delta coherence in AD (e.g., Knott et al., 2000), others report its increase 

(Babiloni et al., 2009). The comparison between study results is limited due to differences in 

areas surveyed, focused frequency band, or investigation method.  These circumstances make it 

difficult to provide recommendation for further research or for clinical practice. Furthermore, 

most studies investigated a high number of regions but did not adjust the results for multiple 

comparisons. Hence, the risk for α-error inflation is higher and the results must be interpreted 

with caution. 

EEG coherence as an index for functional connectivity 

There are many different methods for assessing functional connectivity. Most differences in 

methodology are based on an assumption about brain connection type (linear vs. non-linear) or 

direction (directed vs. undirected). EEG coherence is a linear index for the coupling between 

EEG signals without any information on the connectivity direction (Babiloni et al., 2016), and 

it can be interpreted analogously to a correlation coefficient as it represents the covariance of 

spectral energies originating from two skull regions (Knott et al., 2000). EEG coherence is thus 

a less complex marker, examining only linear functional connections. It is relatively easy to 

interpret and allows for a better comparison between study results than other methods, which 

take more complex algorithms into account. Notably, Gómez et al. (2009) tested the coupling 

in the brain in MEG between healthy older adults and subjects with MCI by comparing 

coherence, as a linear connection index, with synchronization likelihood, as an commonly used 

non-linear method. The authors found better discrimination accuracy for coherence than for 

synchronization likelihood. Thus, coherence seems to be a suitable marker for functional 

connectivity in samples of patients at risk of dementia, even if it does not take non-linear 

functional coupling into account (for non-linear coupling in the human brain, see Rombouts et 

al., 1995). 
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Spectral slowing in AD 

In comparison with controls, many EEG studies have reported a power shift from the faster 

alpha and beta bands to the slow delta and theta bands (Coben et al., 1983, 1985); a change 

which has been described as EEG slowing (for reviews see Dauwels et al., 2010; Jeong, 2004). 

In the early stages of AD, an increase in theta band activity has been observed (Brenner et al., 

1988; Kwak, 2006; Soininen et al., 1991), followed by a decrease in beta and alpha band 

activity (cf., Coben et al., 1985; Gianotti et al., 2007). 

Altered ERPs in patients with AD, with a focus on P300 and MMN 

Probably P300 is the most investigated endogenous ERP in general as well as in patients with 

AD. It can be observed in the auditory, visual, or other sensory domains, and is elicited when a 

prediction constructed in the brain based on previous events is violated. In the experimental 

setting, the P300 can be elicited when, in an auditory sequence of equal (standard) tones, a tone 

is presented which differs from the standard tone in one or more characteristics. The P300 

amplitude is usually observable about 300 ms after deviant stimulus onset, provided that the 

deviation is large enough to be recognized by the subject. As early as 1978, Goodin et al. 

(1978) reported a prolonged P300 latency in subjects with moderate or severe AD diagnosis. 

Subsequent studies support this finding: Green and Levey (1999) demonstrated a delayed P300 

latency in subjects with a higher genetic risk of AD, namely carriers of the apolipoprotein E ɛ4 

allele; a recent meta-analysis (Jiang et al., 2015) suggests that prolonged latency, as well as 

decreases in P300 amplitude, are observable even in subjects with MCI, and that both 

parameters might help to predict the progression from MCI to AD. 

The mismatch negativity (MMN) is another intensively studied ERP, which is provided by the 

fronto-temporal brain’s change detection system (Näätänen et al., 2011). The MMN can be 

provoked in the same paradigm as P300 as a reaction to a deviant tone in a sequence of 

standard tones. It peaks at about 100–250 ms after the onset of the deviant tone (Fishman, 
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2014). The main difference between MMN and P300 is that MMN reflects an automatic brain 

response. Whereas P300 is an attention-dependent and, therefore, an endogenous ERP, a 

subject’s attention is not needed for MMN elicitation. The MMN has even been recorded in 

coma patients (Fischer et al., 1999) and in sleeping subjects (Loewy et al., 1996). The MMN is 

especially suitable for long recording times and in older or clinical populations because its 

elicitation does not depend on drowsiness, tiredness, or inattention.  

To provoke an MMN, two conditions must be met: first, a memory trace must be implemented 

for the standard tone or tone sequence, and second, the difference between the standard and 

deviant tone must be detected by the brain. In young healthy adults, a newly implemented 

auditory memory trace approximates 10 s (Böttcher-Gandor and Ullsperger, 1992). The 

distance between the standard and the deviant tone is described as an interstimulus interval 

(ISI). The MMN for short ISIs of 2 s or less (Cheng et al., 2013) mostly reflects the pre-

attentive discrimination ability, while when ISI is increased the MMN provides information on 

the auditory memory trace (for a review see Bartha-Doering et al., 2015). It is important to note 

that, even if it does not depend on attention processes, the MMN’s characteristic can be 

influenced by attention (Sussman et al., 2014), and the MMN itself navigates attention 

processes. After MMN elicitation, the attention is guided towards the deviant tone; as a result, 

the MMN triggers attentional processes and exhibits the properties of an exogenous as well as 

an endogenous ERP. The automatic auditory processing reflected by the MMN provides an 

important prerequisite for everyday functioning because it enables selective attention to a 

relevant auditory source, such as a friend’s voice in a noisy environment. An attention switch 

takes place if the background noise is interrupted by an exceptional tone, which might be 

important or even dangerous, for instance in traffic. 

Many older adults report difficulties in processing auditory signals in noisy environments, 

which is, among others, one reason for avoiding cafés, cinemas, or theaters. These kinds of 

difficulties in auditory processing might signal a failure to elicit an MMN in the brain. 
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Furthermore, social withdrawal might be a risk factor for cognitive decline (Fratiglioni et al., 

2000). The MMN has been intensively investigated in the context of AD. However, the results 

are not consistent: while some studies report an attenuated MMN amplitude in subjects with 

AD after short (e.g., Schroeder et al., 1995) and long ISIs (e.g., Papadaniil et al., 2016; 

Pekkonen et al., 1994), others failed to find differences between subjects with AD and healthy 

counterparts (e.g., Brønnick et al., 2010; Engeland et al., 2002; Hsiao et al., 2014; Kazmerski 

et al., 1997). Studies investigating the MMN in subjects with MCI are scarcer than those for 

subjects with AD, but most studies on MCI subjects report attenuated MMN amplitude or 

prolonged MMN latency. The overall inconsistent results might be due to methodological 

differences between studies, namely different investigated parameters (i.e., amplitude, latency), 

MMN localization (i.e., frontal, temporal), applied ISI length (i.e., short, long), or deviant type 

(e.g., duration, frequency), among others.  

Several other ERPs have been shown to be altered in patients with AD in comparison with 

healthy controls, for example, the N400 (e.g., Ford et al., 1996), the N200 (e.g., Green and 

Levey, 1999), and the P50 (e.g., Golob et al., 2007), as well as priming positivity (e.g., 

Schnyer, 1997).  

1.6 Neuronal and cognitive reserve 

Neuronal reserve and cognitive reserve are two linked concepts which explain why some 

individuals show very slight impairments in a widespread AD pathology. This was 

demonstrated in an impressive study by Snowdon (Brayne, 2002; Snowdon, 2003): the author 

and his team studied 678 Catholic nuns, from 75 to 107 years of age, over a period of nearly 20 

years. Nuns are an ideal population to study the development of age-related diseases because of 

their similar environmental conditions and lifestyle. These factors can influence the AD 

pathology, and study samples with comparable lifestyles and a similar environment for years or 

decades are hard to find. In addition to studying the nuns’ cognitive and physical functioning, 
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their brain tissue was examined postmortem. Although some of the brains showed a very 

pronounced AD pathology corresponding to the end stage of the disease, in general, the nuns 

showed remarkably high cognitive functioning. Thus, the study results confirmed that AD 

pathology is not necessarily accompanied by cognitive deficits.  

This finding can be explained by the concept of cognitive reserve, which was introduced by 

Stern (2002). The concept describes the ability of the brain to cope with pathological processes 

in the brain and can be influenced by socio-cultural factors as well as leisure behavior. For 

instance, a lower risk of dementia has been reported for people with a higher degree of 

education, a higher amount of occupational complexity, and also a higher involvement in 

cognitive and physical activities (Barulli et al., 2013; Barulli and Stern, 2013; Stern, 2002). 

Cognitive reserve has been connected to more efficient or additional strategies and neural 

networks during cognitive tasks (Barulli et al., 2013; Stern, 2002). The ability of the brain to 

enhance cognitive functioning as the result of cognitive and physical activity, or of stimulating 

activities in general, has been described as cognitive plasticity. The concept of cognitive 

plasticity implies neuroplasticity, which is defined as experience-dependent strengthening, 

weakening, pruning, or adding of synaptic connections, and the promoting of neurogenesis 

(Hebb, 1949). 

1.7 Lifestyle-cognition associations in AD 

While at present there is no curative treatment for AD, previous studies suggest that an active 

lifestyle might reduce the risk of cognitive decline in healthy aging, and of dementia. An active 

lifestyle has been described in different ways, but it is generally defined by a person’s 

involvement in diverse activities, in contrast to following a uniform, monotonous daily routine. 

An active lifestyle can concern cognitive, physical, or social domains. The beneficial effects 

have been attributed to neuroplasticity, which is induced by the brain stimulation due to 

challenging activities, or a switch in activities (e.g., Hanna-Pladdy and MacKay, 2011; 
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Scarmeas and Stern, 2003). Subjects with AD show decreased neural plasticity in comparison 

with age-matched healthy controls, which is partially caused by Aβ plaques, neurofibrillary 

tangles-induced synaptic dysfunction, and brain cell death (e.g., Mattson, 2004; Walsh and 

Selkoe, 2004). However, the human brain remains plastic into old age and even in dementia 

(e.g., Bentwich et al., 2011; Cotelli et al., 2011). Thus, neuroplasticity-focused programs and 

interventions are of a great interest to prevent cognitive decline and to postpone the onset of 

dementia.  

As described above, there is good evidence that people who have an active lifestyle are at a 

lower risk of developing dementia (e.g., Hughes et al., 2010). Interestingly, cognitive and 

physical activity was not related to pathological hallmarks of AD (i.e., Aβ-amyloid, neuronal 

dysfunction, and neurodegeneration), but were nonetheless associated with less cognitive 

decline in a sample of 515 participants, consisting of cognitively unimpaired subjects as well as 

subjects with MCI (Vemuri et al., 2012). The authors of the study concluded that an active 

lifestyle does not prevent AD pathology itself, but might delay its impact on cognition by 

triggering more efficient cognitive networks and thereby initiating a higher cognitive reserve 

(cf., Scarmeas and Stern, 2003). Because the majority of studies on the effects of lifestyle on 

cognition are observational in nature, no causal effects can be assumed (Livingston et al., 

2017). A conclusion regarding cause and effect relationships requires more complex 

experimental designs. The manipulation of a lifestyle particularly constitutes a major 

methodological and motivational challenge to the investigator, as well as to the participants. 

Nonetheless, some experimental studies have investigated the effects of enhancements of 

lifestyle factors on cognition, which support the results from observational studies, and suggest 

that an active lifestyle might enhance cognition and delay dementia (Ngandu et al., 2015; 

Tesky et al., 2011).  
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1.8 Cognitive and physical interventions in AD 

Besides an active lifestyle, cognitive and physical training might also have a positive impact on 

cognition. A wide range of literature on the effects of physical training on cognition provides 

inconsistent results: while some studies report a positive impact on cognition in cognitively 

unimpaired older adults (e.g., Kramer et al., 1999; Langlois et al., 2012) and in subjects with 

dementia (e.g., Baker et al., 2010; Kemoun et al., 2010), others failed to find beneficial effects 

(e.g., Barnes et al., 2013; Komulainen et al., 2010; Williamson et al., 2009). However, recent 

meta-analyses suggest moderate effects from physical exercise on cognitive performance in 

healthy older adults, as well as in individuals with cognitive impairment and with dementia 

(Groot et al., 2016; Hess et al., 2014; Lam et al., 2018). Furthermore, recent research has 

shown that cognitive training interventions improved performance in training tasks. However, 

it did not have any transfer effects on daily functioning, or even on closely related tasks 

(Simons et al., 2016). In short, previous research suggests that unimodal brain training 

programs do not enhance global cognitive functioning as well as daily functioning, and they do 

not delay dementia. Thus, multimodal training programs which combine physical and cognitive 

elements seem to be more successful at enhancing cognition in subjects with MCI or AD, as 

well as in unimpaired older adults (for a recent meta-analysis and recent reviews see Gheysen 

et al., 2018; Hötting and Röder, 2013; Karssemeijer et al., 2017) The superiority of combined 

training programs over unimodal training interventions might be due to the fact that physical 

activity facilitates neuroplasticity-driven changes in cognition, which in turn are guided by the 

cognitive tasks (Bamidis et al., 2015). In regard to cognitive training elements, Fissler et al. 

(2013) propose the so-called “overlapping variability” concept, which is characterized by a 

high variability in tasks when targeting one special cognitive domain. In a randomized, 

controlled pilot trial, the authors examined the effects of a card- and board-game-based 

cognitive intervention on executive control in 17 cognitively healthy older adults (Fissler et al. 
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2013). According to the “overlapping variability” concept, executive control as an outcome 

variable was not targeted by only one executive control task, but by different games focusing 

on different aspects of this cognitive domain. Also, the outcome variable was measured by a 

composite score comprising three executive control components: working memory updating, 

inhibition, and task switching. In comparison with a non-contact control group, the intervention 

group showed a significant improvement in executive control after training (p = 0.05). 

In sum, physical and cognitive trainings may have positive effects on cognition, but the 

training elements, the duration, and the length of the training have been shown to be important 

parameters for the intervention’s success (for a review see Bamidis et al., 2014). Multimodal 

training interventions showed more beneficial effects than unimodal training programs and 

“overlapping variability” in training tasks seems to be a promising approach to improve global 

training outcomes.  

1.9 Aims of this thesis 

Despite intensive research, the underlying pathophysiological mechanisms of AD and the 

treatment approaches for AD remain fragmentary, insufficient, and unsatisfactory. Therefore 

this thesis aims to address these issues.  

The aims of this thesis are threefold: (1) to compare lifestyle-associated and training-induced 

changes in cognition in older adults with a higher risk of developing dementia, within the same 

sample and same time frame; (2) to evaluate two novel EEG indices as correlates for cognition 

and cognitive decline, namely a global EEG coherence and an MMN index for auditory 

memory decay; and finally, (3) to investigate these EEG indices as potential underlying 

mechanisms for positive lifestyle-cognition relationship, as well as for training-induced 

changes in cognition. All analyses were performed in the same sample of older adults at risk of 

developing dementia.  
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2 Summary of dissertation studies 

2.1 STUDY I: 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 (Küster et al., 2016) 

Authors: Olivia C. Küster, Patrick Fissler, Daria Laptinskaya, Franka Thurm, Andrea 

Scharpf, Alexander Woll, Stephan Kolassa, Arthur F. Kramer, Thomas Elbert, Christine A. F. 

von Arnim, and Iris-Tatjana Kolassa 

A positive association between the engagement in varied cognitive, physical, and social 

activities, often summarized as an active lifestyle, and cognition is well established. In 

contrast, the association between specific training interventions and beneficial results on 

cognition is inconsistent. The comparability of lifestyle-cognition associations and training-

induced effects on cognition is limited: whereas time periods of years are often used in 

observational studies on lifestyle-cognition associations, the time periods regarding training-

induced effects on cognition often comprise only weeks or months.  

The aim of the study was to compare lifestyle- and training-related changes in cognition in the 

same time period and sample. For this purpose, fifty-four older adults at risk of developing 

dementia were assigned to a cognitive or physical training, or to a passive wait-list control 

group. The training period was 10 weeks; the cognitive training comprised 50 training 

sessions and the physical training comprised 30 training sessions. Lifestyle was assessed by a 

self-reporting questionnaire about cognitive, physical, and social activities regularly 

performed by the participants. On a basis of a comprehensive test battery, we built composite 

scores for global cognition, memory, and attention and executive functions. Cognitive 

performance was evaluated at baseline, immediately after intervention, and at a 3-month 

follow-up.  
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Participants who engaged in a more active lifestyle showed a better progression in global 

cognition (p < 0.001) and, specifically, in memory (p = 0.001) than their counterparts who 

were less active. In contrast, we did not find a significant effect for either the cognitive or the 

physical training intervention (ps > 0.08). In direct comparison, lifestyle was more positively 

associated with changes in global cognition and memory (ps < 0.001) than the two training 

programs. 

The results suggest that activity-related factors which tap cognition are more present in an 

active lifestyle than in unimodal, short training programs. 

2.2 STUDY II: Auditory memory decay as reflected by a new mismatch negativity 

score is associated with episodic memory in older adults at risk of dementia              

(Laptinskaya et al., 2018) 

Authors: Daria Laptinskaya, Franka Thurm, Olivia C. Küster, Patrick Fissler, Winfried 

Schlee, Stephan Kolassa, Christine A. F. von Arnim, and Iris-Tatjana Kolassa  

Biological markers of cognitive impairment may contribute to a better understanding of 

cognitive decline in old age and in dementia and could be helpful in the development of 

intervention programs to preserve cognition and daily functioning. The EEG provides 

important insights into brain health and shows alterations over lifespan, and in subjects with 

Alzheimer’s disease (AD). For instance, in comparison to healthy age-matched controls 

subjects with AD show alterations in event-related potentials (ERPs). The mismatch 

negativity (MMN) is one of the most studied ERPs in the clinical setting; it is elicited without 

the need of the subject’s attention, 100-250 ms after the onset of a deviant tone in a sequence 

of identical (standard) tones. Depending on the interstimulus interval (ISI) between the 

standard and the deviant tone, the MMN may be suitable for investigating auditory 

discrimination ability (short ISIs, ≤ 2 s) and auditory memory trace (long ISIs, > 2 s). The 

MMN has been shown to be attenuated in AD and to correlate with cognition (e.g., Papadaniil 
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et al., 2016; Ruzzoli et al., 2016). Thus, despite the wide range of literature regarding the 

MMN in subjects with AD, no MMN cognition biomarker has been established in research or 

clinical setting. We assumed that discrepancies in study results might be due to 

methodological differences, such as different deviant types and ISIs. Thus, we constructed a 

new MMN index for auditory memory decay, which takes into account the MMN after short 

and after long ISIs (ΔMMN). The novel index was calculated by subtracting the MMN of 

short ISIs (0.5 s) from MMN of long ISIs (2 s). In a sample of older adults at risk of dementia 

(n = 57), we assessed baseline associations between the MMN after short ISIs, MMN after 

long ISIs, and the novel deviant score with episodic memory. These are the domains most 

affected by AD. To investigate the prognostic value of MMN, we calculated the associations 

between MMN indices at baseline and episodic memory at a 5-year follow-up (n = 21).  

The difference score ΔMMN and the MMN after long ISIs, but not the MMN after short ISIs, 

were associated with episodic memory at baseline (β = 0.38, p = 0.003, and β = -0.27, p = 

0.047, respectively). Only the baseline ΔMMN, but not the MMN after long ISIs, was 

associated with episodic memory at the 5-year follow-up (β = 0.57, p = 0.013). 

The results demonstrate ΔMMN as a novel biomarker for cognition in older adults at risk of 

dementia.  

2.3 STUDY III: Global EEG coherence as a marker for cognition in older adults at 

risk for dementia (Laptinskaya et al., 2019) 

Authors: Daria Laptinskaya, Patrick Fissler, Olivia C. Küster, Jakob Wischniowski, Franka 

Thurm, Christine A. F. von Arnim, and Iris-Tatjana Kolassa 

Electroencephalography (EEG) provides useful information about the neurophysiological 

status of the brain and its health. The human brain undergoes encephalographic changes 

throughout its lifespan, and also in pathological states. Decreased functional connectivity, and 
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the switch from faster to slower power frequency bands, have been widely reported for 

subjects with Alzheimer’s disease (AD). Despite this strong consensus, no functional 

connectivity marker for cognition has yet been established. This may be due to 

methodological differences: previous studies focused on alterations in functional connectivity 

and power for separate brain regions or frequency bands, and therefore the investigated 

coherence values varied between the studies. Global EEG markers would be highly beneficial 

for research and in a clinical setting because an averaging over multiple electrodes is more 

reliable and less error-prone than the observation of separate brain regions, and would allow 

for a better comparison between study results. Moreover, since no correction is required for 

multiple comparisons, global markers provide a lower risk for α-error than an examination of 

multiple region- or frequency-specific coherence values. However, knowledge of global EEG 

markers in subjects with AD is still limited.  

Thus, in this study, we assessed two EEG global scores as potential indicators for cognition 

and cognitive decline in a sample of older adults at risk of developing dementia (n = 70). As 

global score for functional connectivity, we assessed EEG coherence over the whole skull and 

for a wide frequency range (delta-beta [1-30 Hz]). For all power analyses, we used the relative 

power values. For EEG slowing, we built a ratio score between low-frequency (delta-theta  

[1-8 Hz]) and high-frequency power (alpha-beta [9-30 Hz]). To test the potential of the two 

EEG indices to reflect cognition, we calculated baseline associations between EEG indices 

and global cognition. Cognition was measured by a composite score from a comprehensive 

neuropsychological test battery. The prognostic value of the EEG indices was assessed in a  

5-year follow-up study (n = 22). As supplementary analyses, in addition to global coherence 

and EEG slowing as main outcome, all analyses were calculated for power and coherence 

values in separate frequency bands (delta, theta, alpha, and beta). Furthermore, all EEG-

cognition associations were assessed not only for the global cognitive score, but also for the 

memory and the executive functions sub score. Localized coherence results were reported 
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among long-range cortical networks, for which most associations with cognition have been 

shown (i.e., fronto-parietal and fronto-temporal; see Babiloni et al., 2016 for a review). 

We found a positive association between global coherence and cognition at baseline (β = 0.31, 

95% CI [0.09, 0.54], p = 0.005), but not with cognition at the 5-year follow-up or with 

cognitive decline after a period of 5 years (ps ≥ 0.154). For EEG slowing, no significant 

associations were found with baseline or follow-up cognition, nor with cognitive decline (ps ≥ 

0.265). The supplementary analyses showed that, after the adjustment for multiple 

comparisons, there were no significant associations between any region- or frequency-specific 

coherence score and cognition at baseline or at the 5-year follow-up.  

The results indicate that global EEG coherence might be a useful, non-invasive marker for 

cognition in older adults at risk of dementia. In comparison with neuroimaging methods, 

namely functional magnetic resonance imaging, EEG is a less expensive and easier-to-operate 

alternative.  

2.4 STUDY IV: No evidence that cognitive and physical activities are related to 

changes in EEG markers of cognition in older adults at risk of dementia                         

(Laptinskaya et al., 2021) 

Authors: Daria Laptinskaya, Patrick Fissler, Olivia C. Küster, Franka Thurm, Christine A. F. 

von Arnim, and Iris-Tatjana Kolassa  

Lifestyle factors, as well as cognitive and physical training interventions, can benefit 

cognition.  

Although most studies that have examined the lifestyle-cognition relationship have reported a 

positive association between variability in engagement with different activities, the results for 

experimental training designs are less consistent. In study I, we compared lifestyle- and 

training-related changes in cognition within the same time period in the same sample of 

subjects at risk of dementia (Küster et al., 2016). We found a more positive association 
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between cognition, especially in memory, and active lifestyle than with separate cognitive or 

physical training programs (ps < 0.001). An active lifestyle has been associated with an 

enhanced cognitive reserve, which has been shown to postpone the consequences of AD 

pathology (Scarmeas and Stern, 2003), but the exact mechanisms underlying this attenuated 

cognitive reserve are still not well understood.  

In this study, we observed via electroencephalography (EEG) two potential mediators for the 

positive association between lifestyle and cognition and the changes induced in cognition by 

separate cognitive or physical training programs: global EEG coherence as a marker for 

functional connectivity and ΔMMN as an index for auditory memory decay. Global coherence 

was calculated as EEG coherence in the 1-30 Hz frequency range and ΔMMN was defined as 

the difference score between mismatch negativity (MMN) after short and after long 

interstimulus intervals (ISIs).  

In studies II and III we established ΔMMN and global coherence as novel and robust 

biomarkers for cognition (Laptinskaya et al., 2018, 2019). Besides working memory, the 

cognitive training focused on auditory processing. Thus, we considered the effects of 

cognitive training on the ΔMMN as an index for auditory memory decay. Based on previous 

research, we did not expect any associations between physical training or active lifestyle with 

the ΔMMN; to reduce multiple testing problems, these relationships were not assessed.  

Changes in global coherence over a period of 10 weeks were not related to an active lifestyle 

(F(1,43) = 0.78, p = 0.381) or the participation in either training intervention (Hedges’s gs  

≤ -0.40, ps ≤ 0.288). Cognitive training did not have beneficial effects on auditory memory 

decay (Hedges’s g = 0.14, p = 0.787). 

Global coherence and auditory memory decay seem to not be affected by short-term physical 

and cognitive training. Furthermore, we did not find evidence that the positive lifestyle-

cognition association is mediated by a higher global coherence.  
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3 General discussion 

This thesis contributed to a wider knowledge concerning the electrophysiological 

underpinnings of cognition in a sample of older adults at risk of developing dementia. The 

same sample of older adults with subjective or objective cognitive complaints was used in all 

four studies of the present thesis. First, study I demonstrated that an active lifestyle was more 

positively associated with global cognition and, especially, memory than cognitive or physical 

training was with cognition. In study II we found MMN after long ISIs and a novel MMN 

index for auditory memory decay (ΔMMN) to be positively associated with episodic memory 

at baseline. Furthermore, a higher ΔMMN, but not the MMN after long ISIs, was associated 

with better episodic memory at the 5-year follow-up. Study III demonstrated that higher 

global EEG coherence was accompanied by higher global cognition at baseline. In contrast, 

none of the region- or frequency-specific coherence measures were significantly associated 

with cognition after adjusting for multiple comparisons. Finally, study IV integrated the 

results from study I, II, and III and examined ΔMMN and global coherence as potential 

underlying mechanisms for the positive lifestyle-cognition relationship. In addition, potential 

training-induced electrophysiological changes were assessed. Contrary to our expectations, no 

significant EEG-lifestyle associations or training-induced changes were found for either of the 

EEG indices. In the following sections the main results of the present thesis are discussed in 

more detail and are put into a broader context.  

3.1 Lifestyle factors and training programs to prevent cognitive decline and dementia 

There has long been widespread consensus in the scientific and the clinical setting that 

cognitive and physical activity throughout a subject’s lifetime might have more beneficial 

effects on cognition than unimodal, short-term training interventions. However, there is a lack 

of statistical evidence for this assumption. The missing empirical underpinning might be 

partly due to the restriction of comparability between study designs: longer observational 
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periods were used to study lifestyle than for training interventions or their associations, and 

effects were observed in different samples. Study I closed this scientific gap by assessing 

lifestyle-cognition associations and training-induced effects on cognition for the same time 

frame and in the same sample. Thus, the previous assumption that an active lifestyle is 

superior in respect to healthy cognitive aging in comparison with specific, short-term training 

programs received methodological support. However, the results must be interpreted with 

caution, as cause-effect statements are not possible for observational studies.  

Lifestyle may have positive effects on cognition, but reverse causality is also possible. For 

instance, higher cognitive performance might be accompanied by a higher level of general 

functioning, thereby promoting a more active lifestyle. Conclusions about causal effects can 

only be drawn in experimental designs. Indeed, only a few studies designed to imitate active 

lifestyle showed beneficial results on cognition (Ngandu et al., 2015; Tesky et al., 2011). Such 

studies are very time- and cost-intensive, and require high commitment from the researcher as 

well as the participants. A combination of different training elements is easier to implement.  

There is growing evidence that the combination of physical and cognitive training is more 

successful than focusing on only one training component (for a review see Bamidis et al., 

2014). The beneficial effect of combined training programs might be explained by an 

enhanced release of neurotrophins during physical activity, such as the brain-derived 

neurotrophic factor (BDNF, Lu et al., 2013; Neeper et al., 1995). BDNF has been associated 

with higher neuronal plasticity and may drive neuronal changes induced by the subsequent 

cognitive stimulation. As the physical effect on the level of neurotrophins in blood is only 

noticeable within a certain time frame, the physical and cognitive stimulation must be 

performed within a narrow time frame (Fissler et al., 2013). 

In study I lifestyle was defined by the multimodality of activities, represented by the number 

of regular leisure activities, and was associated with cognitive change over a period of 10 

weeks. Other studies have reported that, regarding lifestyle-cognition associations, the number 
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of distinct activities, and not their intensity, seems to be the decisive factor in cognitive 

change (Angevaren et al., 2007; Podewils et al., 2005). In addition, engagement in different 

physical, cognitive, and social activities seems to have an accumulating or even a synergistic 

effect (Karp et al., 2006).  

Another difference between the effect of training programs and an active lifestyle on 

cognition is that an active lifestyle comprises activities associated with enjoyment and fun 

whereas training programs are often considered an obligation. Even if a high level of 

enjoyment during training interventions was reported by the participants in the present thesis, 

it could be assumed that an active lifestyle is accompanied by a higher degree of intrinsic 

motivation.  

In short, processes which benefit cognition seem to be more present in an active lifestyle than 

in specific, unimodal training programs. Suggested modes of action may be variability in 

tasks, the combination of physical and cognitive stimulation, intrinsic motivation, and 

enjoyment.  

3.2 Auditory memory decay reflected by ΔMMN as a novel EEG marker for cognition 

in older adults at risk of dementia 

EEG provides important insights into brain health and is firmly anchored in the diagnostic 

process of some diseases, such as epilepsy. Multiple EEG parameters have been shown to be 

altered in subjects with AD, but no EEG index has been established in the diagnostic process 

for AD.  

Decrease in MMN amplitude is one of the most prominent electrophysiological changes in 

subjects with AD. In study II we found the MMN amplitude after long ISIs (2 s) to be 

positively associated with episodic memory, which is in line with previous literature on 

healthy aging and on subjects with AD or MCI (Foster et al., 2013; Mowszowski et al., 2012; 

Papadaniil et al., 2016; Ruzzoli et al., 2012, 2016). The new aspect introduced in study II is 
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that episodic memory was calculated as a composite score from a comprehensive 

neuropsychological test battery, which confirmed the results for separate test scores reported 

by previous studies. In addition, auditory memory decay reflected by the difference score 

between MMN amplitude after short and after long ISIs (ΔMMN) was associated with 

episodic memory at baseline as well as at the 5-year follow-up. But MMN after long ISIs was 

associated only with baseline episodic memory, and not with episodic memory at the 5-year 

follow-up. The elicitation of MMN engages two interwoven processes: auditory 

discrimination ability between the standard and deviant tone, and the auditory memory for the 

standard tone. The length of the ISI increases the demand on auditory memory, whereas for 

short ISI, the MMN mainly reflects the auditory discrimination ability. Thus, our results 

indicate that MMN after long ISIs and ΔMMN are indices for episodic memory in older 

adults at risk of dementia. However, no such evidence was found for MMN after short ISIs. 

The results demonstrate that ΔMMN might be a suitable marker for cognitive decline over a 

period of 5 years. 

Auditory memory decay and episodic memory share underlying neurobiological mechanisms. 

Interestingly, episodic memory and, especially, the MMN after long ISIs reflecting auditory 

memory are related to N-Methyl-D-aspartate (NMDA) receptor functioning. The NMDA 

receptor is highly involved in neural plasticity, long-term potentiation, as well as learning and 

episodic memory (see Newcomer et al., 2000 for a review). A distorted NMDA receptor-

subunit expression in subjects with AD is well established and has been demonstrated to be 

associated with worse cognitive functioning (Amada et al., 2005; Mishizen-Eberz et al., 2004; 

see Magnusson et al., 2010 for a review). Recently, significance of the NMDA-receptor 

functioning has also been reported for predictive coding, a theoretical framework which 

explains the formation of MMN in the fronto-temporal network (Baldeweg, 2006; Friston, 

2005). Predictive coding describes the formation of pre-attentive memory as a matching of 

external events with internal predictions, based on previous experiences (Heekeren et al., 
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2008). Hence, the incoming standard tone elicits a pre-attentive expectation, which is violated 

by the incoming deviant tone. In this case, adaptation processes are induced in order to form a 

better prediction of the environment in the future. The formation of the memory trace for the 

standard tone and its changes demands short-term synaptic plasticity, which depends on intact 

NMDA receptor activity (e.g., Garrido et al., 2009). Therefore, the positive association 

between pre-attentive auditory memory, and its decay, and episodic memory may be due to 

distorted NMDA-receptor functioning.  

To summarize, the results of the present study confirm previous study results, which found 

that the MMN after long ISIs reflects cognitive performance. This thesis presents the ΔMMN 

reflecting auditory memory decay as a novel marker for cognition, and suggests that it may be 

of prognostic value over a period of 5 years. As ΔMMN takes both auditory discrimination 

ability and auditory memory into account, it may be a more robust marker for cognition than 

single MMN amplitudes after short or long ISIs. 

3.3 Global EEG coherence as a novel EEG marker for cognition in older adults at risk 

of dementia 

Although a wide range of literature exists regarding EEG coherence changes in subjects with 

AD, the results are inconsistent and the comparability between study results is limited, for 

example, attenuated coherence has been reported for different regions or electrode pairs and 

for different frequency bands.  

Study III recorded values of global as well as region- and frequency-specific coherence and 

power in the same sample, which is a pioneer approach in AD research.  The study presents as 

its main result a positive association between global EEG coherence and cognition at baseline 

(β = .31). Moreover, none of the region- and frequency-specific coherence measures 

significantly predicted cognition, after adjusting for multiple comparisons, and all specific 

measures showed lower effect sizes than the global coherence measure (βs ≤ .27). This 
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finding suggests that global coherence is a robust marker for cognition in older adults at risk 

of dementia.  

The positive association between global coherence and cognition is in line with previous 

study results that have reported a decrease in coherence in delta, theta, alpha, and beta 

rhythms in AD and MCI, in comparison with healthy controls (e.g., Adler et al., 2003; 

Babiloni et al., 2010; Knott et al., 2000; Stevens et al., 2001; Wada et al., 1998b). AD has 

been described as a “disconnection syndrome” because of the well-established loss in 

functional connectivity during disease progression. Cognitive functioning also depends on the 

interplay between different brain regions, and is not restricted to intact functioning of separate 

brain areas. Thus, disturbances in functional or anatomical neural networks may lead to 

attenuated coherence reflecting functional coupling, and in widespread cognitive impairment 

(cf., Morrison et al., 1986; Morrison and Hof, 2002).  

Disturbances in the mitochondrial function may be another shared biological mechanism for 

the positive coherence-cognition association. An intact neuronal integrity requires energy, 

which is provided by the mitochondria, the powerhouses of the nerve cell (Ferrer, 2009). 

Disturbances in mitochondrial function have been reported among subjects with AD and are 

accompanied by multiple molecular changes (see Bhat et al., 2015; Zhao and Zhao, 2013 for 

reviews), such as oxidative stress, deregulation of calcium ion (Ca
2+

) homeostasis, promotion 

of the amyloid beta (Aβ) deposition, and neuroinflammation. These molecular changes may 

enhance nerve cell exhaustion and neuronal death, and may injure anatomical as well as 

functional connectivity. Consequently, attenuated coherence may reflect mitochondrial 

dysfunction, resulting in worse cognitive performance.  

The positive link between coherence and cognition may also be caused by disturbances in 

Acetylcholine (ACh) transmission. The loss of cholinergic neurons in subjects with AD and in 

AD mouse models is well documented (Davies and Maloney, 1976; Perez et al., 2007). In 

addition to the activation of muscle cells, ACh is involved in numerous physiological and 
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cognitive processes, such as stress response, regulation of wakefulness and sleep, and memory 

and attention processes (Ferreira-Vieira et al., 2016). Previous studies have demonstrated that 

reduced coherence is related to reduced neuronal activity (Wada et al., 1998b). This finding is 

supported by drug studies that deploy ACh antagonists and acetylcholinesterase inhibitors 

(Ahnaou et al., 2014; Kikuchi et al., 2000). The EEG coherence-cognition relationship might 

thus be explained by a reduced cholinergic level in the brain, which influences both coherence 

and cognition. Notably, coherence and cognition seem to have an interplay with extracellular 

accumulations of Aβ, which is one of the best-investigated biomarkers for AD. The 

association between cognition and coherence may therefore not be regarded as an isolated 

problem, as it may be influenced by other AD biomarkers (for reviews see e.g., Contestabile, 

2011; Craig et al., 2011; Schliebs and Arendt, 2011). 

No significant association was found between baseline global coherence and cognitive decline 

over a period of 5 years, or between baseline global coherence and cognition at the 5-year 

follow-up. Thus, we found no evidence that global coherence might be a marker for cognitive 

decline, but the missing effect might also be due to insufficient power, since the follow-up 

subsample was rather small (n = 22) and the power of the analyses low. Future studies with 

larger sample sizes should investigate the prognostic value of global coherence.  

In short, this thesis demonstrated that global coherence is a novel and robust biomarker for 

cognition. The results suggest that global EEG coherence is more reliable than region- and 

frequency-specific coherence measures and may be of high benefit in scientific and clinical 

application.  

3.4 Global EEG coherence and ΔMMN seem to not be underlying mechanisms for 

positive lifestyle-cognition associations 

Study I suggests that an active lifestyle, including cognitive and physical activity, deploys 

mechanisms which benefit cognition better than specific training programs. Although 
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experimental studies on lifestyle-cognition associations are rare, previous results are in line 

with the findings of this thesis. The positive lifestyle-cognition association has been attributed 

to an enhanced cognitive reserve (Cespón et al., 2018). Nonetheless, it is still not clear which 

mechanisms promote this cognitive reserve enhancement. Further knowledge regarding the 

underlying neuropsychological mechanisms would enable better recommendations for an 

active lifestyle, and this could be used to design more efficient training interventions to target 

the affected mechanisms. 

Studies II and III demonstrated two electrophysiological markers for cognition: ΔMMN as 

an index for auditory memory decay, and global EEG coherence as a marker for functional 

connectivity. With respect to these results, the two EEG indices seemed to be suitable 

candidates to mediate the positive lifestyle-cognition association. However, no evidence was 

found for this assumption, as no positive lifestyle-EEG associations were found. This result 

contradicts previous studies that have reported a positive link between cognitive and physical 

activity and functional connectivity (Anguera et al., 2013; Dotan Ben-Soussan et al., 2013; 

Johnson et al., 1996; Voss et al., 2010). Methodological agents must be considered for the 

missing results; the 10-week period might have been too short to induce electrophysiological 

changes. 

Overall, there was no evidence that the positive lifestyle-cognition association is mediated by 

global coherence or ΔMMN.  

3.5 Short-term and unimodal cognitive and physical training interventions do not tap 

global coherence and ΔMMN 

Although an active lifestyle provides more beneficial effects for cognition than specific 

training programs, positive effects have also been reported for cognitive and physical training 

interventions (Edwards et al., 2016; Groot et al., 2016; Hess et al., 2014; Lampit et al., 2014). 

The training ingredients and the duration and length of the training have been shown to be 
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important parameters for intervention success. As with lifestyle-cognition associations, the 

modes of action for training effects are not well understood. Knowing more about the 

underlying mechanisms of training interventions would contribute to more efficient training 

programs. Study II demonstrated ΔMMN as a novel electrophysiological index for 

coherence. In study III, global coherence was demonstrated to be another robust EEG 

parameter. Study IV investigated whether a 10-week auditory cognitive and a 10-week 

physical training program taps the two EEG markers, and whether ΔMMN and global 

coherence may mediate the effects of training on cognition.  

It must be noted that we found in study I a positive lifestyle cognition association, but none 

of the training programs showed a beneficial effect on cognitive performance. In study IV we 

assessed potential training effects on ΔMMN and global coherence. Even though positive 

training effects on cognition were missing, training effects on EEG markers might suggest 

that the training period was too short to observe potential transfer effects on cognition, but 

was suitable to provoke electrophysiological changes. We did not find a positive effect for 

auditory cognitive or physical training on global coherence. Similarly, no positive effect of 

cognitive training was found for ΔMMN. As we did not expect a positive effect of physical 

training on ΔMMN, this effect was not investigated.  

The study results suggest that functional connectivity reflected by global coherence, and 

auditory memory trace decay reflected by ΔMMN, are not affected by short-term cognitive 

and short-term physical training. 

3.6 Implications and outlook 

This thesis advances the understanding of the electrophysiological changes that accompany 

cognition and cognitive decline in older adults at risk of developing dementia. The results 

suggest that global coherence and ΔMMN, as an index for auditory memory decay, might be 

useful agents to develop an electrophysiological diagnostic tool for pathological cognitive 
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impairment, or to investigate the efficacy of pharmacological and non-pharmacological 

approaches. For clinical implementation, cut-off scores would be helpful, and should be 

investigated in future studies that compare cognitively impaired participants with unimpaired 

participants. To further investigate the prognostic value of EEG indices, larger study samples 

are recommended. Because EEG is a non-invasive, economical, and manageable method, 

clinical control trials can be relatively easily supplemented by EEG recordings. 

This study further emphasizes the role of (early) behavioral interventions to postpone or even 

to prevent dementia. It should be noted that some kinds of activity are more successful than 

others. Long-term, multimodal activity seems to have a more beneficial effect on cognition 

than unimodal, specified training interventions. Enjoyment and intrinsic motivation may be 

other significant modes of action.  

In comparison with pharmacological treatment, negative side effects are rare for cognitive, 

physical, and social activity; on the contrary, appropriate activity is one of the best-known 

prevention and treatment tools for other diseases, like diabetes, depression, and cardiovascular 

disease. Thus, engagement in social, cognitive, and physical activity can usually be 

recommended without any concerns, unless the subject partakes in an extremely high amount 

of leisure activities, which in turn can cause stress, and therefore its negative consequences. 

The endorsement of an active lifestyle may confirm the feeling of self-efficacy on both sides: 

many practitioners report feelings of helplessness when confronted with older people seeking 

help and advice, and older people feel helpless when confronted with the negative cognitive 

consequences of old age or dementia. Continued investigation of separate activities and their 

impact on cognition is important, as it will allow medical practitioners to give more detailed 

recommendations.  
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3.7 Conclusions 

It is a sobering fact that, more than one hundred years after the discovery of AD by Alois 

Alzheimer, and extensive research, curative treatment of AD is still not possible. The failure 

to find a sufficient cure might be due to the fact that AD is a complex, multifactorial process 

accompanied by multiple physiological changes, which to some extent take place decades 

before the first cognitive symptoms arise. Additionally, AD pathology does not necessarily 

lead to cognitive decline. These facts lead to two main conclusions: that the early detection of 

pathological aging in order to control pathological underlying mechanisms is vitally 

important; and that interventions which will delay or prevent cognitive decline, despite the 

existence of AD pathology, must be identified. This thesis provides two EEG markers for 

cognition and advances the understanding of pathological aging. Furthermore, this work 

confirms the importance of activity throughout a person’s life and suggests that cognitive 

plasticity is possible even in higher age.  
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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 aij = .40 on the respective component. In addition, a global cognition 

score was built as the average of the two component scores. In the case of missing variables, the 

respective variables were excluded for the subject at all time-points and the component scores were 

calculated with the remaining variables, if less than half of the variables of a component score were 

missing. In the case that more variables were missing at a time point, the respective component score 
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and the global cognition score were not built for this individual and time point. Retest reliability, 

assessed in the wait-list control group, was very good for global cognition as the primary outcome (pre 

– post, r = .96, and pre – follow-up, r = .97), and both secondary outcomes, memory (pre – post, r = 

.93, and pre – follow-up, r = .96) and attention / executive functions (pre – post, r = .90, and pre – 

follow-up, r = .84). 

Rating of lifestyle activity domains 

With the Community Healthy Activities Model Program for Seniors Physical Activity 

Questionnaire for Older Adults [1] the frequency and duration of 40 different physical, cognitive, and 

social activities were assessed. We categorized the activities to three activity domains (physical, 

cognitive, and social) on the basis of independent ratings of three authors (PF, OCK, DL). Each 

activity was rated with respect to cognitive and physical demands as well as to the amount of social 

interaction on a five-point rating scale from 1 (no demands) to 5 (high demands). All activities with a 

mean author rating over 3 (moderate demands) were categorized to the respective domain (see Table 

A1). The ratings were validated with ratings of 39 cognitively healthy older adults (Mini-mental state 

examination ≥ 26, aged 64-90, not participants of the present study). The correlations between the 

authors’ ratings and the seniors’ ratings were very high for all domains (physical domain: r = .87, 

cognitive domain: r = .89, social domain: r = .84). We adapted the categorization to better fit the 

seniors’ opinion, if their ratings clearly indicated the inclusion (values > 3.5) or the exclusion (values 

< 2.5) of the activity to the particular domain. By this procedure ”Yoga or Tai Chi” was additionally 

included in the cognitive domain, ”golf (with wearing equipment)”, “singles tennis”, and “aerobic” 

were additionally included in the social domain, and “golf (with wearing equipment)” was additionally 

included in the physical domain. Twelve activities with low physical, cognitive, and social demands 

were not categorized to any domain. The reliability of ratings was very high. Authors’ ratings revealed 

a very good Cronbach’s 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 activities
a
 

    Play basketball, soccer or racquetball 3.7 4.3 5.0 10 

Play singles tennis 3.3 3.7
d
 5.0 6 

Play doubles tennis 3.3 3.3 5.0 0 

Dance 3.3 4.3 4.0 13 

Play cards and board games 4.3 4.7 

 

29 

Visit family or friends 3.3 5.0 

 

81 

Do volunteer work 4.0 4.0 

 

56 

Attend club meetings 3.3 4.7 

 

50 

Attend cultural events 4.0 3.3 

 

62 

Do Yoga or Tai Chi 3.5
d
 

 

3.3 4 

Do aerobic 

 

3.5
d
 4.7 0 

Play golf, with carrying equipment 

 

3.6
d
 3.8

d
 0 

Single domain activities
b
 

    Play musical instruments 5.0 

  

10 

Use a computer 4.3 

  

73 

Read 3.7 

  

98 

Do arts and crafts   3.3 

  

38 

Go to the senior center 

 

4.3 

 

25 

Attend church activities 

 

3.3 

 

38 

Jog or run 

  

4.7 21 

Swim moderately or fast 

  

4.7 13 

Skate (ice, roller, in-line) 

  

4.0 2 

Use an aerobic machine 

  

4.3 19 

Do moderate/heavy strength training 

 

 4.3 15 

Walk uphill or hike  

  

3.7 46 

Do heavy gardening 

  

3.7 35 

Do water exercise 

  

3.7 19 

Bicycle 

  

3.7 71 

Do heavy work around the house 

  

3.3 50 

Low demand activities
c
 

    Play golf, riding in a cart 

   

0 

Shot pool or billiards 

   

2 

Do light work around the house 

   

88 

Do light gardening 

   

50 

Work on machinery 

   

23 

Walk fast or briskly 

   

33 

Walk to do errands 

   

71 

Walk leisurely 

   

62 

Swim gently 

   

21 

Do stretching or flexibility 

   

58 

Do light strength training 

   

23 

General conditioning exercises 

   

25 
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Note. Depicted are mean ratings on a five-point rating scale from 1 (no demands) to 5 (high demands), 

for ratings higher than 3. % Subjects = Percentage of subjects who had engaged into the respective 

activity. 
 a
Two and three domains with rating > 3. 

b
One domain with rating > 3. 

c
No domain with 

rating > 3. 
d
Categorization adapted to senior ratings.  
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Table A2. Associations of training task performance with cognitive outcomes in the cognitive 

training group. 

 

Global cognition pre Memory pre 

Attention / executive 

functions pre 

 

r p r p r p 

Start high or low
a
 -.07 .83 .02 .95 -.17 .57 

Start tell us apart .58 .03 .63 .02 .44 .12 

Start match it -.13 .65 -.23 .42 .02 .94 

Start sound replay .62 .02 .57 .03 .62 .02 

 

Global cognition post Memory post 

Attention / executive 

functions post 

 

r p r p r p 

End high or low
a
 -.46 .11 -.51 .07 -.23 .45 

End tell us apart .59 .03 .65 .01 .33 .24 

End match it .76 .002 .66 .01 .73 .003 

End sound replay .54 .046 .35 .22 .72 .003 

 

Difference global 

cognition Difference memory 

Difference attention / 

executive functions 

 

r p r p r p 

Difference high or low
a
 -.28 .36 -.39 .19 -.03 .93 

Difference tell us apart -.03 .91 .35 .21 -.37 .19 

Difference match it -.13 .67 -.15 .61 -.03 .92 

Difference sound replay .33 .25 .23 .42 .23 .43 

Note. Data of 14 cognitive training participants. Start = training task performance at the beginning of 

the training period (third session), End = training task performance at the end of the training period 

(last session), Difference = difference in performance between beginning and end of the training 

program and between pre- and post-test of the cognitive outcomes, respectively. 
a
Lower scores 

indicate better performance. 
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The auditory mismatch negativity (MMN) is an event-related potential (ERP) peaking
about 100–250 ms after the onset of a deviant tone in a sequence of identical
(standard) tones. Depending on the interstimulus interval (ISI) between standard
and deviant tones, the MMN is suitable to investigate the pre-attentive auditory
discrimination ability (short ISIs, ≤ 2 s) as well as the pre-attentive auditory memory
trace (long ISIs, >2 s). However, current results regarding the MMN as an index for mild
cognitive impairment (MCI) and dementia are mixed, especially after short ISIs: while
the majority of studies report positive associations between the MMN and cognition,
others fail to find such relationships. To elucidate these so far inconsistent results, we
investigated the validity of the MMN as an index for cognitive impairment exploring
the associations between different MMN indices and cognitive performance, more
specifically with episodic memory performance which is among the most affected
cognitive domains in the course of Alzheimer’s dementia (AD), at baseline and at
a 5-year-follow-up. We assessed the amplitude of the MMN for short ISI (stimulus
onset asynchrony, SOA = 0.05 s) and for long ISI (3 s) in a neuropsychologically
well-characterized cohort of older adults at risk of dementia (subjective memory
impairment, amnestic and non-amnestic MCI; n = 57). Furthermore, we created a
novel difference score (∆MMN), defined as the difference between MMNs to short
and to long ISI, as a measure to assess the decay of the auditory memory trace,
higher values indicating less decay. ∆MMN and MMN amplitude after long ISI, but
not the MMN amplitude after short ISI, was associated with episodic memory at
baseline (β = 0.38, p = 0.003; β = −0.27, p = 0.047, respectively). ∆MMN, but not the
MMN for long ISIs, was positively associated with episodic memory performance at the

Abbreviations: AD, Alzheimer’s dementia; aMCI, amnestic mild cognitive impairment; MCI, mild cognitive impairment;
MemTra, Memory Trace; MMN, mismatch negativity; MMN–Dur, mismatch negativity after duration deviants; MMSE,
Mini-Mental State Examination; MVGT, Münchner Verbaler Gedächtnistest; naMCI, non-amnestic mild cognitive
impairment; NMDA, N-methyl-D-aspartate; Opt1, Optimum–1; SMI, subjective memory impairment; TMT, Trail Making
Test; ∆MMN, difference score between MMNs to short and to long ISIs; ∆MMN–Dur, index for auditory memory trace
decay, amplitude difference between the MMN after duration deviant in the Optimum–1 paradigm and the Memory
Trace paradigm, higher values indicating less auditory memory trace decay.
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5-year-follow-up (β = 0.57, p = 0.013). The results suggest that the MMN after long ISI
might be suitable as an indicator for the decline in episodic memory and indicate ∆MMN
as a potential biomarker for memory impairment in older adults at risk of dementia.

Keywords: mismatch negativity, auditory memory, cognition, episodic memory, mild cognitive impairment,
subjective memory impairment, Alzheimer’s disease, event-related potentials

INTRODUCTION

The global number of people aged 50 years and older is
constantly increasing (e.g., Gerland et al., 2014; United Nations,
2015). Age is the major risk factor of Alzheimer’s dementia
(AD). Until 2050 about three million older adults will be
affected by AD in Germany (Bickel, 2016) and 132 million
worldwide (Prince et al., 2015). Alzheimer’s pathology is
characterized by amyloid-beta and tau deposition in the
entorhinal cortex, hippocampus, neocortex and other brain
regions (for a review see Ballard et al., 2011). Furthermore,
Alzheimer’s pathology is associated with deficiencies in
neuronal signal transmission and neuronal death and
precedes the manifestation of cognitive symptoms by many
years or even decades (for a review see Bateman et al.,
2012).

Mild cognitive impairment (MCI) can be a prodromal
syndrome of AD and is therefore intensively studied in the
context of early diagnosis of the disease. Individuals with MCI
show cognitive decline in at least one cognitive domain, while
overall daily functioning is still intact (Petersen, 2016). MCI is
associated with an increased risk of dementia, particularly AD,
compared to the general population with a conversion rate to
dementia of about 8%–15% per year (Petersen, 2016). Amnestic
MCI (aMCI) has a higher progression rate than non-amnestic
MCI (naMCI; Petersen, 2016). Furthermore, recent research
indicates that subjective memory impairment (SMI) that cannot
be confirmed during objective testing is associated with an
increased risk for AD up to 6 years later (Jessen et al.,
2014).

Event-related potentials (ERPs) can provide further insights
into neurophysiological correlates of cognitive decline and
neuropathology in old age (e.g., Papaliagkas et al., 2008; Lai
et al., 2010; Vecchio and Määttä, 2011; Thurm et al., 2013),
with the advantages of being non-invasive and cost-efficient.
One of the most widely investigated ERP components in EEG
research is the mismatch negativity (MMN; Näätänen et al.,
1978). The MMN is elicited when a presentation that has been
automatically predicted by the central nervous system is violated
(for a review see Näätänen et al., 2011), i.e., when a deviant tone
is presented in a sequence of standard tones. It peaks at about
100–250 ms after the onset of the deviant (for a review see e.g.,
Fishman, 2014). The MMN indicates a generally pre-attentive
process, but can be modulated by attention (e.g., Erickson et al.,
2016). Previous studies suggest an association between MMN
in a passive paradigm and the active deviant tone detection
(e.g., Todd et al., 2012). Nevertheless, the MMN elucidation
does not depend on the subject’s active involvement and can be
observed even in the fetus in the womb (e.g., Draganova et al.,
2007) or in coma patients (see Morlet and Fischer, 2014 for a

recent review). Because of its pre-attentive character the MMN
is independent of fluctuations in vigilance and motivation which
may be of special importance at long EEG recordings or in older
and/or clinical populations (Näätänen et al., 2004).

Depending on the interval length between the standard
and deviant tones (interstimulus interval, ISI), the MMN is
suitable to determine two different, but strongly interrelated,
processes. In case of a short ISI of 2 s or less (see Cheng
et al., 2013), the MMN primarily reflects the detection of a
mismatch between a stored auditory regularity and the current
presentation of the environment and can therefore be considered
as an index of the pre-attentive auditory discrimination ability
(for a review see Näätänen et al., 2012). With increasing ISI,
the MMN provides information on the duration of the pre-
attentive auditory memory trace for the standard tone (for a
review see Bartha-Doering et al., 2015). In young, healthy adults
the auditory memory trace approximates 10 s (Böttcher-Gandor
and Ullsperger, 1992; Sams et al., 1993; see Bartha-Doering
et al., 2015 for a recent review on MMN in healthy and clinical
populations).

A limited number of studies so far investigated the MMN in
normal compared to pathological aging, specifically in AD, with
equivocal results. While some studies report an attenuatedMMN
in AD for short (e.g., Schroeder et al., 1995) as well as for long
ISIs (e.g., Pekkonen et al., 1994; Papadaniil et al., 2016), others
failed to findMMN differences between AD and healthy controls
(e.g., Kazmerski et al., 1997; Engeland et al., 2002; Brønnick et al.,
2010; Hsiao et al., 2014). Studies investigating MMN in older
adults with MCI are even scarcer. The majority of studies report
an altered MMN in MCI in comparison to matched controls
(e.g., Lindín et al., 2013; Ji et al., 2015; Papadaniil et al., 2016;
but see Tsolaki et al., 2017 for contrary results). However, the
results vary in MMN parameter (i.e., amplitude, latency), MMN
localization (i.e., frontal, temporal), and the applied ISI length
(i.e., short, long).

In sum, previous studies suggest that MMN after short as
well as after long ISIs has the potential to be a biomarker for
cognition, where the results for MMN after long ISIs are more
consistent than for short ISIs. On the other hand, the MMN after
short ISIs is the most often investigated one in AD research so
far. Since the impact of pre-attentive auditory memory processes
increases with ISI length, auditory memory processes seem
to be an important factor that is responsible for the MMN-
cognition relationship. We assumed that the difference score
between MMN after short and long ISI (∆MMN) might be
a better and more reliable biomarker for cognitive (especially
episodic memory) decline, compared to the simple MMN after
long or short ISI, since ∆MMN takes individual differences
in auditory discrimination ability as well as auditory memory
into account. The difference between MMN after short and
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after long ISI is strongly determined by the pre-attentive
maintenance of the memory trace for the standard tone. On
the one hand ∆MMN would be 0 if the MMN amplitude
after the short and long ISI is the same and thus the standard
tone is well remembered independent of the ISI. On the
other hand, the ∆MMN would become higher as the MMN
amplitude attenuates as a function of the ISI. Thus, the ∆MMN
could constitute a biomarker for automatic auditory memory
decay, which in turn seems to be the key index for cognitive
decline.

The main aim of the present study was to evaluate
the validity of pre-attentive auditory memory decay as well
as the MMN after short and long ISI as biomarkers for
cognitive decline in an at risk population for AD (i.e., aMCI,
naMCI, SMI). MMN after short ISI was assessed using the
Optimum–1 (Opt1, stimulus onset asynchrony [SOA] = 0.5 s)
paradigm (see Näätänen et al., 2004), whereas the MMN
after long ISI (3 s) was investigated using the Memory
Trace (MemTra) paradigm (in accordance with Grau et al.,
1998). Pre-attentive memory trace decay was assessed by the
difference score between the MMN after short and long ISIs
(∆MMN).

We hypothesized that pre-attentive auditory memory decay,
reflected by the ∆MMN at baseline, is positively associated
with episodic memory performance assessed at baseline as well
as episodic memory 5 years later (5-year-follow-up). Further,
we expected a smaller MMN in the MemTra paradigm in
comparison to the Opt1 paradigm and a more pronounced decay
of the pre-attentive auditory memory trace in aMCI compared to
naMCI/SMI subjects.

MATERIALS AND METHODS

Participants
The inclusion and exclusion criteria for study participation
have previously been described in detail (Küster et al., 2016).
In brief, subjects were recruited in the Memory Clinic of
the University Hospital Ulm, Germany and the Center for
Psychiatry Reichenau, Germany or via public advertisements.
Inclusion criteria were: 55 years of age or older, fluency
in the German language, subjective memory complaints or
MCI, stable antidementive and/or antidepressive medication,
normal or adjusted-to-normal hearing, and independent living.
Exclusion criteria were: probable moderate or severe dementia
(Mini-Mental State Examination, MMSE [Folstein et al.,
1975] < 20), a history of other neurological or psychiatric
disorders, except mild to moderate depression). Depressive
symptoms were assessed with the 15-item short version of the
Geriatric Depression Scale (Yesavage et al., 1983). Participants
without contraindication were offered structural magnetic
resonance imaging (MRI) to exclude other brain abnormalities
such as major strokes and brain tumors.

SMI was assessed with the question ‘‘Do you feel like
your memory is getting worse?’’ (according to Geerlings et al.,
1999; Jessen et al., 2010). The evaluation of objective cognitive
impairment was based on encoding (sum of words of the

five learning trials) and long-delay free recall scores of the
adapted German version of the California Verbal Learning Test
(German: Münchner Verbaler Gedächtnistest [MVGT, Munich
Vebal Memory Test]; Ilmberger, 1988) for memory functions.
For non-memory cognitive functions the following subtests
from the Consortium to Establish a Registry for Alzheimer’s
Disease–plus (Welsh et al., 1994) were used: Trail Making Test
(TMT) part A and B, phonematic and semantic word fluency,
and Boston Naming Test. Objective cognitive impairment was
defined as 1.0 SD below the age- and education-adjusted norm;
aMCI was assigned if at least one of the memory tests was
below average; naMCI was assigned if performance in the
memory tests was average while one of the test scores of the
other cognitive domains was below average. Subjects with severe
objective impairment (≤ 2 SD below the norm) in memory and
non-memory, indicating probable dementia, were excluded from
further analysis (n = 6), even if they reached the critical MMSE
score ≥ 20.

From altogether 122 subjects whowere screened for eligibility,
59 met the inclusion criteria. For 14 participants no MRI scan
was available. No participant had to be excluded because of
abnormalities in the MRI scan. According to the classification
criteria 16 subjects were classified as SMI, 19 as naMCI and
24 as aMCI. Demographic and cognitive characteristics of the
groups are listed in Table 1. Groups did not differ with regard to
distribution of gender or crystallized (premorbid) intelligence as
indicated by a Verbal Knowledge Test (German: Wortschatztest;
Schmidt and Metzler, 1992; all ps > 0.05). However, aMCI
subjects showed lower education (p = 0.041) and tended to be
older than naMCI and SMI which was, however, not significant
(p = 0.098).

Procedure
The study was approved by the ethics committees of both
study centers, University of Konstanz and Ulm University,
Germany. The study was part of a controlled clinical trial
investigating the effect of physical exercise and cognitive training
on cognition as well as on biological and electrophysiological
parameters (Küster et al., 2016, 2017; Fissler et al., 2017). All
participants provided written informed consent in accordance
with the Declaration of Helsinki prior to study participation.
The neuropsychological assessment and the EEG examination
were carried out by intensively trained assessors (i.e., doctorial
and psychology students). Both MMN paradigms were carried
out at the same session. Prior to the beginning of the EEG
recordings, individual hearing thresholds were assessed using
in-house software PyTuneSounds (Hartmann, 2009).

Five years (M = 5.23, SD = 0.19) after baseline assessment,
a telephone interview-based follow-up was obtained for
participants of the Konstanz sample. Out of the 32 potential
follow-up participants, 28 subjects could be contacted again,
five subjects refused participation and another two subjects
had to be excluded since they were no longer able to attend
the telephone interview due to severe progression of cognitive
and functional decline. As a result, 21 complete data sets were
available for follow-up analysis with four subjects classified as
SMI, 11 as naMCI and six as aMCI at the baseline assessment.
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TABLE 1 | Demographic and cognitive data within groups.

Variable Group values aMCI vs. naMCI/SMI

SMI (n = 14) naMCI (n = 19) aMCI (n = 24) F(1,55) p

Age (y.) 71.9 ± 5.4 68.1 ± 6.1 72.5 ± 6.2 2.83 0.098
Education (y.) 11.1 ± 1.9 10.5 ± 1.8 9.7 ± 1.8 4.37a 0.041
WST (z) 1.1 ± 0.8 0.6 ± 0.9 0.6 ± 0.7 0.89 0.349
MMSE (0–30) 28.9 ± 0.9 28.7 ± 1.2 27.5 ± 1.8 10.46 0.002
Episodic memory (cs) 0.6 ± 0.4 0.6 ± 0.7 −0.8 ± 0.5 92.15 <0.001
Attention/EF (cs) 0.6 ± 0.8 −0.1 ± 0.9 −0.3 ± 0.9 4.96 0.030
ADAS free rec. (0–10, error rate) 4.1 ± 1.4 4.8 ± 1.8 5.7 ± 1.4 8.29 0.006
Digit span (0–28) 15.0 ± 3.6 14.4 ± 3.6 13.6 ± 2.5 1.52 0.223
ECB (0–28) 14.7 ± 4.6 16.0 ± 5.0 10.9 ± 5.4 10.20b 0.002
MVGT enc. (0–80) 50.5 ± 5.4 52.4 ± 8.1 36.2 ± 5.1 81.57 <0.001
MVGT rec. (0–16) 10.9 ± 2.3 11.0 ± 2.5 4.6 ± 2.8 84.11a <0.001
TMT A (s) 38.0 ± 8.4 53.8 ± 14.7 54.0 ± 19.7 2.32 0.134
TMT B (s) 92.2 ± 22.0 121.3 ± 46.2 129.8 ± 48.5 3.14 0.082
Word fluency (w.) 40.1 ± 7.8 31.3 ± 6.7 32.0 ± 7.8 1.65a 0.204

Values are means (M) ± standard deviations (SD). aMCI, amnestic MCI; naMCI, non-amnestic MCI; SMI, subjective memory impairment; WST, Wortschatztest [Verbal
Knowledge Test]; MMSE, Mini-Mental State Examination; ADAS free rec., Alzheimer’s Diseases Assessment Scale–free recall; Digit span, total value from the forward and
backward part; ECB, Everyday Cognition Battery–computation span; MVGT enc., Münchner Verbaler Gedächtnistest [Munich Verbal Memory Test]–encoding (sum of
words of the five learning trials); MVGT rec., Münchner Verbaler Gedächtnistest [Munich Verbal Memory Test]–long-delay free recall; TMT, Trail Making Test; Word fluency,
total value of the episodic and phonemic word fluency; EF, executive functions; y., years; cs, composite score; w., words. Distribution of gender–aMCI vs. naMCI/SMI:
χ (1)

2 = 3.18, p = 0.074. aF(1,54); bF(1,50).

Because of the limited neuropsychological assessment no
renewed classification was carried out at the 5-year-follow-up.
All participants were asked if they had received an AD diagnosis
during the past 5 years, which was not the case for the final
n = 21.

Neuropsychological Assessment
All participants completed the following assessments: the
Alzheimer’s Disease Assessment Scale–cognitive subscale (Ihl
and Weyer, 1993), phonemic and semantic word fluency as
well as TMT part A and B of the Consortium to Establish a
Registry for Alzheimer’s Disease–plus test battery, the subtests
digit span and digit-symbol coding of the Wechsler Adult
Intelligence Scale (Tewes, 1991), and the MVGT. Additionally,
everyday cognition in an ecologically valid task was assessed
using the working-memory subtest of the Everyday Cognition
Battery (Allaire and Marsiske, 1999). Crystallized abilities
were assessed using the Verbal Knowledge Test (German:
Wortschatztest).

In order to assess latent cognitive function scores, a principal
component analysis was performed across all participants
(n = 59) to reduce multiple testing and thus α-inflation. An
oblique rotation technique was chosen for the assumption of
correlations between the extracted components. The following
test scores were entered: MVGT encoding, MVGT free
long-delay recall, free recall of the Alzheimer’s Disease
Assessment Scale, TMT part A and B (time in sec), Everyday
Cognition Battery–computation span, digit span forward and
backward (total value), digit-symbol coding, and semantic and
phonemic word fluency (total value as indicator for verbal
word fluency). Using the Kaiser criterion (eigenvalues ≥ 1.0)
two components were extracted, the first one showing high
loadings of episodic memory scores (MVGT encoding, MVGT
long-delay free recall, and free recall of the Alzheimer’s
Disease Assessment Scale) and the second one showing

high loadings of attention and executive functions scores
(TMT part A and B, digit span, digit-symbol and verbal
word fluency). All variables were z-standardized and two
component scores were built, representing the weighted average
of those z-standardized variables with loadings of at least
aij = 0.50 on the respective component. Only the Everyday
Cognition Battery–computation span did not reach the critical
threshold (aij = 0.48) and was excluded from further component
calculation.

For the follow-up investigation we selected tests from the
baseline investigation, which were suitable for assessments
via telephone (for telephone tools for cognitive assessment
see e.g., Castanho et al., 2014; Duff et al., 2015), namely
the MVGT, the digit span forward and backward, and the
Consortium to Establish a Registry for Alzheimer’s Disease–plus
subtests phonemic and semantic word fluency. The composite
scores were built in the same manner as at baseline using
the same weights from the available variables, i.e., MVGT
encoding and MVGT long-delay free recall for the memory
domain score; and digit span (total value for forward and
backward) and verbal word fluency (total value for phonemic
and semantic word fluency) for the attention/executive domain
score.

MMN Stimuli and Task Procedure
Two passive mismatch-negativity paradigms were applied:
the Opt1 paradigm (see, Näätänen et al., 2004) to assess
auditory discrimination ability and the newly developedMemTra
paradigm (in accordance with Grau et al., 1998) to investigate
auditory memory trace. The standard tone, duration and
frequency deviant were further used in the MemTra paradigm
(see below). The standard tone was a harmonic tone of three
sinusoidal partials of 500, 1000 and 1500 Hz with the second
partial being 3 dB and the third being 6 dB lower in intensity
then the first partial. The standard tone was 75 ms in duration
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including 5 ms rise and fall times. In comparison to the standard
tone, the duration deviant was 50 ms shorter and the gap deviant
comprised a 7 ms silent gap (including 1 ms fall and rise times)
in the middle of the tone. One half of all frequency deviants
were 10% higher (partials: 550, 1100, 1650 Hz) and the other half
10% lower in frequency than the standard tone (partials: 450,
900, 1350 Hz). Intensity deviants were 10 dB louder or lower
than the standard tone (50% each). The location deviants had an
interaural time difference of 800 µs to the left or to the right ear
(50% each).

Optimum–1 Paradigm
In the Opt1 paradigm (Näätänen et al., 2004; Figure 1) a total
number of 1845 auditory stimuli were presented in three blocks
of 5 min each. Every second tone was a standard tone, resulting
in a probability of 50% for standard and deviant stimuli and
a probability of 10% for each deviant type. A sequence of
15 standard tones was presented at the beginning of each block
to allow the formation of the standard tone as such. Stimuli were
presented with a constant SOA of 0.5 s. Thus, the Opt1 paradigm
is suitable to investigate the MMN after short ISI for five deviant
types in a very short administration time.

Memory Trace Paradigm
The MemTra paradigm (Grau et al., 1998; Figure 1) was
developed to investigate the effect of longer ISIs on the
MMN-related memory trace. The paradigm presented
462 auditory stimuli within three blocks of 6 min each. As
in the Opt1 paradigm, 15 standard tones were presented
consecutively at the beginning of each block. Duration and
frequency deviants were presented with one to three standard
tones between two deviants. The ISI between standard tone
and consecutive deviant was constantly 3 s. The number of
standard stimuli between the deviants and the ISI (0.5 s, 1.5 s
and 3 s) between standard tones were assigned pseudorandomly.
Standard stimuli were presented with 66.2% probability; deviants
(duration, frequency) with the probability of 16.9% each. Only
MMNs elicited to deviants following a standard tone (ISI = 3 s)
were included into MMN analysis.

EEG Recording
EEG was recorded using a high-density 256-channel
HydroGelTM Geodesic Sensor Net (HCGSN; Electrical
Geodesics, Inc., Eugene, OR, USA) with Cz (vertex) as
reference during data acquisition. Continuous data were
sampled with 1000 Hz and hardware filters were set to 0.1 Hz
high-pass and 100 Hz low-pass. After recording, the data were
imported into MATLAB (version 2015b; The MathWorks,
2015) and preprocessed using the FieldTrip toolbox (version
20151012; Oostenveld et al., 2011). During EEG recordings,
participants were sitting comfortably in an electrically shielded
and sound-attenuated room watching silent Charlie Chaplin
videos. All auditory stimuli were presented binaurally through
stereo headphones with 50 dB above the individual hearing
threshold. All participants were instructed to watch the
video carefully and not to pay attention to the delivered
tones. The paradigm order was counter-balanced between
subjects.

MMN Analysis
For both the Opt1 and the MemTra paradigm, EEG data were
band-pass filtered in the range of 1–35 Hz (24 dB/octave)
and noisy channels were interpolated using the average
method before rereferencing the data to the linked mastoids.
Continuous data were further down-sampled to 250 Hz,
segmented into epochs starting 100 ms before and ending
350 ms after stimulus onset and baseline-corrected (100-ms
pre-stimulus time window). After manually rejecting artifact
contaminated epochs, the remaining epochs were averaged
for the standard tone and for each deviant type separately.
On average, no more than 20% of the trials were excluded.
Consequently, the following number of trials was left for
averaging in the Opt1 paradigm (values are means ± standard
deviations): 753 ± 53 for the standard stimulus, 152 ± 11 for
the duration deviant, 151 ± 11 for the frequency deviant,
150 ± 11 for the intensity deviant, 150 ± 11 for the location
deviant, and 149 ± 13 for the gap deviant. In the MemTra
paradigm the reaction to standard stimulus was averaged over
83 ± 6 trials, for the duration deviant over 65 ± 5 trials,
and for the frequency deviant over 65 ± 5 trials. Difference

FIGURE 1 | Schematic illustration of the auditory paradigms, compared to the traditional oddball paradigm, which was not used in the study. (A) Traditional oddball
paradigm (SOA = 0.5 s), (B) Optimum–1 (Opt–1) paradigm (SOA = 0.5 s), and (C) Memory Trace (MemTra) paradigm (ISI = 0.5, 1.5, and 3 s; ISIstandard-deviant = 3 s).
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waveforms between the ERPs to the standard and to the
deviant stimuli were carried out for each paradigm and deviant
type, respectively. The MMN search window was determined
within 100–250 ms, corresponding to previous studies on
older adults with MCI (see Mowszowski et al., 2012, 2014;
Ji et al., 2015). The MMN amplitude was defined as the
mean voltage in a 40 ms time window centered at the peak
of the grand-average waveform of each group (SMI, aMCI
and naMCI). The MMN latency was defined at the most
negative peak within the MMN search window after deviant
onset (100–250 ms for frequency, intensity, and location
deviants; 125–275 for duration deviant, and 134–284 ms
for gap deviant). As the largest MMN is often assessed at
fronto-central EEG electrodes and the averaging of electrodes
with similar activity has been demonstrated to show more
reliable results than the measure of single separate electrodes
(Huffmeijer et al., 2014), the average voltage at FCz, Fz,
and Cz was computed as mean MMN amplitude for all
further analyses. The mean MMN latency was computed
accordingly.

In two subjects (both SMI) the MMN amplitude extracted
from the difference between standard and deviant tone showed
a value above mean (−0.68 for duration and −0.17 frequency
deviant) + 1.5 × interquartile range and >2 µV for both
deviant types (duration and frequency) in theMemTra paradigm.
Because of this abnormally high positive value (the difference
score should be negative or around zero), we assumed that
the paradigm did not work for them properly. To avoid any
inaccuracies we excluded their datasets from all further analyses.

Statistical Analyses
All statistical analyses were performed using R (version 3.2.3;
R Core Team, 2016) in RStudio (RStudio Team, 2015).
Statistical analyses of the baseline sample were performed
with 57 subjects (24 classified as aMCI, 19 as naMCI and 14 as
SMI). For one SMI subject only data for the Opt1 paradigm
and for one aMCI subject only the MemTra paradigm data
were available. All contrasts for group comparisons were
set to aMCI vs. naMCI/SMI. Since all model residuals were
normally distributed, parametric tests were applied for group
comparisons. Comparisons for age, years of education,
and cognitive function were conducted with univariate
analysis of variance (ANOVA) models. Group differences
in gender distribution were assessed by Pearson’s Chi-square
(χ2)-test.

As a first step of the statistical ERP analysis, one-tailed
t-tests for dependent samples for normally distributed data and
Wilcoxon signed-rank tests for non-normally distributed data
were conducted to determine whether mean MMN amplitudes
significantly differed from zero within groups. Second, since
both MMN paradigms applied a different number of deviants
(five in the Opt1 and two in the MemTra paradigm), we
explored differences in mean MMN amplitudes and latencies
depending on group and deviant type for each paradigm
separately.

The statistical models were carried out as follows: (1) for
the MMN after short ISI (i.e., Opt1 paradigm) we conducted

Group (aMCI vs. naMCI/SMI) × Deviant Type (duration,
frequency, intensity, location, gap) linear mixed effect models
with Subject as random intercept (lme4 package in R version
1.1-12; Bates et al., 2015) separately for mean MMN amplitude
and mean MMN latency as dependent variable. (2) For
the MMN after long ISI, statistical analyses focused only
on the duration deviant, since there was no significant
MMN component elicited by the frequency deviant in the
MemTra paradigm. In order to investigate differences in the
mean MMN amplitude for the duration deviant between
paradigms (and thus ISIs), we carried out a Paradigm
(Opt1/SOA = 0.5 s vs. MemTra/ISI = 3 s) × Group (aMCI
vs. naMCI/SMI) linear mixed effects model including Subject
as random intercept. (3) Second level (post hoc) analyses
were conducted using univariate ANOVA models and pairwise
t-tests with Bonferroni correction for multiple comparisons
(multcomp package for R version 1.4-6; Hothorn et al.,
2008).

As a final step, hierarchical linear regression models were
carried out to investigate associations between MMN after
short ISI, MMN after long ISI and pre-attentive auditory
memory trace decay (i.e., ∆MMN for the duration deviant;
∆MMN–Dur) and neuropsychological composite scores for
episodic memory and attention/executive functions at baseline
(n = 57) and follow-up assessment (n = 21) as dependent
variables, respectively. Based on previous research indicating
higher age as a risk factor and education as a protective
factor for cognitive decline (e.g., Ardila et al., 2000; Cansino,
2009; Salthouse, 2009, 2012), we statistically accounted for
age and education by entering them into the model first
(reducedmodels), followed by∆MMN–Dur andMemTraMMN
after duration deviants (MemTra MMN–Dur) as predictors
in two separate models (full models). To explore the effect
of Opt1 MMN we entered an Opt1 MMN × Deviant Type
(duration, frequency, intensity, location, gap) term into the
model instead of calculating models for each deviant type
separately which would increase multiple testing and thus
α-inflation. Using ANOVA, the full regression models were
then compared to the reduced regression models without MMN
indices as additional predictor. Collinearity between predictors
was examined by computing the variance inflation factor (VIF)
for each predictor’s beta score and for the mean beta score as well
as the VIF tolerance score (1/VIF). Individual VIF scores> 10, a
mean VIF score > 1, and a VIF tolerance score < 0.1 indicated
beta score inflation by collinearity in the models (Bowerman and
O’Connell, 1990; Myers, 1990; Menard, 1995). For illustration
purposes significant associations between auditory memory and
cognition are depicted as Pearson’s product-moment correlation
coefficients (r).

Normal distribution of all models’ residuals was confirmed
using the Shapiro-Wilk test (W statistic) and visual inspection
(Q-Q plots). The statistical significance level (α) was set to
0.05 for all analyses.

The stability of significant associations betweenMMN indices
and cognition was evaluated by the inclusion of the participants
who were excluded before because of probable AD (see section
‘‘Participants’’).
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RESULTS

ERP Analysis of the MMN
In order to examine whether all deviants elicited a MMN, one-
tailed t-tests for dependent samples for normally distributed
variables and Wilcoxon signed-rank tests for non-normally
distributed data were conducted. Figure 2 shows the difference
waveforms for the Opt1 and MemTra paradigm, respectively.
The mean MMN difference waveform in the Opt1 condition
significantly differed from zero for all deviant types in all groups
(see Supplementary Table S1). In the MemTra paradigm only
the difference waveform for the duration deviant significantly
differed from zero in all groups (see Supplementary Table S1).
Therefore, all further statistical analyses regarding the MemTra
paradigm were restricted to the duration deviant (MMN–Dur).

Group Differences between MMN
Parameters
MMN after Short ISI
Analysis of the MMN after short ISI focused on the
Opt1 paradigm and was conducted with linear mixed-effects
models. The mixed-effects models with Group (aMCI vs.
naMCI/SMI) as between-subject factor and Deviant Type
(duration, frequency, intensity, location, gap) as within-subject
factor showed a main effect of Deviant Type for both the mean
MMN amplitude, F(4,216) = 11.65, p< 0.001, and the meanMMN
latency, F(4,216) = 14.49, p< 0.001. Mean MMN amplitudes were
largest for the duration deviant (ps ≤ 0.029) and mean MMN
latencies were shortest for the duration and gap deviants
(ps ≤ 0.131; ps ≤ 0.002, respectively).

Neither a main effect of Group nor a Group × Deviant Type
interaction was found in both models (amplitude and latency;
see Table 2 for MMN amplitudes and latencies for each group
and see Supplementary Table S2 for pairwise comparison of the
deviant types).

MMN after Long ISI and ISI Duration Effect
Comparing the MMN amplitudes for the duration deviant
between both paradigms, a mixed-effects model of Paradigm
(Opt1 vs. MemTra) as within-subject factor × Group (aMCI vs.
naMCI/SMI) as between-subject factor revealed a main effect
of Paradigm, F(1,55) = 61.88, p < 0.001, indicating smaller
mean MMN–Dur amplitudes in the MemTra compared to
the Opt1 paradigm (Figure 3), i.e., a stronger pre-attentive
auditory memory decay in the long ISI condition. Subjects
with aMCI showed a more pronounced pre-attentive auditory
memory decay in comparison to naMCI and SMI, even though
the Paradigm × Group interaction was only significant at a
trend level, F(1,55) = 3.21, p = 0.079 (see also Table 2). No
main effect or interaction was found for the mean MMN–Dur
latency.

Associations between the MMN
Parameters and Baseline Cognition
To investigate the associations between baseline MMN
indices and baseline cognitive performance, linear hierarchical
regression models were conducted across groups. The models
were carried out separately for the episodic memory and the
attention/executive functions composite scores as dependent
variables, including age and education at baseline (reduced
models) and additionally ∆MMN–Dur, MemTra MMN–Dur,
or Opt1 MMN × Deviant Type term as predictors (full
models; see Table 3). In the reduced models, age, but not
education was a significant predictor of both episodic memory,
β = −0.38, t(50) = −2.94, p = 0.005, and attention/executive
functions, β = −0.41, t(50) = −3.30, p = 0.002, at baseline
assessment; indicating worse performance in older participants.
According to our hypothesis adding ∆MMN–Dur as predictor
to the reduced model explained an additional 14% of the
variance in the episodic memory score, F(49,1) = 10.16,
p = 0.002; β∆MMN–Dur = 0.38, t(49) = 3.19, p = 0.002 (see
also Figure 4 for correlative association). MemTra MMN–Dur

FIGURE 2 | Mean MMN amplitudes for the Opt1 paradigm and MemTra paradigm within groups. Mean values are the averaged signal of the fronto-central
electrodes Fz, FCz, and Cz. Opt1, Optimum–1; MemTra, Memory Trace; aMCI, amnestic MCI; naMCI, non-amnestic MCI; SMI, subjective memory impairment.
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TABLE 2 | Mean MMN amplitudes and latencies within groups.

MMN parameter Group values aMCI vs. naMCI/SMI

SMI naMCI aMCI F(1,54) p

Amplitudes
Opt–Dur −2.2 ± 1.1 −2.1 ± 1.2 −2.1 ± 1.1 0.01 0.910
Opt–Freq −1.1 ± 0.7 −1.1 ± 1.0 −1.3 ± 1.0 1.02 0.317
Opt–Intens −1.4 ± 1.0 −1.4 ± 1.3 −1.9 ± 1.4 1.76 0.191
Opt–Loc −1.1 ± 0.8 −1.4 ± 1.6 −1.2 ± 1.1 0.01 0.935
Opt–Gap −1.1 ± 1.3 −1.2 ± 1.0 −1.2 ± 1.0 0.02 0.880
MemTra–Dur −1.1 ± 1.2 −1.0 ± 1.4 −0.5 ± 1.2 3.06 0.086
∆MMN–Dur −1.0 ± 1.3 −1.1 ± 1.4 −1.7 ± 1.2 3.03a 0.087

Latencies
Opt–Dur 183.5 ± 23.5 184.5 ± 21.2 190.4 ± 29.8 0.74 0.394
Opt–Freq 191.7 ± 20.5 198.7 ± 21.7 199.0 ± 26.4 0.21 0.651
Opt–Intens 213.0 ± 23.9 208.5 ± 25.4 210.5 ± 29.7 0.50 0.483
Opt–Loc 195.0 ± 28.7 200.4 ± 27.7 199.6 ± 27.4 0.01 0.940
Opt–Gap 174.2 ± 20.6 184.9 ± 24.2 177.2 ± 28.0 0.01 0.913
MemTra–Dur 203.7 ± 34.1 184.4 ± 31.3 187.3 ± 31.9 1.92 0.172

aMCI, amnestic MCI; naMCI, non-amnestic MCI; SMI, subjective memory impairment; Opt–Dur, MMN after duration deviants in the Optimum–1 paradigm; Opt–Freq,
MMN after frequency deviants in the Optimum–1 paradigm; Opt–Intens, MMN after intensity deviants in the Optimum–1 paradigm; Opt–Loc, MMN after location deviants
in the Optimum–1 paradigm; Opt–Gap, MMN after gap deviants in the Optimum–1 paradigm; MemTra–Dur, MMN after duration deviants in the Memory Trace paradigm;
∆MMN–Dur, difference score between MMN amplitude after duration deviant in the Optimum–1 paradigm and the Memory Trace paradigm, higher values indicating less
auditory memory trace decay. aF(1,53).

as predictor explained an additional 7% of the variance
in the episodic memory score, F(50,1) = 4.14, p = 0.047;
βMemTraMMN–Dur = −0.27, t(50) = −2.04, p = 0.047. There was
no additive effect in predicting individual differences in the
attention/executive functions score. No additive effect was

FIGURE 3 | Mean MMN after duration deviants in comparison between the
Opt1 and the MemTra paradigm. Mean values build from the averaged signal
of the fronto-central electrodes Fz, FCz, and Cz. The depicted F-value is
accounted for Group main effect and Group × Paradigm interaction. 95%
confidence intervals for the average MMN amplitude are shown as horizontal
bars, red dot representing the mean value. Opt1, Optimum–1; MemTra,
Memory Trace; MMN Opt–Dur, MMN after duration deviants in the
Optimum–1 paradigm; MMN Memtra–Dur, MMN after duration deviants in the
Memory Trace paradigm.

found for the model including the Opt1 MMN × Deviant Type
interaction.

Even when the analysis was repeated with n = 6 subjects
who were excluded because of probable AD the additive effect
of ∆MMN–Dur remained significant, F(54,1) = 13.93, p < 0.001;
β∆MMN–Dur = 0.41, t(54) = 3.73, p< 0.001.

Associations between MMN Parameters
and Cognition at the 5-Year-Follow-up
To investigate the prognostic effect of baseline auditory memory
on cognition, linear hierarchical regression models were carried
out across groups, separately for the episodic memory and
the attention/executive functions composite score assessed
5 years later (see Table 4). In the reduced models including
only age and education at baseline as predictors, neither
age nor education was a significant predictor for episodic
memory or attention/executive functions at the 5-year follow-
up. Corroborating our hypothesis, including ∆MMN–Dur as
additional predictor explained an additional 36% of the variance
in the episodic memory (but not in the attention/executive
functions) composite score compared to age and education
entered alone, F(16,1) = 7.91, p = 0.013; β∆MMN–Dur = 0.57,
t(16) = 2.81, p = 0.013 (see also Figure 5 for correlative
association). No additive effects were found for MemTra
MMN–Dur or the model including the Opt1 MMN × Deviant
Type interaction. The additive effect of ∆MMN–Dur remained
significant after inclusion of one subject (n = 6 at baseline)
with probable AD, F(17,1) = 8.63, p = 0.009; β∆MMN–Dur = 0.55,
t(17) = 2.94, p = 0.009.

DISCUSSION

We investigated the auditory MMN after short and after long
ISI as well as a novel pre-attentive auditory memory trace
decay index in older adults with SMI, aMCI and naMCI as
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TABLE 3 | Baseline associations between auditory memory trace decay and episodic memory as well as executive functions accounting for age and education.

Episodic memory Attention/EF

Predictor ∆R2 B β p ∆R2 B β p

Model 1 0.17 0.010 0.21 0.002
Age −0.06 −0.38 0.005 −0.07 −0.41 0.002
Education 0.08 0.17 0.187 0.12 0.23 0.073

Model 2 0.14 0.002 0.02 0.214
Age −0.05 −0.32 0.011 −0.06 −0.39 0.003
Education 0.07 0.16 0.183 0.11 0.22 0.078
∆MMN–Dur 0.26 0.38 0.002 0.12 0.16 0.214

EF, executive functions. ∆MMN–Dur, difference score between MMN amplitude after duration deviant in the Optimum–1 paradigm and the Memory Trace paradigm,
higher values indicating less auditory memory trace decay.

an at risk population of AD. The MMN after short ISI was
investigated using the Opt1 paradigm (applying short ISI),
with respect to five deviants (duration, frequency, intensity,
location, gap). The MMN after long ISI was investigated

FIGURE 4 | Baseline associations between auditory memory decay and
episodic memory. Auditory memory reflected by the difference score between
MMN amplitude after duration deviant in the Opt1 paradigm and the MemTra
paradigm (∆MMN–Dur), higher scores indicating less auditory memory trace
decay. Opt1, Optimum–1; MemTra, Memory Trace, cs, composite score.

using the MemTra paradigm (with long ISI) with respect
to two different auditory deviant types (duration, frequency).
Pre-attentive auditory memory trace decay was assessed by
the difference score between the MMN after short and long
ISI (∆MMN). In line with the majority of studies (Verleger
et al., 1992; Kazmerski et al., 1997; Gaeta et al., 1999; Brønnick
et al., 2010; Cheng et al., 2012; Hsiao et al., 2014), we
found no group differences in MMN after short ISI (see
Pekkonen et al., 1994; Ruzzoli et al., 2016; but see also
Engeland et al., 2002 for contrary results) suggesting preserved
pre-attentive auditory encoding in MCI (aMCI and naMCI)
in comparison to SMI. As a proof of concept, all groups
showed an attenuated MMN in the MemTra (ISI = 3 s) in
comparison to the Opt1 paradigm (SOA = 0.5 s) for the duration
deviant.

In line with ourmain hypothesis, the∆MMN–Dur (indicative
of the pre-attentive auditory memory trace decay for the
duration deviant) was positively associated with episodic
memory performance across groups at baseline and 5 years
later even after accounting for age and education. In contrast,
no such relation was found for attention/executive functions,
which is in line with previous work by Ruzzoli et al. (2012).
The authors investigated the MMN for duration deviants in
an auditory oddball paradigm with 4 s ISI in a healthy
adult sample aged 21–60 years. In this, the frontal MMN
for duration deviants was positively correlated with memory
performance but not with executive functions. Foster et al.
(2013) reported a positive association between MMN employing
different ISIs as standard and deviants and verbal memory
assessed with the Rey Auditory Verbal Learning Test in older
healthy adults.

TABLE 4 | Associations between baseline auditory memory trace decay and follow-up episodic memory as well as executive functions accounting for age and education.

Episodic memory Attention/EF

Predictor ∆R2 B β p ∆R2 B β p

Model 1 0.07 0.556 0.19 0.164
Age −0.04 −0.25 0.294 −0.05 −0.39 0.090
Education 0.02 0.03 0.885 0.08 0.18 0.431

Model 2 0.31 0.013 0.01 0.592
Age −0.03 −0.18 0.391 −0.04 −0.38 0.115
Education 0.07 0.11 0.596 0.09 0.19 0.405
∆MMN–Dur 0.40 0.57 0.013 0.06 0.12 0.592

EF, executive functions. ∆MMN–Dur, difference score between MMN amplitude after duration deviant in the Optimum–1 paradigm and the Memory Trace paradigm,
higher values indicating less auditory memory trace decay.
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FIGURE 5 | Associations between baseline auditory memory decay and
follow-up episodic memory. Auditory memory reflected by the difference score
between MMN amplitude after duration deviant in the Opt1 paradigm and the
MemTra paradigm (∆MMN–Dur), higher scores indicating less auditory
memory trace decay. Opt1, Optimum–1; MemTra, Memory Trace, cs,
composite score.

Shared underlying neurobiological mechanisms might be
responsible for the association between pre-attentive auditory
memory trace decay and episodic memory. Interestingly, the
pre-attentive auditory memory trace, measured with the MMN,
especially after long ISIs, and episodic memory are both related
to N-methyl-D-aspartate (NMDA) receptor functioning. It is
well known that the NMDA receptor is highly involved in
neuronal plasticity, long-term-potentiation, as well as learning
and episodic memory (for a review see Newcomer et al.,
2000). A distorted NMDA receptor-subunit expression and
functionality has been reported for healthy older adults and in
AD (Mishizen-Eberz et al., 2004; Amada et al., 2005; for a review
see Magnusson et al., 2010) and is thought to be involved in
age-associated cognitive impairment (for a review see Kumar,
2015). Recently, the decay in the pre-attentive auditory memory
trace has also been discussed in the context of NMDA receptor
modulation of plasticity, and predictive coding theory (Friston,
2005; Garrido et al., 2009; Näätänen et al., 2014), an integrative
model to explain the formation of the MMN within the fronto-
temporal network (Friston, 2005; Baldeweg, 2006). Predictive
coding considers neuronal activity as a reflection of matches
or mismatches between internal predictions based on previous
experiences stored in short-term memory and current external
events (Heekeren et al., 2008). The theory of predictive coding
is well studied in the visual domain (see Stefanics et al., 2014
for a recent review) and has also been increasingly discussed for
auditory processing in recent years (e.g., Friston, 2005; Garrido
et al., 2009). Regarding the auditory paradigms used in this
study, this can be a form of a detection error, indexed by

the MMN, whenever the incoming information (deviant tone)
does not match the prediction (standard tone). The memory
trace formation for the standard tone as well as its changes
demand short-term synaptic plasticity which is codetermined
by an intact NMDA receptor activity (e.g., Garrido et al.,
2009).

The MMN after the duration deviant was significantly larger
than the one after the other four deviant types (see also Figure 2)
in the Opt1 paradigm. Näätänen et al. (2004) report the same
finding in healthy young adults. Thus, it seems as if the fronto-
temporal network described above is more sensitive to deviations
in duration in comparison to deviations in frequency, intensity,
location, or a gap in the middle of the tone.

No MMN was detectable in the MemTra paradigm for
the frequency deviant, which might indicate that the slope of
memory trace decay varies for different tone characteristics (in
case of the MemTra paradigm duration and frequency), with
the memory trace for frequency deviants fading faster with
time compared to duration deviants. Consequently, our results
regarding the applicability of ∆MMN are restricted to MMN
for duration deviants. To our best knowledge, no study exists
to date which investigated MMN after different deviant types
and for different ISI lengths within one AD or MCI sample.
Contrary to our results, two studies investigating the MMN after
duration and frequency deviants for short as well as long ISIs in
healthy older adults indicate a faster decay of the pre-attentive
auditory memory trace for duration in comparison to frequency
deviants (Schroeder et al., 1995; Pekkonen et al., 1996). However,
Cooper et al. (2006) failed to find such differences in healthy
aging. Interestingly, MMN for duration deviants suggests the
best prognostic value in the prediction of psychosis in at risk
individuals in comparison to frequency and intensity deviants
(see Näätänen et al., 2015 for a recent review and Erickson
et al., 2016 for a recent meta-analysis). Notably, the vast
majority of studies of MMN in schizophrenia use short ISIs
only.

Regarding the fact that subjects with aMCI have the
highest risk to develop AD, we expected a more pronounced
pre-attentive auditory memory trace decay reflected by the
∆MMN–Dur in aMCI in comparison to naMCI/SMI. This effect
was only present at the trend level (p = 0.079). Nevertheless,
visual inspections indicate a smaller MMN after long ISIs in
aMCI compared to the other two groups (Figure 2).

It needs to be mentioned that aMCI subjects had a
significantly lower education (p = 0.041; Table 1) in comparison
to SMI and naMCI. This finding is in line with the well-studied
findings of education as a protective factor against cognitive
decline (e.g., Salthouse, 2009).

The following limitations need to be considered for this study:
as all participants investigated in this study showed subjective
or objective cognitive impairment, our results are restricted to
this at risk of developing AD group only. Thus, we cannot
draw any conclusion about the prognostic value of ∆MMN–Dur
in healthy aging. The sample size of the study, especially in
the follow-up investigation, was rather small. Nevertheless, we
found hypothesis-confirming significant positive associations
between auditory memory trace decay and episodic memory.
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As all tests included in the episodic memory composite score
were verbal in nature (Alzheimer’s Disease Assessment Scale
free recall, MVGT), it remains open whether the association
between auditory memory and episodic memory is restricted to
verbal memory only or if it can be generalized to other memory
modalities.

Due to logistic reasons, we had two dropouts from the
5-year-follow-up due to severe cognitive and functional decline,
a group of especially great interest. Larger sample sizes in future
studies would help to handle dropout analyses. Future studies
with larger sample sizes are needed to replicate the effects
(including e.g., survival analyses).

CONCLUSION

The strong significant association between ∆MMN–Dur and
episodicmemory at baseline and at the 5-year-follow-up provides
an additional insight into neurobiological processes associated
with pathological aging and may help in developing new
tools for early diagnosis as well as for treatment monitoring.
Since EEG recording is a non-invasive and cost-efficient tool,
∆MMN–Dur might become a useful extension to complement
neuropsychological assessment in older populations at risk
of developing AD. Further research and longitudinal studies
with larger sample sizes and healthy age-matched as well as
younger healthy controls are needed to evaluate possible clinical
implications.
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Supplementary Table 1. Significant difference wave at fronto-central area in the MMN search 

window measured by means of one-tailed t-tests if the variable was normal distributed and 

Wilcoxon signed-rank test if the variable was non-normally distributed. 

   SMI  naMCI    aMCI 

   Statistic p  Statistic p  Statistic p 

Opt1-Dur Fz  -6.76 
a
 <0.001  -6.92 

c
  <0.001  -8.40 

d
 <0.001 

 FCz  -6.97
 a
 <0.001  -7.37 

c
 <0.001  -8.37

 d
 <0.001 

 Cz  -6.19
 a
 <0.001  -7.03 

c
 <0.001  -10.31

 d
 <0.001 

 Mean  -7.45
 a
 <0.001  -7.61 

c
 <0.001  -9.36

 d
 <0.001 

Opt1-Freq Fz  -4.65
 a
 <0.001  -3.68 

c
 0.001  -6.14

 d
 <0.001 

 FCz  -5.77
 a
 <0.001  -4.56 

c
 <0.001  -6.33

 d
 <0.001 

 Cz  -5.13
 a
 <0.001  -5.23 

c
 <0.001  V = 0 <0.001 

 Mean  -5.34 
a
 <0.001  -4.58 

c
 <0.001  -6.66

 d
 <0.001 

Opt1-Intens Fz  V = 0 <0.001  -4.36 
c
 <0.001  -6.38

 d
 <0.001 

 FCz  -4.76 
a
 <0.001  V = 1 <0.001  -6.50

 d
 <0.001 

 Cz  -5.83
 a
 <0.001  V = 0 <0.001  -5.89

 d
 <0.001 

 Mean  V = 0 <0.001  V = 1 <0.001  -6.37
 d
 <0.001 

Opt1-Loc Fz  V = 2 <0.001  -3.86 
c
 0.001  -5.72

 d
 <0.001 

 FCz  -5.14
 a
 <0.001  -3.84 

c
 0.001  -5.61

 d
 <0.001 

 Cz  -5.20
 a
 <0.001  -3.99 

c
 <0.001  -5.17

 d
 <0.001 

 Mean  V = 0 <0.001  -3.94 
c
 <0.001  -5.63

 d
 <0.001 
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Opt1-Gap Fz  -3.27
 a
 0.003  -4.88 

c
 <0.001  -5.31

 d
 0.001 

 FCz  -3.16
 a
 0.004  -5.36 

c
 <0.001  -6.04

 d
 <0.001 

 Cz  -3.12
 a
 0.004  V = 3 <0.001  -5.89

 d
 <0.001 

 Mean  -3.26
 a
 0.003  -5.10 

c
 <0.001  -5.85

 d
 <0.001 

MemTra-Dur Fz  -2.78
 b 

 0.008  -3.16 
c
 0.003  -2.60 

e
 0.008 

 FCz  -2.37
 b 

 0.018  -2.34 
c
 0.016  -2.04

 e
 0.026 

 Cz  V = 4 <0.001  -2.50 
c
 0.011  -1.00

 e
 0.165 

 Mean  -3.52
 b 

 0.002  -3.25 
c
 0.002  -1.99 

e
 0.030 

MemTra-Freq Fz  -0.70
 b 

 0.249  -0.99 
c
 0.168  -0.31

 e
 0.381 

 FCz  -1.52
 b 

 0.077  -0.96 
c
 0.175  -0.93

 e
 0.182 

 Cz  V = 28
 
 0.122  0.31 

c
 0.619  -1.06

 e
 0.150 

 Mean  -1.31
 b 

 0.107  -0.63 
c
 0.269  -0.87

 e
 0.197 

The MMN area of interest was defined as the mean voltage of 40 µV centered at the peak latency of 

the most negative peak of the group grand average difference wave in the MMN search window of 

100-250 ms after deviant onset (100-250 ms for frequency, intensity, and location; 125-275 for 

duration; and 134-284 ms for gap deviant). The values were tested against zero. Mean MMN is the 

average voltage of the signal from the fronto-central electrodes Fz, FCz, and Cz. 

aMCI, amnestic MCI; naMCI, non-amnestic MCI; SMI, subjective memory impairment; Opt1-Dur, 

MMN after duration deviants in the Optimum–1 paradigm; Opt1-Freq, MMN after frequency 

deviants in the Optimum-1 paradigm;  Opt1-Intens, MMN after intensity deviants in the Optimum–1 

paradigm;  Opt1-Loc, MMN after location deviants in the Optimum–1 paradigm;  Opt1-Gap, MMN 

after gap deviants in the Optimum–1 paradigm; MemTra-Dur, MMN after duration deviants in the 

Memory Trace paradigm; MemTra-Freq, MMN after frequency deviants in the Memory Trace 

paradigm.  
a
 t(13); 

b
 t(12); 

c
 t(18); 

d
 t(22); 

e
 t(23). 
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Supplementary Table 2. Pairwise comparisons for differences in 

amplitudes as well as latencies in the Optimum–1 (Opt1) paradigm 

after different deviant types. 

  Amplitudes  Latencies 

  t(55) p  t(55) p 

Dur – Freq  6.24 <0.001  2.57 0.131 

Dur – Intens  3.12 0.029  5.68 <0.001 

Dur – Loc  5.93 <0.001  2.62 0.112 

Dur – Gap  6.66 <0.001  -2.08 0.419 

Freq – Intens  -2.34 0.227  2.82 0.066 

Freq – Loc  -0.46 >0.999  0.40 >0.999 

Freq – Gap  -0.12 >0.999  -4.60 <0.001 

Intens – Loc  1.69 0.964  -2.46 0.172 

Intens – Gap  2.24 0.291  -6.84 <0.001 

Loc – Gap  0.41 >0.999  -4.01 0.002 

Since all differences (except the Freq–Loc comparison) were normally 

distributed, comparisons were carried out by pairwise t-tests using 

Bonferroni correction. Dur, duration; Freq, frequency; Intens, 

intensity; Loc, location. 
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Abstract
Quantitative electroencephalography (EEG) provides useful information about neu-
rophysiological health of the aging brain. Current studies investigating EEG coher-
ence and power for specific brain areas and frequency bands have yielded inconsistent 
results. This study assessed EEG coherence and power indices at rest measured over 
the whole skull and for a wide frequency range as global EEG markers for cogni-
tion in a sample at risk for dementia. Since global markers are more reliable and less 
error-prone than region- and frequency-specific indices they might help to overcome 
previous inconsistencies. Global EEG coherence (1–30  Hz) and an EEG slowing 
score were assessed. The EEG slowing score was calculated by low-frequency power 
(1–8  Hz) divided by high-frequency power (9–30  Hz). In addition, the prognostic 
value of the two EEG indices for cognition and cognitive decline was assessed in 
a 5-year follow-up pilot study. Baseline global coherence correlated positively with 
cognition at baseline, but not with cognitive decline or with cognition at the 5-year 
follow-up. The EEG slowing ratio showed no significant association, neither with 
cognition at baseline or follow-up, nor with cognitive decline over a period of 5 years. 
The results indicate that the resting state global EEG coherence might be a useful and 
easy to assess electrophysiological correlate for neurocognitive health in older adults 
at risk for dementia. Because of the small statistical power for the follow-up analyses, 
the prognostic value of global coherence could not be determined in the present study. 
Future studies should assess its prognostic value with larger sample sizes.

K E Y W O R D S

Alzheimer’s disease, cognition, coherence, electroencephalography, functional connectivity, spectral power

1 |  INTRODUCTION

With rising life expectancy, the diagnosis and treatment of 
age-related diseases are becoming significant and inevita-
ble socio-economic topics. Age is the major risk factor for 

Alzheimer's disease (AD), which represents the most com-
mon cause of dementia. For many years, clinical assessments 
were exclusively informed by neuropsychological tests and 
by the history taken from patients and third parties. In recent 
years, neuropsychological assessment has been extended by 
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AD biomarkers (see Walsh, Drinkenburg, & Ahnaou, 2017; 
Weiner et al., 2013 for reviews). However, monitoring the 
continuum from healthy to pathological aging still remains 
challenging. Numerous studies suggest that quantitative elec-
troencephalography (EEG) provides further insights into the 
neurophysiological correlates of pathological cognitive aging 
(see Babiloni et al., 2016 for a recent review). EEG is also a 
non-invasive, cost-effective tool.

One robust finding in AD is a decrease in EEG coher-
ence as an index for reduced functional connectivity (see 
Babiloni et al., 2016; Dauwels, Vialatte, & Cichocki, 2010 
for reviews). The most common finding has been a decrease 
in EEG coherence for faster frequency bands; that is, alpha 
and beta (e.g., Jelic et al., 1996; Knott, Mohr, Mahoney, & 
Ilivitsky, 2000; Wada, Nanbu, Kikuchi, et al., 1998). Results 
regarding theta band functional coherence are scarce, but 
consistently demonstrated a decrease in theta band power in 
patients with AD compared to controls (e.g., Adler, Brassen, 
& Jajcevic, 2003; Stevens et al., 2001). Results on changes 
in delta spectral coherence have been controversial: while 
some studies reported an attenuated delta spectral coherence 
in patients with AD compared to controls (e.g., Knott et al., 
2000), others found an increase in delta spectral coherence 
in individuals with AD (Babiloni et al., 2009). Studies on 
coherence in mild cognitive impairment (MCI), as possible 
prodromal stage of AD, suggested that changes might already 
occur in this at-risk stage for dementia (e.g., Michels et al., 
2017). Besides group comparisons, positive correlative asso-
ciations have been reported between spectral coherence and 
cognitive performance, especially in the Mini-Mental State 
Examination (MMSE; Folstein, Folstein, & McHugh, 1975), 
in subjects with AD as well as with MCI (e.g., Brunovsky, 
Matousek, Edman, Cervena, & Krajca, 2003; Dunkin, Osato, 
& Leuchter, 1995; Jelic et al., 1996; for controversial results 
see Babiloni et al., 2009; Knott et al., 2000, and for missing 
associations see Jiang, 2005; Leuchter et al., 1992).

In addition to the decrease in spectral coherence, a further 
robust finding in healthy aging and even more pronounced 
in AD is a shift in signal power from faster alpha and beta to 
slower delta and theta frequency bands, a process which is de-
scribed as a slowing of the EEG activity (see Dauwels et al., 
2010; Jeong, 2004 for reviews). Increased theta band activity 
(e.g., Brenner, Reynolds, & Ulrich, 1988; Coben, Danziger, 
& Storandt, 1985; Prichep et al., 1994; Soininen, Partanen, 
Pääkkönen, Koivisto, & Riekkinen, 1991) seems to be a sa-
lient index for AD, accompanied already in its early stage 
(Brenner et al., 1988; Kwak, 2006; Soininen et al., 1991) by 
a decrease in beta and alpha band activity (cf., Coben et al., 
1985; Gianotti et al., 2007). An increased delta band activity 
seems to occur only in advanced stages of AD (e.g., Coben 
et al., 1985; Kwak, 2006; Prichep et al., 1994). Knowledge 
regarding changes in EEG power in individuals with MCI 
is very limited so far, but previous studies suggested that 

a significant slowing of EEG already begins in MCI and 
even before initial objective cognitive decline arises (e.g., 
Grunwald et al., 2002; Jelic et al., 1996, 2000; Kwak, 2006). 
Similar to the findings regarding spectral coherence, correl-
ative associations have also been reported for spectral power 
and cognitive performance in individuals with AD and MCI 
(e.g., Alexander et al., 2006; Brenner et al., 1986; Gianotti et 
al., 2007; Kwak, 2006; van der Hiele et al., 2007), with ele-
vated low-frequency power being associated with worse and 
high-frequency power with better cognitive performance (for 
missing associations, see, e.g., Moretti et al., 2004; Onishi, 
Suzuki, Yoshiko, Hibino, & Iguchi, 2005).

A wide range of literature regarding coherence and 
power changes in AD exists. The majority of studies have 
considered region-specific electrophysiological changes or 
changes in particular frequency bands (e.g., Prichep et al., 
1994; Stevens et al., 2001). So far, only a few studies have 
investigated widespread (total) changes over the whole skull 
for spectral coherence and spectral power (Babiloni et al., 
2009; Ihl, Brinkmeyer, Jänner, & Kerdar, 2000; Moretti et al., 
2004), which in general support the above-mentioned find-
ings for separate brain regions. Global electrophysiological 
changes for a wide frequency range as an index for cogni-
tion have not been investigated so far. However, global EEG 
markers for cognitive performance would be of high benefit 
for the clinical application as well as for scientific research, 
because averaging over multiple electrodes is more reliable 
and less error-prone than the use of multiple region- and fre-
quency-specific measures and would allow a better compari-
son between study results.

To this date, only few longitudinal studies have investi-
gated the prognostic value of EEG power and EEG functional 
connectivity in populations at risk for developing dementia 
(e.g., Jelic et al., 2000; Rossini et al., 2006), suggesting that 
EEG spectral coherence and power might be useful in the 
prognosis of cognitive decline in AD, but the research in this 
area is still in its infancy.

Thus, the aims of this study were twofold: (1) to examine 
global coherence (delta-beta, 1–30 Hz) and an EEG slowing 
score as markers for cognition in a at risk for dementia sample; 
thereby EEG slowing was defined as low-frequency power 
(delta and theta, 1–8 Hz) divided by high-frequency power 
(alpha and beta, 9–30 Hz); and (2) to examine the prognostic 
value of global coherence and EEG slowing for cognition in 
a 5-year follow-up pilot study within a sub-sample.

Based on previous results, we expected global coherence 
at baseline to be positively associated with cognition at base-
line as well as 5 years later and with less cognitive decline at 
the 5-year follow-up. Because of the EEG slowing in patho-
logical cognitive aging, we hypothesized that higher EEG 
slowing would be associated with lower cognition at baseline 
and at the 5-year follow-up and with more pronounced cogni-
tive decline after a period of 5 years.
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To give a deeper insight into the data, in additional analy-
ses all associations with cognition were reported not only for 
the global EEG indices, but also for specific frequency bands 
and regions. As introduced earlier in this section, previous 
studies have investigated relations between coherence and 
cognition for localized coherence values; most often coher-
ence changes in AD have been reported for the fronto-parietal 
and fronto-temporal area (see Babiloni et al., 2016 for a re-
view). To enable the comparison with previous study results 
as well as between the global and localized scores, all base-
line and follow-up associations with cognition were reported 
for the fronto-parietal and fronto-temporal area. For the main 
analyses, we used the overall cognition score comprising a 
composite score of episodic memory and attention/executive 
functions. Since it cannot be ruled out that these two cogni-
tive domains are linked to coherence differentially, all EEG 
cognition analyses were also demonstrated for episodic mem-
ory and attention/executive functions separately.

In sum, in the supplemental material the following results 
scheme is presented for coherence: frequency band (delta, 
theta, alpha, beta)  ×  cognitive domain (memory, attention/
executive functions) × time (baseline, 5-year follow-up) and 
cognitive change  ×  skull area (fronto-parietal, fronto-tem-
poral). Additional analyses regarding EEG slowing values 
can be summarized as follows: frequency band (delta, theta, 
alpha, beta)  ×  cognitive domain (memory, attention/execu-
tive functions) × time (baseline, 5-year follow-up) and cog-
nitive change.

2 |  METHOD

2.1 | Procedure and participants

The study was approved by the ethics committees of both 
study centers, University of Konstanz and Ulm University, 
Germany. The study was part of a controlled clinical trial 
investigating the effect of physical exercise and cognitive 
training on cognition as well as on biological and electro-
physiological parameters (cf., Fissler et al., 2017; Küster et 
al., 2016, 2017; Laptinskaya et al., 2018). All participants 
provided written informed consent prior to study participa-
tion. Participants were recruited in the Memory Clinic of 
the University Hospital Ulm, Germany and the Center for 
Psychiatry Reichenau in Konstanz, Germany or via public 
advertisements. Inclusion and exclusion criteria for study 
participation are described in detail in Küster et al. (2016). 
In brief, participants had to be 55  years or older and re-
port or show subjective or objective memory impairment. 
Further inclusion criteria were fluency in German language, 
stable anti-dementia and antidepressant medication, nor-
mal or adjusted-to-normal hearing, and independent living. 
Participants with probable moderate or severe dementia 

(MMSE < 20) as well as a history of other neurological or 
psychiatric disorders (except mild to moderate depression) 
were excluded. One participant had to be excluded because 
of very noisy EEG data. The final baseline sample com-
prised 70 participants (mean age: 71.60 ± 6.16 years, range 
60–88  years; mean education: 10.15  ±  1.96  years, range: 
6–14 years; mean MMSE: 27.83 ± 2.31, range: 20–30).

A follow-up telephone interview was performed 5 years 
after study participation (M = 5.23 years, SD = 0.19) for par-
ticipants of the Konstanz sample. We were able to reach twen-
ty-nine participants, two of whom refused participation and 
another five had to be excluded, because they were no lon-
ger able to attend the telephone interview due to severe pro-
gression of cognitive and functional decline. Notably, one of 
the five participants was already excluded from the baseline 
analyses due to very noisy EEG data (see section “EEG Data 
Processing”). Four participants were not reachable. Finally, 
22 complete data sets were available for the follow-up anal-
yses. In the follow-up sample, the mean age was 70.91 years 
(SD = 7.81, range: 60–94 years). None of the final follow-up 
participants received a clinical AD diagnosis within the pe-
riod between baseline and 5-year follow-up. As the MMSE 
is not suitable for a telephone interview setting, we used the 
modified version of the Telephone Interview for Cognitive 
Status (TICS-M; Brandt, Spencer, & Folstein, 1988; Gallo & 
Breitner, 1995) for cognitive functioning in the follow-up as-
sessment, which can be administered using the telephone and 
showed high correlations with the MMSE test scores (Brandt 
et al., 1988). The sum-score in the TICS-M ranges from 0 to 
50. The follow-up sample showed the following TICS-M sum 
scores: 36 ± 5.7 (M ± SD) in a range of 26–50. Gallo and 
Breitner (1995) identified a score of 33 as the cutoff value 
with the best specificity and sensitivity to distinguish cogni-
tively healthy from cognitively impaired individuals.

2.2 | Neuropsychological assessment

All participants completed the following assessments: 
Alzheimer's Disease Assessment Scale–cognitive sub-
scale (Ihl & Weyer, 1993); phonemic and semantic word 
fluency as well as Trail Making Test part A and B of the 
Consortium to Establish a Registry for Alzheimer's Disease–
plus test battery (Welsh et al., 1994); the subtests digit span 
and digit-symbol coding of the Wechsler Adult Intelligence 
Scale (Tewes, 1991); the long-delay free recall scores of the 
adapted German version of the California Verbal Learning 
Test (German: Münchner Verbaler Gedächtnistest [MVGT, 
Munich Vebal Memory Test]; Ilmberger, 1988); and the 
working-memory subtest of the Everyday Cognition Battery 
(Allaire & Marsiske, 1999). All variables were z-standardized 
and entered into a principal component analysis. A detailed 
description of the principal component analysis at baseline as 
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well as at the 5-year follow-up can be found in Laptinskaya 
et al. (2018). Only the Everyday Cognition Battery–computa-
tion span with aij = .48 slightly missed the critical threshold 
of aij = .50. As a result, two component scores were built: the 
first one as an index for episodic memory and the second one 
as an index for attention/executive functions. Cognition was 
defined as the average of the episodic memory and the atten-
tion/executive functions composite score.

For the follow-up investigation, we selected tests from 
the baseline investigation which were suitable for assess-
ments via telephone (for telephone tools for cognitive as-
sessment, see, e.g., Castanho et al., 2014; Duff, Tometich, 
& Dennett, 2015), namely the adapted German version of 
the California Verbal Learning Test, the digit span forward 
and backward, and the Consortium to Establish a Registry 
for Alzheimer's Disease–plus subtests phonemic and se-
mantic word fluency. The composite scores were built in 
the same manner as at baseline using the baseline weights 
for the available variables.

2.3 | EEG recording

EEG was recorded using a high-density 256-channel 
HydroGelTM Geodesic Sensor Net (HCGSN; Electrical 
Geodesics, Inc.; Eugene, Oregon, USA) with Cz (vertex) as 
reference and a sampling rate of 1000 Hz during data acquisi-
tion. A 50 Hz notch filter was applied to reduce line noise. 
During the 5  min resting state EEG, participants were sit-
ting comfortably in an electrically shielded and sound-atten-
uated room. To avoid drowsiness artifacts, participants were 
instructed to keep their eyes open during EEG recordings. 
Furthermore, to avoid muscle and eye movement artifacts, 
participants were instructed to relax, and to blink as seldom 
as possible while fixating on one of the three points approxi-
mately at eye level on the opposite wall.

2.4 | EEG data processing

After recording, the data were imported into MATLAB (ver-
sion 2015b; The MathWorks, 2015) and preprocessed using 
the FieldTrip toolbox (version 20151012; Oostenveld, Fries, 
Maris, & Schoffelen, 2011). According to our experience, the 
first as well as the last segments of EEG recordings are often 
contaminated by artifacts (cf., Schlögl et al., 2007). Hence, 
from the available 5 min EEG we used only the recordings 
from the second and the third minute for preprocessing. The 
data were bandpass filtered in the range of 1–30 Hz (24 dB/
octave). Continuous data were cut into segments of a length 
of 1  second, resulting in 120 trials per participant. Noisy 
channels and artifact-contaminated segments were manually 
rejected. On average, 16 (SD = 16) channels were rejected for 

every participant, especially the channels in the cheek areas 
and the lower part at the back of the head. Previous studies 
showed that the choice of the reference influences coherence 
analyses, a zero reference being the best choice (Fein, Raz, 
Brown, & Merrin, 1988; Rappelsberger, 1989). If the num-
ber of electrodes is high, the average common reference is 
typically close to zero (Nunez et al., 1997). For this reason, 
the data were re-referenced to the average of all artifact-free 
electrodes (M = 241; SD = 16). Finally, to exclude the con-
tamination by the number of trials, 50 trials were randomly 
selected from the remaining epochs and used for subsequent 
analyses. One participant was excluded from the analyses be-
cause of very noisy EEG data, especially a high amount of 
eye artifacts (see also section “Procedure and Participants”).

2.5 | Spectral coherence analyses

Functional connectivity was calculated using the spectral 
coherence method, which indicates the functional connec-
tivity in brain activity between two cortical regions and is 
calculated as a function of frequency (Walter, 1968). The 
spectral coherence is a linear index for the coupling be-
tween signals without any information on the connectivity 
direction (Babiloni et al., 2016) and it can be interpreted 
analogously to a correlation coefficient as it represents the 
covariance of spectral energies originating from two skull 
regions (Knott et al., 2000). Spectral coherence analy-
ses were conducted using the bsmart implementation for 
MATLAB (Cui, Xu, Bressler, Ding, & Liang, 2008). Since 
we were interested in functional connectivity across the 
entire brain, we calculated the spectral coherence for all 
electrode pairs and then averaged all of these values as an 
index for global coherence (1–30 Hz).

2.6 | Spectral power analyses

Frequency analysis was performed across all non-excluded 
electrodes (M = 241, SD = 16) using the fast Fourier trans-
form (FFT) algorithm with Hanning window and a 1  Hz 
frequency resolution. The frequency bands were classified 
into delta (1–4 Hz), theta (5–8 Hz), alpha (9–13 Hz), and 
beta bands (14–30  Hz; cf., Babiloni et al., 2016; Schorr, 
Schlee, Arndt, & Bender, 2016). Low-frequency power 
was defined as the power in the range between 1 and 8 Hz, 
and high-frequency power as the power ranging from 9 to 
30  Hz. Relative power represented spectral composition 
of the EEG. It was derived by dividing the power within 
each frequency band by the total power across all fre-
quency bands (1–30 Hz). The relative power was used in 
all statistical calculations. As a marker for EEG slowing, 
we built a ratio score between relative low power in the 
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1–8 Hz frequency range and the relative high power in the 
9–30  Hz frequency range, higher values indicated higher 
EEG slowing.

2.7 | Statistical analyses

All statistical analyses were performed using R (version 
3.2.3; R Core Team, 2016) in RStudio (RStudio Team, 2015). 
As a first step, to investigate the associations between the 
EEG indices and cognitive performance at baseline (n = 70), 
we performed hierarchical linear regression models with the 
neuropsychological composite score for cognition as de-
pendent variable. The first model (model 1) included only 
one EEG index as predictor. Since age depicts a risk factor 
for cognitive decline (e.g., Salthouse, 2009, 2012), we ac-
counted for this covariate in our statistical analyses. Thus, 
we advanced the first model by age as a second independent 
variable following the EEG index, which was the independ-
ent variable that was entered into the model first (model 2). 
Both models described above were carried out separately for 
each EEG index as independent variables. To underpin the 
justification of age as covariate, we used ANOVA to com-
pare model 2 with EEG parameter and age as independent 
variables to model 1 without age as additional predictor. 
We further compared both models by Akaike's Information 
Criterion (AIC). AIC has a profound information-theoretic 
foundation and aims at minimizing the expected Kullback–
Leibler divergence between the model and the true underly-
ing data-generating process (Burnham & Anderson, 2000), 
whereby lower values between nested models indicate a bet-
ter model fit.

As additional analysis, associations between EEG indices 
and cognition at baseline were investigated for the differ-
ent cognitive subscores (i.e., memory and attention/execu-
tive functions) and for different frequency bands (i.e., delta, 
theta, alpha, beta). Coherence associations with cognition 
were assessed for special long-range cortical networks (fron-
to-parietal and fronto-temporal). To investigate the associa-
tions between global EEG indices and cognitive subscores, 
the same hierarchical regression method was used as for the 
overall cognition score in the main analyses. To investigate 
the association between cognition indices and localized co-
herence and power values, we performed simple hierarchi-
cal linear regressions, and p-values were adjusted according 
to Holm's method for multiple comparisons. The number of 
comparisons was set to eight for coherence (four frequency 
bands × two cortical networks). For power results, the p-value 
was adjusted for four comparisons (four frequency bands).

As a second step, changes in cognitive performance, 
namely in cognition, episodic memory, attention/executive 
functions, as well as in single cognitive tests at baseline and 
at the 5-year follow-up were conducted with one-tailed t-tests 

for paired samples for those tests that were used at both time 
points (see section “Neuropsychological Assessment”). Test–
retest reliability as a measure for data quality was assessed 
by correlations between baseline and follow-up scores. In the 
third step, we compared the baseline global coherence and the 
EEG slowing score in excluded participants in comparison to 
non-excluded participants (n = 4 vs. n = 22), as some par-
ticipants were excluded from follow-up assessment because 
of pronounced cognitive decline (see section “Procedure and 
Participants”).

To investigate group differences in EEG parameters, 
group comparisons were conducted with univariate analysis 
of variance (ANOVA).

Finally, we examined the prognostic value of global coher-
ence and EEG slowing score (n = 22). For this purpose, we 
investigated the association between EEG indices and cognitive 
decline in cognition 5 years later as well as the cognitive perfor-
mance in cognition at the 5-year follow-up. Cognitive decline 
was indexed by the difference score between cognition at base-
line and cognition at the 5-year follow-up, with higher values 
indicating more pronounced cognitive decline. Again, we used 
hierarchical regression models to examine the association be-
tween EEG indices and cognitive decline in cognition as well 
as the cognitive performance 5 years later, the latter as depen-
dent variable. Standardized regression coefficients of global co-
herence as well as the EEG slowing score predicting cognition 
were used as effect size measure for the associations between 
cognition and the EEG indices. The first model included one 
EEG marker only (model 1), and the second model accounted 
for age by including it as additional independent variable 
(model 2). The same way as for baseline analyses, we com-
pared the model with only one EEG predictor to the model ad-
ditionally including age as covariate via ANOVA and via AIC. 
Additionally, associations between EEG indices and cognitive 
decline at the five-year follow-up were investigated for the dif-
ferent cognitive subscores (i.e., memory and attention/executive 
functions) and for different frequency bands (i.e., delta, theta, 
alpha, beta). Besides that, coherence associations with cogni-
tive decline were assessed for special long-range cortical net-
works (fronto-parietal and fronto-temporal). To investigate the 
associations between global EEG indices and cognitive decline, 
the same hierarchical regression method was used as for the 
overall cognition score. To investigate the association between 
cognition indices and localized coherence and power values, we 
performed simple hierarchical linear regressions, and p-values 
were adjusted according to Holm's method for multiple com-
parisons. The number of comparisons was set to eight for co-
herence (four frequency bands ×  two cortical networks). For 
power results, the p-value was adjusted for four comparisons 
(four frequency bands).

Collinearity between predictors was examined by com-
puting the variance inflation factor (VIF) for each predic-
tor's beta score and for the mean beta score as well as the 
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VIF tolerance score (1/VIF). Individual VIF scores > 10, 
a mean VIF score  >  1, and a VIF tolerance score  <  0.1 
indicated beta score inflation by collinearity in the mod-
els (Bowerman & O'Connell, 1990; Menard, 1995; Myers, 
1990).

Normal distribution of all models' residuals was con-
firmed using the Shapiro–Wilk test (W statistic) and visual 
inspection (Q–Q plots). The statistical significance level (α) 
was set to .05 for all analyses.

3 |  RESULTS

3.1 | Associations between baseline EEG 
indices and baseline cognition

Global coherence was positively associated with cognition, 
β = .31, 95% CI [.09, .54], p = .009 (Table 1 and Figure 1). 
The association still remained significant after adjusting 
for age, β = .25, 95% CI [.03, .47], p = .028. Furthermore, 
age was significantly associated with cognition, β = −.30, 
95% CI [−.52, −.08], p  =  .01. We did not find any sig-
nificant associations between the EEG slowing score and 
cognition, β = .01, 95% CI [−.23, .25], p = .921. Adjusting 
for age did not change the results, but age was significantly 
associated with cognition, β = −.35, 95% CI [−.58, −.12], 
p = .003.

Baseline associations between global EEG indices and 
cognitive subscores, that is, memory and attention/executive 
functions, are depicted in Supplementary Table S1. The as-
sociations between global coherence and attention/executive 
functions were significant in model 1, including the EEG 

index only, β = .28, 95% CI [−.05, .51], p =  .019. The as-
sociation between global coherence and memory was signif-
icant at the trend level in model 1, β =  .22, 95% CI [−.01, 
.46], p = .064. After adjusting for age, neither attention/ex-
ecutive functions nor memory was significantly associated 
with global coherence. Age was significantly associated with 
attention/executive functions, β = −.30, 95% CI [−.53, −.08], 
p = .007; as well as with memory, β = −.26, 95% CI [−.49, 
−.03], p = .029. Supplementary Table S2 shows the baseline 
associations between EEG indices for selective frequency 
bands as well as for special cortical networks and (overall) 
cognition, memory, and attention/executive functions. Before 
the correction for multiple comparisons, fronto-parietal co-
herence in the theta and in the beta band were positively as-
sociated with cognition, β = .27, 95% CI [.05, .50], p = .022 
and β = .26, 95% CI [.03, .50], p = .027, respectively. Theta 
power was negatively associated with attention/executive 
functions, β = −.29, 95% CI [−.52, −.06], p = .016. After 
the adjustment for multiple comparisons, none of the associ-
ations reached statistical significance.

3.2 | Associations between baseline EEG 
indices and cognitive decline in cognition, as 
well as follow-up cognition

We found no significant difference in cognition between base-
line and the 5-year follow-up, indicating no significant cognitive 
decline in this sub-sample. The results of the baseline follow-up 
comparisons in cognitive performance, which was subdivided 
into (overall) cognition, memory, attention/executive function 
and single cognitive tests, are presented in Table 2.

T A B L E  1  Correlative associations between global coherence and EEG slowing with cognition at baseline (n = 70)

 

Cognition

M ± SD ΔR2 B β 95% CI p AIC

Global coherence (1–30 Hz)

Model 1   .10       .009 170.60

Global coherence 0.34 ± 0.16   1.62 .31 [.09, .54] .009  

Model 2   .08       .010 165.73

Global coherence     1.32 .25 [.03, .47] .028  

Age 71.60 ± 6.16   −0.04 −.30 [−.52, −.08] .010  

EEG slowing (1–8 Hz/9−30 Hz)

Model 1   <.01       .921 177.73

EEG slowing 3.28 ± 1.75   0.01 .01 [−.23, .25] .921  

Model 2   .12       .003 170.68

EEG slowing     0.02 .04 [−.18, .27] .704  

Age 71.60 ± 6.16   −0.05 −.35 [−.58, −.12] .003  

Note: The EEG slowing score was calculated by low-frequency power (1–8 Hz) divided by high-frequency power (9–30 Hz). Higher values indicated more pro-
nounced EEG slowing. Significant p-values are written in bold.
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Test–retest reliability was high: it was r = .80 for the cogni-
tion score, r = .77 for the episodic memory score, and r = .81 
for the attention/executive functions score. There were no 
significant differences in baseline global coherence and base-
line EEG slowing score between the four cognitively strongly 
impaired participants excluded from 5-year follow-up and the 
non-excluded participants (see Supplementary Table S3).

We further investigated the association of each EEG pa-
rameter alone (model 1) and after accounting for age (model 

2) with cognition at the 5-year follow-up as well as the cog-
nitive decline after a period of 5 years. No significant associ-
ation was found for baseline global coherence and cognitive 
change over a period of 5 years, β = −.31, 95% CI [−.73, 
.10], p = .154 (see Table 3 and Figure 2) or cognition at the 
5-year follow-up, β = .08, 95% CI [−.35, .52], p = .716 (see 
Supplementary Table S4).

We did not find significant associations between EEG 
slowing and cognitive decline (see Table 3) as well as cog-
nition at the 5-year follow-up (see Supplementary Table S4). 
Age was significantly associated with neither cognitive de-
cline over a period of 5 years (see Table 3), nor with cogni-
tion at the 5-year follow-up (see Supplementary Table S4).

Associations between global EEG indices and cognitive de-
cline in memory as well as in the attention/executive functions 
subscore are presented in Supplementary Table S5. Similar to 
the association between (overall) cognition and EEG indices, 
no significant correlations were found between global coher-
ence and EEG slowing with memory and attention/executive 
functions. Supplementary Table S6 shows the associations be-
tween EEG slowing and coherence for selected frequency bands 
and selected cortical networks and (overall) cognition, memory, 
and attention/executive functions. Only the association between 
alpha power and memory was significant, β = −.50, 95% CI 
[−.27, .59], p = .017. After adjusting for multiple comparisons 
and age, no significant associations were found.

4 |  DISCUSSION

In accordance with our hypotheses, global spectral coherence 
was positively associated with cognition at baseline (β = .31; 
see Table 1 and Figure 1). The association remained signifi-
cant after adjusting for age, indicating that global coherence 
explained variance in cognition in addition to age. None of 
the region- and frequency-specific coherence measures sig-
nificantly predicted cognition after adjusting for multiple 
comparisons and all specific measures showed lower effect 
sizes than the global coherence measure (βs ≤ .27).

The positive association between global coherence and 
cognition is in line with other studies which reported a  
coherence decrease in delta, theta, alpha, and beta rhythms in 
individuals with AD and MCI compared to healthy controls 
(e.g., Knott et al., 2000; Wada, Nanbu, Koshino, Yamaguchi, 
& Hashimoto, 1998; but see Brunovsky et al., 2003; Jelic  
et al., 1997; Wada, Nanbu, Kikuchi, et al., 1998 for increased 
delta spectral coherence in participants with AD). Our results 
are further in accordance with studies which reported positive 
associations between coherence and cognitive performance 
in individuals with AD and MCI for separate brain regions 
(e.g., Dunkin et al., 1995; Jelic et al., 1996; Knott et al., 2000) 
as well as for total coherence (measured over the whole skull) 
for separate frequency bands (Babiloni et al., 2009).

F I G U R E  1  Correlative association between global coherence at 
baseline and baseline cognition composite score (n = 70). Note. Values 
in brackets are adjusted for age. Dashed gray lines represent the 95% 
confidence interval. Red dots depict values of the participants from 
whom no 5-year follow-up data were available because they showed 
pronounced cognitive decline and were no longer able to attend the 
telephone interview

T A B L E  2  Change in cognitive performance at the 5-year follow-
up (n = 22)

  Change [95% CI] ta (21) p db

Cognition (global, cs) −0.13 [-.44, .18] 0.88 .390 .19

Episodic memory (cs) −0.05 [-.35, .26] 0.32 .752 .07

Attention/EF (cs) −0.14 [-.55, .27] 0.73c .472 .16

MVGT enc. (0–80) −1.14 [-5.79, 3.52] 0.51 .617 .11

MVGT rec. (0–16) 0.00 [-1.14, 1.14] <0.01 >.999 .00

Digit span (0–28) −0.38 [-1.69, 0.93] 0.61d .550 .13

Word fluency (w.) −0.15 [-3.71, 3.41] 0.09c .931 .02

Note: EF, executive functions; MVGT enc., Münchner Verbaler Gedächtnistest 
[Munich Verbal Memory Test]—encoding (sum of words of the five learning 
trials); MVGT rec., Münchner Verbaler Gedächtnistest [Munich Verbal Memory 
Test]—long-delay free recall; digit span, total value from the forward and back-
ward part; word fluency, total value of the episodic and phonemic word fluency; 
cs, composite score; w., words.
at-value for one-tailed t-test comparison between baseline and 5-year follow-up. 
bCohen's d. 
ct (19). 
dt (20). 
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Different biological mechanisms for the positive asso-
ciation between global coherence and cognition are con-
ceivable. EEG coherence indicates the functional coupling 
between two brain regions (Wada, Nanbu, Koshino, et al., 
1998). Thus, the global coherence describes the connectiv-
ity of brain networks across the whole brain. Accordingly, 
disturbances in global coherence reflect alterations in global 
information integrity in neural networks which are involved 
in cognitive processes. Since attenuation in global coherence 
has been demonstrated in AD, AD has also been described as 

a “disconnection syndrome” (e.g., Bokde, Ewers, & Hampel, 
2009). The disconnection hypothesis derives from the as-
sumption that cognitive performance does not depend on one 
intact brain region only; it rather depends on the intact inter-
play between different brain regions (cf., Bokde et al., 2009). 
Thus, disturbances in functional and/or anatomical neuronal 
networks may lead to widespread cognitive impairment (cf., 
Morrison & Hof, 2002; Morrison, Scherr, Lewis, Campbell, 
& Bloom, 1986). An intact neuronal integrity between brain 
regions depends on various molecular mechanisms as well as 
sufficient energy provided by mitochondria as power stations 
in the (neuronal) cell (Ferrer, 2009). Cumulative evidence 
shows that mitochondrial function is disturbed in AD and this 
dysfunction is accompanied by many molecular changes; for 
example, oxidative stress, deregulation of Ca2+ homeostasis, 
promotion of the amyloid beta (Aβ) deposition, and neuro-in-
flammation. Those molecular changes may include and en-
hance neuronal cell exhaustion and neuronal death and may 
injure anatomical and functional connectivity (see Bhat et al., 
2015; Zhao & Zhao, 2013 for reviews). As far as we know 
to date, no study has specifically investigated the association 
between mitochondrial function, functional connectivity, and 
cognition in the same (AD patients) sample; but some human 
and animal studies have investigated separate aspects of these 
associations. These studies suggest a negative impact of mi-
tochondrial dysfunction on cognition (Hara et al., 2014) and 
its key role in cognitive decline in AD (Reddy, 2011). By 
these means, global EEG coherence might reflect impaired 
mitochondrial function resulting in an attenuated cognitive 
performance in older adults at risk for AD (for a review on 
mitochondrial function as possible target for the treatment 

F I G U R E  2  Correlative association between baseline global 
coherence and cognitive decline at the 5-year follow-up (n = 22). Note. 
Values in brackets are adjusted for age. Dashed gray lines represent the 
95% confidence interval

T A B L E  3  Correlative associations between global coherence and EEG slowing and cognitive decline at the 5-year follow-up (n = 22)

 

Cognition

M ± SD ΔR2 B β 95% CI p AIC

Global coherence (1–30 Hz)

Model 1   .10       .154 49.57

Global coherence 0.35 ± 0.15   −1.46 −.31 [−.73, .10] .154  

Model 2   .04       .339 50.48

Global coherence     −1.29 −.28 [−.70, .14] .213  

Age 70.91 ± 7.81   −0.02 −.21 [−.63, .21] .339  

EEG slowing (1–8 Hz/9−30 Hz)

Model 1   .06       .265 50.46

EEG slowing 2.96 ± 1.83   −0.10 −.25 [−.67, .18] .265  

Model 2   .06       .130 51.46

EEG slowing     −0.09 −.24 [−.66, .19] .287  

Age 70.91 ± 7.81   −0.02 −.25 [−.67, .17] .265  

Note: Decline in cognition is defined as the difference score in baseline cognition and cognition at the follow-up, higher values indicating more pronounced decline. 
The EEG slowing score was calculated by low-frequency power (1–8 Hz) divided by high-frequency power (9–30 Hz). Higher values indicated more pronounced EEG 
slowing.
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of AD see Stockburger, Eckert, Eckert, Friedland-Leuner, & 
Müller, 2018).

The positive association between spectral coherence and 
cognitive performance might be further explained by other 
shared neurobiological mechanisms apart from mitochondrial 
dysfunction. For instance, the loss of cholinergic neurons in 
AD and in AD mouse models is well documented (Davies 
& Maloney, 1976; Perez, Dar, Ikonomovic, DeKosky, & 
Mufson, 2007). Acetylcholine (ACh) activates cholinergic 
neurons and is one of the most important neurotransmitters in 
the human peripheral and central nervous system. ACh is re-
sponsible for the activation of muscle cells and is involved in 
numerous physiological and cognitive processes such as the 
stress response, the regulation of wakefulness and sleep, and 
memory and attention processes (Ferreira-Vieira, Guimaraes, 
Silva, & Ribeiro, 2016). Interestingly, previous studies indi-
cated a positive association between EEG coherence in indi-
viduals with AD and reduced neuronal cholinergic activity 
(Wada, Nanbu, Koshino, et al., 1998). Thus, the EEG coher-
ence–cognition relationship might be explained by a reduced 
cholinergic level in the brain, which influences both coher-
ence and cognition. This assumption is supported by drug 
studies: While the administration of the ACh antagonist sco-
polamine has been associated with attenuated EEG coherence 
in delta and beta bands (Kikuchi, Wada, Koshino, Nanbu, & 
Hashimoto, 2000), the administration of acetylcholinesterase 
inhibitors has led to enhanced EEG coherence in the theta and 
gamma band (Ahnaou, Huysmans, Jacobs, & Drinkenburg, 
2014). Notably, previous studies also indicated that ACh de-
pletion and Aβ deposition interact with each other. Thus, their 
associations with coherence and cognition might be difficult 
to disentangle and should be regarded as a complex interplay 
between Aβ deposition, ACh function, spectral coherence, 
and cognition (for reviews, see, e.g., Contestabile, 2011; 
Craig, Hong, & McDonald, 2011; Schliebs & Arendt, 2011).

The additional analyses regarding coherence–cognition 
associations for separate frequency bands and separate cor-
tical networks support our assumption that global coherence 
is a superior marker for cognition in comparison with coher-
ence in region or frequency-specific cortical networks. In line 
with previous study results, we found a positive association 
between fronto-parietal coherence in the theta and beta band 
(cf., Babiloni et al., 2016 for a review), but both associations 
were no longer significant after correcting for multiple com-
parisons. No correction for multiple comparisons is needed 
for a global coherence score. In addition, effect sizes were 
lower for all region- and frequency-specific coherence mark-
ers (βs ≤ .27) than for the global coherence score (β = .31). 
It might be possible that there is a more precise coherence 
marker for cognition than the global coherence score, but it 
has not been found yet. Currently, a global coherence score 
seems to be a robust marker for cognition in healthy and 
pathological aging.

There were no significant associations between global 
EEG coherence at baseline and cognitive decline at the 5-year 
follow-up (see Table 3 and Figure 2). Studies investigating 
the prognostic value of EEG coherence on predicting cog-
nition are very rare, and the results are mixed: While some 
authors report positive results (Rossini et al., 2006), others 
failed to find such associations (Jelic et al., 2000). Notably, 
the baseline and the follow-up assessment were carried out 
in different settings in this study (face-to-face, on telephone), 
which might be the reason for methodological inaccuracies 
regarding cognitive decline and missing associations with 
EEG coherence, especially within the small sample size. 
However, the high test–retest reliability of the cognitive out-
comes supports the validity of the telephone-based assess-
ment. Hence, we assume that the missing significance is due 
to the insufficient power for the follow-up analyses. For the 
sample size in the follow-up assessment (n = 22) and the ob-
served effect size of β = .31 for the association between co-
herence and cognition at baseline, the power was low (42%). 
An intended power of 80% would require a sample size of 
n  =  60. This knowledge might be used as a benchmark in 
future longitudinal studies.

We did not find a significant change in cognitive perfor-
mance from baseline to the 5-year follow-up (see Table 2). 
However, during the 5-year period, five people showed very 
pronounced cognitive decline and were excluded from the 
5-year follow-up since they were no longer able to operate 
a telephone. One of them also had very noisy EEG data and 
had to be excluded from baseline analyses. These participants 
might have been of special interest in evaluating the prog-
nostic value of EEG coherence. Because the excluded par-
ticipants did not differ in their baseline coherence from the 
non-excluded participants, there was no evidence that global 
coherence predicted cognitive decline, keeping the small 
sub-sample in mind. Refuting our expectation, no significant 
baseline associations were found between EEG slowing and 
cognition (see Table 1), which is contrary to the findings in 
the majority of studies indicating a slowing of EEG in indi-
viduals with AD and MCI (e.g., Baker, Akrofi, Schiffer, & 
Boyle, 2008; van der Hiele et al., 2007; Moretti et al., 2004; 
Riekkinen, Buzsaki, Riekkinen, Soininen, & Partanen, 1991; 
but see Onishi et al., 2005 for contrary results). The missing 
association is further contrary to the correlative association 
between power and cognitive performance reported by previ-
ous studies (Alexander et al., 2006; Claus et al., 2000; Garn 
et al., 2015; van der Hiele et al., 2007). Our results are in line 
with the findings reported by Moretti et al. (2004): The au-
thors failed to find a correlative link between total power and 
cognitive performance, although they reported a significantly 
increased delta and significantly decreased alpha power in 
participants with AD in comparison with healthy controls.

The following limitations need to be considered when in-
terpreting the results of this study: The sample size in the 
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5-year follow-up was rather small and could be a reason for 
the missing association between baseline EEG coherence and 
cognition 5 years later as well as cognitive decline over a pe-
riod of 5 years. Thus, the follow-up data should be considered 
as pilot data and interpreted with caution. Longitudinal stud-
ies with larger sample sizes are needed to further evaluate the 
predictive value of global coherence for cognitive decline. 
This study investigated a sample at risk for developing de-
mentia, and our results might not generalize to healthy adults 
without cognitive complaints.

5 |  CONCLUSION

Our findings suggest that among older adults at risk for de-
veloping dementia, global EEG coherence might be a suit-
able marker for cognitive performance. Consequently, it 
might indirectly reflect disturbances in neuronal integrity 
accompanying cognitive deficits. We did not find evidence 
that global coherence predicts cognitive change. Subsequent 
studies with larger sample sizes are needed to determine the 
question, whether the association between global coherence 
and cognitive change indeed does not exist or the statisti-
cal power in the present study was insufficient. Global EEG 
markers would be of great benefit in clinical practice and in 
scientific research, because they seem to be more reliable as 
compared to region- and frequency-specific EEG coherence 
scores.

Global EEG coherence might be helpful to identify per-
sons with pronounced deterioration in neuronal integrity who 
would benefit more from interventions focussing on neuronal 
integrity than persons with a cognitive syndrome but more 
intact functional connectivity.
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Table S1 Correlative associations between global coherence and EEG slowing and cognition at baseline. 

 Cognition  Memory  Attention / EF 

 ΔR
2
 B β 95% CI p  ΔR

2
 B β 95% CI p  ΔR

2
 B β 95% CI p 

Global coherence  

(1-30 Hz) 

                 

Model 1 .10    .009  .05    .064  .08    .019 

Global coherence  1.62 .31  [.09, .54] .009   1.24 .22 [-.01, .46] .064   1.75 .28 [-.05, .51] .019 

Model 2 .08    .010  .07    .029  .09    .010 

Global coherence  1.32 .25  [.03, .47] .028   0.96 .17 [-.06, .40] .148   1.33 .21 [-.01, .44] .203 

Age  -0.04 -.30  [-.52, -.08] .010   -0.04 -.26 [-.49, -.03] .029   -0.05 -.30 [-.53, -.08] .007 

                  

EEG slowing  

(1-8 Hz/9-30 Hz) 

                 

Model 1 <.01    .921  <.01    .684  <.01    .797 

EEG slowing   0.01 .01 [-.23, .25] .921   -0.02 -.05 [-.29, .19] .684   0.02 .03 [-.21, .27] .184 

Model 2 .12    .003  .09    .015  .13    .003 

EEG slowing   0.02 .04 [-.18, .27] .704   -0.01 -.02 [-.25, .21] .863   0.04 .07 [-.15, .30] .519 

Age  -0.05 -.35 [-.58, -.12] .003   -0.04 -.29 [-.53, -.06] .015   -0.06 -.36 [-.59, -.13] .003 

The EEG slowing score was calculated by low-frequency power (1-8 Hz) divided by high-frequency power (9-30 Hz). Higher values indicated more pronounced 

EEG slowing. 

EF, executive functions. 

  



Table S2 Correlative associations between localized coherence and EEG slowing and cognition at baseline. 

 
Cognition  Memory  Attention / EF 

 
M ± SD β 95% CI p padj  β 95% CI p padj  β 95% CI p padj 

Coherence 
                 

Delta (1-4 Hz)                  

Fronto-parietal 0.31 ± 0.12 .18 [-.05, .42] .125 >.999  .07 [-.17, .31] .583 >.999  .20 [-.03, .44] .091 .730 

Fronto-temporal 0.32 ± 0.12 0.06 [-.18, .30] .618 >.999  -.04 [-.28, .20] .752 >.999  .07 [-.17, .31] .587 >.999 

                  

Theta (5-8 Hz)                  

Fronto-parietal 0.33 ± 0.09 .27 [.05, .50] .022 .172  .21 [-.02, .45] .078 .624  .23 [-.01, .46] .061 .488 

Fronto-temporal 0.37 ± 0.09 .09 [-.14, .33] .438 >.999  .08 [-.16, .32] .509 >.999  <.01 [-.22, -.26] .972 >.999 

                  

Alpha (9-14 Hz)                  

Fronto-parietal 0.34 ± 0.09 .14 [-.05, .42] .231 >.999  .14 [-.09, .38] .241 >.999  .15 [-.09, .39] .221 >.999 

Fronto-temporal 0.41 ± 0.09 .04 [-.20, .28] .765  >.999  .06 [-.18, .29] .651 >.999  -.01 [-.25, .23] .909 >.999 

                  

Beta (15-30 Hz)                  

Fronto-parietal 0.30 ± 0.06 .26 [.03, .50] .027 .219  .15 [-.09, .39] .216 >.999  .25 [.02, .49] .035 .280 

Fronto-temporal 0.34 ± 0.07 .19 [-.04, .43] .112 .896  .11 [-.14, .34] .410 >.999  .19 [-.05, .42] .125 >.999 

                  

Power                  

Delta (1-4 Hz) 0.52 ± 0.14 .11 [-.13, .34] .381 >.999  .01 [-.23, .25] .957 >.999  .15 [-.09, .38] .217 .868 

Theta (5-8 Hz) 0.21 ± 0.08 -.18 [-.41, .06] .139 .556  -.01 [-.24, .23] .898 >.999  -.29 [-.52, -.06] .016 .064 

Alpha (9-14 Hz) 0.20 ± 0.09 <.01 [-.23, .24] .741 >.999  -.02 [-.26, .22] .881 >.999  .04 [-.20, .28] .752 >.999 

Beta (15-30 Hz) 0.07 ± 0.04 -.01 [-.25, .22] .802 >.999  .03 [-.21, .27] .794 >.999  -.03 [-.27, .21] .985 >.999 

padj, p-values were adjusted according to Holm’s method for multiple comparisons; n = 8 for coherence values and n = 4 for power values. 
 



Table S3 Comparisons of global coherence and EEG slowing between subjects excluded from 

5-year follow-up due to severe progression of cognitive and functional decline and non-

excluded subjects. 

  Excluded  

(n = 4) 

 Non-excluded  

(n =22) 

 F(24,1)  p 

Global coherence (1-30 Hz)  0.26 ± 0.11  0.35 ± 0.15  1.14 .297 

EEG slowing (1-8 Hz/9-30 Hz)  3.47 ± 0.75  3.00 ± 1.83  0.30 .086 

Values are means (M) ± standard deviations (SD).  

The EEG slowing score was calculated by low-frequency power (1-8 Hz) divided by high-

frequency power (9-30 Hz). Higher values indicated more pronounced EEG slowing. 

 

  



Table S4 Correlative associations between over-all coherence and EEG slowing with 

cognition at the 5-year follow-up (n = 22). 

 
Cognition 

 
M ± SD ΔR

2
 B β 95% CI p AIC 

Global coherence  

(1-30 Hz) 

          

Model 1    .01     .716 73.11 

Global coherence 0.35 ± 0.15  0.62 .08 [-.35,  .52] .716  

Model 2    .13     .107 72.03 

Global coherence     1.10 .15 [-.28,  .57] .510  

Age 70.91 ± 7.81  -0.05 -.37 [-.79,  .06] .107  

           

EEG slowing 

(1-8 Hz/9-30 Hz) 

          

Model 1    <.01     .996 73.26 

EEG slowing score 2.96 ± 1.83  <0.01 <.01 [-.44,  .44] .996  

Model 2    .12     .130 72.53 

EEG slowing score     0.01 .02 [-.41,  .44] .940  

Age 70.91 ± 7.81  -0.05 -.34 [-.77,  .08] .130  

The EEG slowing score was calculated by low-frequency power (1-8 Hz) divided by high-

frequency power (9-30 Hz). Higher values indicated more pronounced EEG slowing. 

  



Table S5 Correlative associations between global coherence and EEG slowing and decline in cognition at the 5-year follow-up. 

 Cognition  Memory  Attention / EF 

 ΔR
2
 B β 95% CI p  ΔR

2
 B β 95% CI p  ΔR

2
 B β 95% CI p 

Global coherence  

(1-30 Hz) 

                 

Model 1 .10    .154  .11    .126  .02    .528 

Global coherence  -1.46 -.31 [-.73, .10] .154   -1.57 -.34 [-.75, .08] .126   -0.86 -.15 [-.61, .31]  

Model 2 .04    .339  .04    .371  .01    .670 

Global coherence  -1.29 -.28 [-.70, .14] .213   -1.41 -.30 [-.72, .12] .175   -0.84 -.15 [-.61, .32] .547 

Age  -0.02 -.21 [-.63, .21] .339   -0.02 -.20 [-.62, .22] .371   -0.01 -.09 [-.56, .37] .696 

                  

EEG slowing  

(1-8 Hz/9-30 Hz) 

                 

Model 1 .06    .265  .12    .110  .01    .701 

EEG slowing   -0.10 -.25 [-.67, .18] .265   -0.13 -.35 [-.76, .06] .110   -0.04 -.09 [-.55, .37] .701 

Model 2 .06    .265  .05    .281  .01    .713 

EEG slowing   -0.09 -.24 [-.66, .19] .287   -0.13 -.34 [-.75, .07] .121   -0.04 -.08 [-.56, .39] .741 

Age  0.02 -.25 [-.67, .17] .265   -0.02 -.23 [-.64, .18] .281   -0.01 -.09 [-.57, .38] .713 

The EEG slowing score was calculated by low-frequency power (1-8 Hz) divided by high-frequency power (9-30 Hz). Higher values indicated more pronounced 

EEG slowing. 

EF, executive functions. 

  



Table S6 Correlative associations between localized coherence and EEG slowing and cognitive decline at the 5-year follow-up. 

 
Cognition  Memory  Attention / EF 

 
M ± SD β 95% CI p padj  β 95% CI p padj  β 95% CI p padj 

Coherence 
                 

Delta (1-4 Hz)                  

Fronto-parietal 0.28 ± 0.07 .08 [-.35, .52] .711 >.999  .05 [-.39, .49] .822 >.999  -.02 [-.48, .44] .941 >.999 

Fronto-temporal 0.32 ± 0.10 .14 [-.58, .29] .524 >.999  -.10 [-.53, .34] .667 >.999  -.21 [-.66, .24] .367 >.999 

                  

Theta (5-8 Hz)                  

Fronto-parietal 0.31 ± 0.07 -.07 [-.49, .38] .802 >.999  -.05 [-.49, .39] .824 >.999  -.04 [-.50, .43] .883 >.999 

Fronto-temporal 0.39 ± 0.08 -.08 [-.52, .36] .728 >.999  -.04 [-.48, .40] .852 >.999  -.02 [-.48, .44] .928 >.999 

                  

Alpha (9-14 Hz)                  

Fronto-parietal 0.35 ± 0.07 -.16 [-.59, .27] .478 >.999  -.18 [-.61, .25] .428 >.999  -.07 [-.53, .39] .760 >.999 

Fronto-temporal 0.44 ± 0.08 .04 [-.40, .47] .874 >.999  -.04 [-.47, .40] .876 >.999  .14 [-.32, .60] .559 >.999 

                  

Beta (15-30 Hz)                  

Fronto-parietal 0.29 ± 0.05 .03 [-.40, .47] .881 >.999  .26 [-.17, .68] .249 >.999  -.20 [-.66, .25] .391 >.999 

Fronto-temporal 0.34 ± 0.07 -.04 [-.48, .40] .862 >.999  .13 [-.30, .56] .564 >.999  -.19 [-.64, .26] .421 >.999 

                  

Power                  

Delta (1-4 Hz) 0.48 ± 0.16 .02 [-.42, .46] .931 >.999  -.08 [-.52, .36] .727 >.999  .02 [-.44, .49] .923 >.999 

Theta (5-8 Hz) 0.22 ± 0.10 -.20 [-.63, .22] .362 >.999  -.15 [-.58, .28] .504 >.999  -.01 [-.47, .45] .959 >.999 

Alpha (9-14 Hz) 0.22 ± 0.11 -.07 [-.37, .51] .062 .250  -.50 [-.27, .59] .017 .067  -.04 [-.51, .42] .853 >.999 

Beta (15-30 Hz) 0.07 ± 0.04 .22 [-.37, .51] .329 >.999  .23 [-.19, .66] .298 >.999  .06 [-.40, .52] .803 >.999 

padj, p-values were adjusted according to Holm’s method for multiple comparisons; n = 8 for coherence values and n = 4 for power values. 
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Göttingen, Göttingen, Germany

An active lifestyle as well as cognitive and physical training (PT) may benefit cognition
by increasing cognitive reserve, but the underlying neurobiological mechanisms of this
reserve capacity are not well understood. To investigate these mechanisms of cognitive
reserve, we focused on electrophysiological correlates of cognitive performance, namely
on an event-related measure of auditory memory and on a measure of global coherence.
Both measures have shown to be sensitive markers for cognition and might therefore
be suitable to investigate potential training- and lifestyle-related changes. Here, we
report on the results of an electrophysiological sub-study that correspond to previously
published behavioral findings. Altogether, 65 older adults with subjective or objective
cognitive impairment and aged 60–88 years were assigned to a 10-week cognitive
(n = 19) or a 10-week PT (n = 21) or to a passive control group (n = 25). In addition,
self-reported lifestyle was assessed at baseline. We did not find an effect of both training
groups on electroencephalography (EEG) measures of auditory memory decay or global
coherence (ps ≥ 0.29) and a more active lifestyle was not associated with improved
global coherence (p = 0.38). Results suggest that a 10-week unimodal cognitive or PT
and an active lifestyle in older adults at risk for dementia are not strongly related to
improvements in electrophysiological correlates of cognition.

Keywords: coherence, lifestyle, dementia, mismatch negativity, cognitive training, physical training,
electrophysiology

Abbreviations: AD, Alzheimer’s disease; ADAS, Alzheimer’s Disease Assessment Scale; ANOVA, analysis of variance;
CT, auditory cognitive training; DMN, default mode network; EEG, electroencephalography; fMRI, functional magnetic
resonance imaging; ISI, interstimulus interval; MCI, mild cognitive impairment; MMN, mismatch negativity; MMSE, Mini-
Mental State Examination; MVGT, Münchner Verbaler Gedächtnistest; PT, physical training; SL, synchronization likelihood;
SOA, stimulus onset asynchrony; WLC, wait-list control; 1MMN, difference score between MMNs to short and to long
ISIs; 1MMN–Dur, index for automatic auditory memory, amplitude difference between the MMN after duration deviant in
the Memory Trace paradigm and Optimum–1 paradigm, higher values indicating better automatic auditory memory or less
pronounced automatic auditory memory decay.
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INTRODUCTION

The number of people with cognitive deficits and
dementia is growing due to increasing life expectancy and
demographic change. Thus, the meaning of the detection
of pathological cognitive decline as well as its prevention
and slowing down became an increasingly important
issue. For decades the assessment of cognitive decline in
healthy aging and in dementia had been mainly based
on neuropsychological data. However, recently surrogate
biomarkers in cerebrospinal fluid and neuroimaging have
evolved. In our recent studies we described two sensitive
electroencephalography (EEG) markers for cognition.
These are resting-state global coherence (Laptinskaya
et al., 2019) and a novel mismatch negativity (MMN)
index for auditory memory decay, namely 1MMN
(Laptinskaya et al., 2018).

Resting-state global coherence cognition was defined as the
coherence over the whole skull at rest in the frequency range
between 4 and 30 Hz. Coherence represents functional coupling
between brain regions or single electrode pairs. A wide range
of studies reported alterations in resting-state EEG coherence
in dementia (e.g., Knott et al., 2000; Stevens et al., 2001;
Adler et al., 2003). The most prominent change is attenuated
coherence in the alpha and beta frequency range in fronto-
parietal and the temporo-parietal coupling (see Babiloni et al.,
2016 for a review). Recent studies suggest that these changes
might already occur in mild cognitive impairment (MCI;
Michels et al., 2017). In line with previous study results
investigating frequency- or region-specific coherence, we found
global coherence to be a sensitive EEG marker for global
cognition (Laptinskaya et al., 2018).

The MMN is one of the most widely investigated ERP
components and is elicited when a presentation that has
been automatically predicted by the central nervous system
is violated (Näätänen et al., 1978, 2011). In an auditory
paradigm the MMN can be evoked when in a sequence of
equal tones a deviant tone is presented. The MMN represents
two, closely linked, processes: auditory discrimination ability
and auditory memory. With increasing interstimulus interval
(ISI, the distance between the standard and the deviant tone)
MMN provides more information on the auditory memory
trace (for a review see Bartha-Doering et al., 2015). Many
previous studies have shown attenuated MMN amplitude,
especially after long ISIs in dementia (Pekkonen et al.,
1994; Schroeder et al., 1995; Papadaniil et al., 2016) as
well as in MCI as a possible prodromal stage of dementia
(Lindín et al., 2013; Ji et al., 2015; Papadaniil et al.,
2016). However, no MMN marker for cognition has been
established yet. This might be due to the fact that the
comparability between study results is difficult because of the
methodological difference, such as different deviant types and
ISI lengths. To address this challenge, we built a difference
score between MMNs after short and after long ISIs. The
difference score (hereafter referred to as 1MMN) takes
individual differences in auditory discrimination ability as well
as auditory memory into account and has been shown to reflect

cognition or even the cognitive decline over a period of 5 years
(Laptinskaya et al., 2018).

Beneath new diagnostic tools for cognition, intervention
methods which are capable to prevent or slow down cognitive
decline are of great clinical and scientific interest. Previous
studies suggest that cognitive and physical activity may benefit
cognition or even delay dementia (Livingston et al., 2020).
Regarding the impact of physical and cognitive activity on
cognition, specific training programs and an active lifestyle
can be distinguished. The last one is often defined as
the number of regularly performed activities. While some
studies reported positive training effects on cognition (e.g.,
Hess et al., 2014; Lampit et al., 2014; Edwards et al.,
2016; Groot et al., 2016), others failed to find beneficial
effects (e.g., Williamson et al., 2009; Barnes et al., 2013).
Training factors such as the combination of cognitive and
physical training (PT) aspects (e.g., Fissler et al., 2013; see
Gheysen et al., 2018 for a review and a recent meta-analysis),
longer training periods, and variability in training tasks (cf.,
Fissler et al., 2013) seem to be important determinants
for training success. Results regarding active lifestyle are
more consistent than results on training interventions: the
majority of studies reported a positive association between an
active lifestyle and cognition. But the comparability between
training and lifestyle studies is limited. Training effects on
cognition often refer to time limited experimental designs. In
contrast, lifestyle cognition studies are associative in nature
and consider longer time periods. Furthermore, lifestyle cannot
be experimentally manipulated. To fill this scientific gap,
we systematically investigated the effects of specific training
programs with lifestyle cognition associations for 10 weeks
in older adults with increased risk of developing dementia
(cf., Küster et al., 2016). We found that persons with a
more active lifestyle showed benefits in cognitive performance
post-training when compared to persons with a less active
lifestyle. In contrast, neither a 10-week auditory cognitive
training (CT) nor a 10-week PT showed beneficial effects on
cognition. We concluded that the lifestyle might be beneficial
for cognition more than the short-term training programs by
higher variability in cognitive demands, enjoyment, fun, and
intrinsic motivation.

Until now the biological mechanisms of positive effects
of cognitive and physical activity on cognition are not well
understood. Understanding the mechanisms of treatment is
decisive to develop individualized treatments that specifically
target brain changes that underlie cognitive symptoms. In the
present study, we examine the association between lifestyle and
changes in EEG markers for cognition as well as the effect
of a 10-week auditory CT and a 10-week PT on the two
EEG parameters. The results might give further insights into
electrophysiological mechanisms which underlie the positive
link between cognitive and physical activity and changes in
cognition. In the long term, this knowledge could be used for
individualized therapies that are based on biomarker profiles
of patients with cognitive impairment. The aim of the present
study was to investigate the association between lifestyle and EEG
markers for cognition. Furthermore, we tested the hypothesis,
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whether specific training programs are suitable to enhance global
cognition and 1MMN.

MATERIALS AND METHODS

Participants
The study was approved by the ethics committees of
both study centers, the University of Konstanz and
Ulm University, Germany. The study was part of a
controlled clinical trial investigating the effect of physical
exercise and auditory CT on cognition as well as on
electrophysiological and biological parameters (Küster
et al., 2016, 2017; Fissler et al., 2017; Laptinskaya et al.,
2018, 2019). Prior to the study, all participants provided
written informed consent. Subjects were recruited in the
Memory Clinic of Ulm University Hospital, Germany
and the Center for Psychiatry Reichenau, Germany, or
via public advertisements. The detailed description of the
inclusion and exclusion criteria can be found in Küster
et al. (2016). In brief, inclusion criteria were: 55 years
of age or older and subjective or objective memory

impairment, fluency in German language, stable anti-
dementia and antidepressant medication, and independent
living. Exclusion criteria were as follows: probable moderate
or severe dementia [Mini Mental State Examination;
MMSE (Folstein et al., 1975) < 20] and history of other
neurologic or psychiatric disorders (except mild to moderate
depression). Furthermore, participants with severe hearing
or visual impairment, and physical impairment which
could restrain the participation in the training programs
were also excluded.

Out of 122 participants who were screened for eligibility,
due to exclusion and drop-outs 65 subjects were included in
the study (for the detailed flow of participants see Figure 1).
Subsequently, the participants were assigned into one of the
three groups: auditory CT (n = 19), PT (n = 21), and wait-
list control (WLC; n = 25). In order to minimize differences in
age, gender, education, and cognitive status (MMSE) between
groups, we used a minimization approach. The investigators
were blind to the subjects’ group allocation. In rare cases
this was not maintained because the participants disclosed
their group assignment during neuropsychological assessment.
Notably, because of drop-outs, the number of evaluated training

FIGURE 1 | Flow chart of participants within study groups. Information written in green refers to 1MMN data and information written in blue refers to global
coherence data. aPre-training, post-training, or both. bFor one subject, the global coherence data for all three time-points (pre, post, follow-up), but no cognitive
data, were available.
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data sets varied for MMN and for coherence analysis (for drop-
out reasons see Figure 1).

According to classification criteria (see Supplementary
Presentation 1) the participants were classified as having
subjective memory impairment (SMI, n = 12), amnestic cognitive
impairment (aMCI, n = 23), non-amnestic cognitive impairment
(naMCI, n = 14), or probable dementia (ADp, n = 5).

Procedure
Four weeks prior to the commencement of the intervention
and within a slot of one or two appointments, details of
sociodemographic, cognitive and lifestyle data, as well as
electrophysiological recordings were collected. Prior to the
beginning of EEG recordings, individual hearing thresholds were
assessed using in-house software PyTuneSounds (Hartmann,
2009). The training or the waiting period started 1–4 weeks after
the pre-training test and lasted 10 weeks. Post-training tests were
carried out 1–4 weeks after the end of the intervention. Potential
long-term effects were examined in follow-up tests 3 months after
the post assessment.

Neuropsychological Assessment
All participants completed the following assessments: the
Alzheimer’s Disease Assessment Scale–cognitive subscale (ADAS;
Ihl and Weyer, 1993), phonemic and semantic word fluency as
well as TMT part A and B of the Consortium to Establish a
Registry for Alzheimer’s Disease–plus test battery, the subtests
digit span and digit-symbol coding of the Wechsler Adult
Intelligence Scale (Tewes, 1991). Furthermore, an adapted
German version of the California Verbal Learning Test [German:
Münchner Verbaler Gedächtnistest [MVGT, Munich Vebal
Memory Test); Ilmberger, 1988] was conducted. Additionally,
everyday cognition in an ecologically valid task was assessed
using the working-memory subtest of the Everyday Cognition
Battery (ECB computation span, Allaire and Marsiske, 1999).
Verbal Knowledge Test (German: Wortschatztest) was used to
assess crystallized abilities.

To reduce multiple testing and thus α-inflation and in
order to assess latent cognitive function scores, a principal
component analysis using the oblique rotation technique was
performed across all participants. Using the Kaiser criterion
(Eigen values ≥ 1.0) two components were extracted. One
component showed high loadings of episodic memory scores,
namely MVGT encoding, MVGT long-delay recall, and ADAS-
free recall. The second component showed high loadings of
attention and executive function scores, i.e., TMT part A and
B, digit span forward and backward, digit-symbol, phonemic
and semantic fluency, and ECB computation span. All variables
were z-standardized and two component scores were built,
one representing memory functions and the one representing
attention and executive functions. The components represent the
weighted average of those z-standardized variables with loadings
of at least aij = 0.40 on the respective component. Additionally, a
global cognition component score was calculated as the average
of the two component scores. A more detailed description of the
principal component analysis can be found in Küster et al. (2016).

EEG Assessment
EEG Recording and Data Processing
The EEG was recorded using a high-density 256-channel
HydroGel Geodesic Sensor Net (HCGSN; Electrical Geodesics,
Inc.; Eugene, OR, United States). During data acquisition Cz
served as reference and the data were sampled with 1,000 Hz.
Resting state EEG as well as MMN EEG were collected in the same
session after neuropsychological assessment, starting with the
resting state EEG recording. During EEG recordings participants
were seated comfortably in an electrically shielded room. To
avoid drowsiness artifacts during resting state EEG, participants
were instructed to keep their eyes open and to fixate on a
chosen mark approximately at eye level on the opposite wall.
Furthermore, to avoid blink and muscle artifacts, the participants
were instructed to relax and to reduce blinking during both EEG
recordings. There was a 5 min break between the recordings.
During MMN EEG recording participants watched silent Charlie
Chaplin videos while auditory stimuli were presented binaurally
through stereo headphones at 50 dB above the individual
hearing threshold. Since the MMN is elicited automatically
without participants’ attention and it is preferable to keep
attention effects low during MMN recording, participants were
instructed to watch the video carefully and not to pay any
attention to the sounds.

After recording the EEG, the data were imported into
MATLAB (version 2015b; The MathWorks, 2015); the FieldTrip
toolbox (version 20151012) was used for preprocessing.

Global EEG Coherence Analyses
Data were bandpass filtered in the range of 1-30 Hz
(24 dB/octave), noisy channels were rejected, and the data
were re-referenced to the average of all channels marked as good.
For a better comparison between assessments, the noisy channels
were compared between recordings and the same channels
were used for coherence analyses for the pre-post (M = 220.65,
SD = 20.76, range: 170–246) and the pre-follow-up comparison
(M = 220.93, SD = 20.88, range: 170–246), respectively. Artifact-
contaminated epochs were manually rejected. To avoid trial
bias, 20 trials were randomly selected from clean epochs for
each subject and assessment. Spectral coherence analyses were
calculated as an index for functional connectivity assuming a
linear coupling in brain activity. Spectral coherence analyses
were applied using the bsmart implementation for MATLAB
(Cui et al., 2008). As an index for global coherence, we calculated
the spectral coherence for all pairs of electrodes and averaged
all values for the 1–30 Hz frequency range as an index for
global coherence.

1MMN Analyses
Procedure and paradigms
We used two different passive MMN paradigms. The paradigm
order was counterbalanced between subjects. The Optimum–
1 paradigm (Näätänen et al., 2004) focuses on auditory
discrimination ability. Stimuli were presented with a constant
SOA of 0.5 s. The Optimum–1 paradigm is suitable to detect
MMN after five deviant types: duration, frequency, intensity,
location, and a gap deviant. The paradigm presents 1,845 stimuli
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in three 5 min blocks. Every second tone was a standard tone.
Thus, the probability for the standard tone was 50% and the
probability for each deviant type was 10%. For the formation of
a standard tone as such, a sequence of 15 standard tones was
presented at the beginning at each block.

The Memory Trace paradigm (in accordance to Grau et al.,
1998) uses long 3 s ISI and was developed to investigate the
auditory memory trace. A total number of 462 stimuli are
presented within three blocks of 6 min each. The same standard
tone, duration and frequency deviant as in the Optimum–1
paradigm were used in the Memory Trace paradigm. As in the
Optimum–1 paradigm 15 standard tones were presented at the
beginning of each block for the standard tone formation. One to
three standard tones were presented between two deviant tones.
The number of standard stimuli and the ISI between standard
tone (0.5, 1.5, or 3 s) were assigned pseudo randomly. The ISI
between standard stimuli and deviant tone was constantly 3 s.
Standard stimuli were presented with 66.2% probability and each
deviant tone with a probability of 16.9%.

Detailed description of the stimuli
The standard tone was a harmonic tone of three sinusoidal
partials of 500, 1,000, and 1,500 Hz with the second partial being
3 dB and the third being 6 dB lower in intensity then the first
partial. The standard tone was 75 ms in duration including 5 ms
rise and fall times. The duration deviant was 50 ms shorter in
comparison to the standard tone. The gap deviant comprised
a 7 ms silent gap (including 1 ms fall and rise times) in the
middle of the tone. One half of all frequency deviants were 10%
higher (partials: 550, 1,100, and 1,650 Hz) and the other half 10%
lower in frequency than the standard tone (partials: 450, 900, and
1,350 Hz). Intensity deviants were 10 dB louder or lower than the
standard tone (50% each). The location deviants had an interaural
time difference of 800 µs to the left or to the right ear (50% each).

MMN analysis
For both paradigms the EEG data were bandpass filtered in
the range of 1–35 Hz (24 dB/octave) and noisy channels were
interpolated using the average method. Artifact-contaminated
epochs were manually rejected. Finally, the data were re-
referenced to the linked mastoids. As the largest MMN is often
assessed at fronto-central EEG electrodes, and the averaging
of electrodes with similar activity has been demonstrated to
show more reliable results than the measure of single separate
electrodes (Huffmeijer et al., 2014), the average voltage at FCz,
Fz, and Cz was computed as mean MMN amplitude for all
further analyses.

The number of averaged trials can influence the signal-
to-noise ratio. Thus, to avoid these confounding effects,
main analyses were repeated by building the 1MMN from
50 randomly selected artifact-free trials for each assessment
and each subject.

Calculation of 1MMN
The difference score 1MMN was defined by subtracting
MMN after long ISI from MMN after short ISI, with higher
values indicating less automatic auditory memory decay (cf.,
Laptinskaya et al., 2018). Thus, for the calculation of 1MMN the

MMN in both Optimum–1 and Memory Trace paradigms needed
to be available. Since no MMN was observed after the frequency
deviant in the Memory Trace paradigm in a previous study
(Laptinskaya et al., 2018), we restricted the 1MMN analyses to
the duration deviant. The dataset of one person was excluded
from analyses, as no Optimum–1 data were available.

Assessment of Lifestyle
For the assessment of lifestyle we used the Community
Healthy Activities Model Program for Seniors (CHAMPS)
Physical Activity Questionnaire for Older Adults (Stewart et al.,
2001). The questionnaire describes 40 daily life activities,
each assigned to a cognitively challenging (e.g., solving
crossword puzzles, reading), physical (e.g., swimming,
running), or social domain (e.g., meeting friends and
family, calls with friends and family).Each activity was
rated by three of the authors (PF, OCK, DL) on a five-point
rating scale from 1 (no demands) to 5 (high demands).
Activities with a rating score above three points were
categorized to the respective domain (see Supplementary
Table 1). Cronbach’s α for authors’ ratings was very good:
αCronbach = 0.92 for physical domain, αCronbach = 0.86 for
cognitive domain, and αCronbach = 0.95 for social domain. The
categorization was validated by ratings of 39 independent
healthy older adults (MMSE ≥ 26, aged 64–90). The
comparison between authors’ and seniors’ ratings revealed
very high correlations for all domains: r = 0.87 for physical
domain, r = 0.89 for cognitive domain, and r = 0.84 for
social domain. If the chosen categories differed between
authors and seniors the classification was adapted to the
seniors’ opinion. Finally, the cognitive domain comprised
14 activities, the physical domain 17 activities, and the
social domain 13 activities. Twelve activities could not
be assigned to any domain because of an overall loading
under three points.

Study participants were asked which typical activities they
perform within a 4-week span. For each domain the number
of performed activities was divided by the number of potential
activities in this domain. Subsequently, the domain values were
averaged and the final average value was regarded as the index for
lifestyle activity.

Training Interventions
Auditory Cognitive Training
As CT we employed the German adapted version of the Brain
Fitness software provided by the Posit Science Corporation
(San Francisco, CA; for more detailed training tasks description
see Küster et al., 2016). It consists of six tasks which target
working memory and auditory processing. Each exercise lasted
approximately 15 min. One training session included four
out of six training tasks and took 1 h in duration. The
training difficulty was automatically adapted according to
the participant’s task performance. Participants were asked to
perform the 1-h session once a day, 5 days per week for
a period of 10 weeks. Thus, the participants completed 50
training hours in total.
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Physical Training
The PT was carried out in groups consisting of 5-10 participants
and involved aerobic, strength, flexibility, coordination, and
balance elements. The training was based on a training program
that has shown positive effects in nursing home residents (Thurm
et al., 2011). Each group met twice a week for a 1-h session over a
period of 10 weeks. The difficulty of the training was adapted by
two instructors. Furthermore, the participants completed three
fixed homework sessions per week of about 20 min each with the
same exercise elements as the main training. Homework sessions
were documented and regularly checked by the instructors. Thus,
in total the participants completed 20 training hours in the group
setting and 10 training hours at home.

Wait-List Control Group
Participants in the WLC were asked to continue their daily
routine as usual. After study participation, we offered them the
participation in one of the training programs.

Statistical Analyses
General Procedure and Descriptive Statistics
All statistical analyses were carried out with R (version 3.2.3; R
Core Team, 2016) in RStudio (RStudio Team, 2015). In group
comparisons, all model residuals were normally distributed
according to the Shapiro-Wilk normality test; therefore,
parametric tests were applied. Baseline group differences in
continuous variables (demographics and outcome measures)
were evaluated with univariate analysis of variance (ANOVA)
models with intervention group (CT, PT, and WCT) as
between group factor. Differences in gender distribution
were analyzed with Pearson’s Chi-square (χ2)-test. Normal
distribution of all models’ residuals was confirmed using the
Shapiro-Wilk test (W statistic) and visual inspection (Q–Q
plots). The statistical significance level (α) was set to 0.05
for all analyses.

Cognitive Progression of the Sample
These analyses were performed in accordance to Küster et al.
(2016, p. 6, 8) and are repeated here to show the cognitive
progression for the sample. The overall cognitive change
was demonstrated for the cognitive component scores as
well as for single test values. For this purpose, comparisons
between post- and pre-training were performed. To adjust
for possible retest effects, we calculated z-values based on
baseline assessment for pre- and for post-training, respectively.
Subsequently, the standardized post-value was subtracted from
the pre-value and 95% confidence intervals were calculated.
Finally, Group (CT vs. WLC and PT vs. WLC) × Time
(pre vs. post) as well as Lifestyle (continuous) × Time
interactions were performed for each cognitive outcome
to test for possible differences in cognitive progression in
dependence on group allocation or lifestyle. Training effects
on cognitive progression were indicated by a significant
Group × Time interaction, while positive associations between
lifestyle and cognitive change were indicated by a significant
Lifestyle × Time interaction.

Lifestyle Global Coherence Association and Training
Effects on Global Coherence
We evaluated the association between active lifestyle and change
in global coherence as well as training effects on global
coherence by employing linear mixed-effects models using
the nlme package 3.1.119 (Pinheiro et al., 2011). The model
included Group (CT vs. WLC and PT vs. WLC) × Time
(pre vs. post) as well as Lifestyle (continuous) × Time
interactions as fixed effects in the same model, and Subject as
random intercept with Global coherence as dependent variable.
Significant Group × Time interactions reflected a training
effect on global coherence, and significant Lifestyle × Time
interactions demonstrated an association between lifestyle and
global coherence. Hedges’ g was calculated by comparing the
difference scores in the auditory cognitive or PT group and the
control group, respectively. As secondary analyses, t-tests were
carried out for pre-post comparison in global cognition for each
group separately.

Nowadays, the most prominent coherence chance has
been reported for the fronto-temporal and fronto-parietal
area. Thus, as supplemental analyses, the same linear mixed-
effects model was used to assess training-induced effects and
lifestyle-associated changes in fronto-temporal and fronto-
parietal coherence.

Training Effect on 1MMN
As for global coherence, to explore training effects on 1MMN,
a linear mixed-effects model was modeled. It was restricted
to Group (CT vs. WLC and PT vs. WLC) × Time (pre vs.
post) as fixed effect with 1MMN as dependent variable because
we focused on the effect of auditory CT on 1MMN and did
not expect a positive effect of PT or a positive association
between lifestyle and 1MMN Significant lifestyle associations
for the period of 10 weeks were revealed by a significant
Lifestyle × Time interaction, while training effects on EEG
indices were indicated by a significant Group × Time interaction.
Hedges’ g was calculated to show effect sizes for the training
programs. Therefore, the z-standardized difference score between
pre- and post-training was built for the two interventions as well
as for the control group. Hedges’ g was calculated by comparing
the difference scores in the auditory cognitive or PT group and
the control group, respectively. Positive effects indicate beneficial
effects of the intervention.

The main analysis was repeated with 1MMN calculated
from constant 50 trials (for rare exceptions see Supplementary
Presentation 1) for each subject.

Again, as secondary analyses, t-tests for paired samples
were performed for pre-post comparisons in 1MMN
within each group.

Follow-up-Assessment
In a final step, all linear mixed-effects models were repeated,
including the follow-up analysis as a third time point in the
model (pre vs. post and pre vs. follow-up) to account for possible
long-lasting training effects.
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TABLE 1 | Baseline characteristics and group comparisons for and between study groups.

Cognitive training (n = 16) Physical training (n = 18) Wait-list control (n = 20) F statistic p

Demographic data

Age (y.) 70.2 ± 5.8 73.7 ± 6.2 70.3 ± 5.5 F(2,51) = 2.11 0.13

Gender (f./m.) 8/8 12/6 10/10 χ2
(2) = 1.35 0.51

Education (y.) 13.3 ± 4.0 14.2 ± 3.0 15.2 ± 3.7 F(2,51) = 1.18 0.32

Cognitive data

MMSE 27.8 ± 2.6 27.8 ± 1.7 28.2 ± 2.2 F(2,51) = 0.14 0.87

SMI/naMCI/aMCI/ADp 3/4/8/1 6/4/7/1 3/6/8/3 χ2
(2) = 3.22 0.78

Global cognition (cs.) 0.08 ± 0.64 0.04 ± 0.62 −0.10 ± 0.82 F(1,52) = 0.61 0.44

Memory (cs.) −0.02 ± 0.83 0.16 ± 0.67 −0.11 ± 0.98 F(1,52) = 0.15 0.70

Attention/executive functions (cs.) 0.19 ± 0.64 −0.08 ± 0.75 −0.08 ± 0.78 F(1,52) = 1.14 0.29

Lifestyle data

Number of reported activities 8.4 ± 3.4 8.7 ± 2.5 9.3 ± 2.5 F(2,49) = 0.39 0.68

Variety of activities 0.27 ± 0.13 0.28 ± 0.09 0.30 ± 0.09 F(2,49) = 0.60 0.55

EEG data

Global coherence 0.36 ± 0.12 0.29 ± 0.18 0.29 ± 0.10 F(2,46) = 1.20 0.31

1MMN −1.26 ± 1.05 −1.46 ± 0.92 −1.33 ± 1.69 F(2,41) = 0.09 0.92

Values are means (M) ± standard deviations (SD).
SMI, subjective memory impairment; naMCI, non-amnestic mild cognitive impairment; aMCI, amnestic mild cognitive impairment; ADp, probable dementia; y., years; f.,
female; m., male; cs., component score. 1MMN, the difference score between MMN for long and for short ISI for duration deviant. The data refer to complete sample
without the exclusion of 1MMN and global coherence missing data (see Figure 1). Data analyses accounting for the missing data did not change the results.

RESULTS

Mismatch Negativity Analysis
The number of trials was left for averaging in the Optimum–1
paradigm as well as in the Memory Trace paradigm can be found
in the Supplementary Material.

Group Comparisons at Baseline
At baseline, the three study groups (CT, PT, and WLC) did not
differ in demographic variables, cognitive data, lifestyle data, and
in EEG parameter (see Table 1).

Cognitive Progression of the Sample
As already shown by Küster et al. (2016, p. 8), no positive
training effects on cognition were found neither for the auditory
cognitive nor for the PT program, ps ≥ 0.08 (see Table 2).
In turn, participants who reported a more active lifestyle had
a significantly better progression in global cognition and in
memory functions over a period of 10 weeks in comparison to
their less active counterparts, ps < 0.01 (see Table 2).

Lifestyle Global Coherence Association
and Training Effects on Global
Coherence
The mixed-effects model comprising Group × Time and
Lifestyle × Time as fixed effects and Subject as random
intercept with Global coherence as dependent variable revealed
no significant associations between lifestyle and global coherence
changes over a period of 10 weeks, F(1,43) = 0.78, p = 0.38 (see
Figure 2). The same model revealed no significant training effects
on global coherence, F(2,43) = 1.13, p = 0.33 (see Figure 3).
Likewise, in comparison to the control group the Hedges’ g was

negative for the cognitive, Hedges’ g = −0.40, 95% CI [−1.14,
0.33], p = 0.29, as well as for the PT, Hedges’ g = −0.32, 95%
CI [−1.01, 0.37], p = 0.34. The secondary analyses did not
show a significant change in global coherence over time within
groups (see Table 3). The supplemental analysis with 1MMN
calculated from a constant number of 50 trials did no change
the main results. The analyses regarding the fronto-parietal
and fronto-tempotal area did not reveal significant training-
induced effects and lifestyle-associated changes in coherence (see
Supplementary Table 2).

Training Effect on 1MMN
Also, for 1MMN no significant auditory CT effect was found,
F(2,39) = 0.10, p = 0.90 (see Figure 3). In comparison to the
control group the auditory CT did not show beneficial impact on
1MMN, Hedges’ g = 0.14, 95% CI [-0.67, 0.95], p = 0.79. The 50
trials’ analyses for 1MMN did not change the results. The t-test
as secondary analysis did not reveal a significant pre-post change
for 1MMN (see Table 3).

Also, the t-test analyses did not reveal significant alterations in
global coherence and 1MMN within the 10-week period in any
of the groups (see Table 3).

Follow-Up-Assessment
No significant relationships between lifestyle and change in global
coherence as well as significant training effects were found after
including the follow-up assessment into the model.

DISCUSSION

This study aimed at investigating the association between an
active lifestyle and changes in global coherence in a sample at-risk
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TABLE 2 | Cognitive changes and group effects on cognition as well as lifestyle cognition associations over time (cf. Küster et al., 2016, p. 8).

Difference post-pre [95% CI] Group × Time Lifestyle × Time

Cognitive training (n = 16) Physical training (n = 18) Wait-list control (n = 20) F statistic p F statistic p

Cognitive measure

Global cognition (cs.) 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 <0.01

Memory (cs.) 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 <0.01

Attention/executive functions (cs.) 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) = 2.27 0.12

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 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 0.40 F (1,48) = 0.79 0.38

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

Phonemic 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 [−1.12, 0.57] F (2,48) = 0.70 0.50 F (1,48) = 0.11 0.74

ECB computation span 0.22 [−0.20, 0.65] 0.19 [−0.22, 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-training within the three groups and 95% confidence intervals in brackets, as well as statistics for Group × Time and Lifestyle × Time
interactions. cs., component score; ADAS, Alzheimer’s Diseases Assessment Scale; MVGT, German adaptation of the California Verbal Learning Test; ECB, Everyday Cognition Battery; TMT, Trail Making
Test (part A and B).
Values are z-standardized on the basis of baseline cognitive assessment.
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FIGURE 2 | Association between active lifestyle and global coherence.
Statistic values refer to the Lifestyle × Time interaction in the
Lifestyle × Time + Group × Time linear mixed-effects model. Arrow bars
indicate standard errors.

for developing dementia. Furthermore, we examined the effects
of a cognitive and a PT program on global coherence and the
effects of auditory CT on 1MMN-Dur as an index for automatic
auditory memory decay.

Lifestyle Association With Global
Coherence
We did not find an association between self-reported lifestyle and
changes in global coherence during a period of 10 weeks in older
adults at risk for developing dementia. Thus, there is no evidence
that global coherence is an underlying mechanism of lifestyle-
related cognitive benefits, which were previously reported by
several studies including our working group. This finding is not

in line with studies reporting positive effects of an enriched
environment on neuronal plasticity in animals (e.g., Fabel and
Kempermann, 2008; for a review see Kramer et al., 2004),
as changes in functional connectivity have been attributed to
neuronal structural and functional changes. Notably, the majority
of studies investigating the effects of an enriched environment on
neuroplasticity reported positive effects for separate areas, while
in the present study global changes in functional connectivity
were considered. Thus, a possible explanation for the discrepancy
in results might be the fact that lifestyle-dependent functional
neuroplasticity takes place in individual brain regions or in
separate frequency bands and is not reflected by a global
coherence score. Finally, the observation period of 10 weeks
might have been too short to show significant effects.

Training Effects on Global Coherence
Contrary to previous results reporting positive training effects
on functional connectivity (Voss et al., 2010; Anguera et al.,
2013; Klados et al., 2016; Zilidou et al., 2018), we did not
find any effects of cognitive or PT interventions on global
coherence. So far, only few studies investigated training impacts
on functional connectivity. Even if the aforementioned results
by previous studies are promising, several methodological
differences in investigation tool (functional magnetic resonance
imaging, EEG), study sample (healthy adults, cognitively
impaired adults), regions of interest (separate regions vs. global
connectivity), and training programs make the comparison of
study results difficult.

One important factor might be the duration of training.
In a functional magnetic resonance imaging study Voss et al.
(2010) investigated the effect of aerobic walking training on
the default mode network in healthy older adults. Interestingly,
the authors reported enhanced coherence in several regions
of the default mode network only after a 12-month training
period, while the effects were not significant after 6 months.
Stronger DMN connectivity was associated with better executive
control after training. Consequently, the training period in the
present study might have been too short to tap functional
neuroplasticity.

In recent years, there is a growing interest in
combined training interventions (e.g., Fissler et al., 2013;

TABLE 3 | Electroencephalography raw data comparisons between pre- and post-training.

n Pre-training Post-training t statistic p

Global coherence

Cognitive Training 14 0.36 ± 0.12 0.35 ± 0.18 t(13) = 0.08 0.93

Physical Training 17 0.29 ± 0.18 0.31 ± 0.17 t(16) = −1.04 0.31

Wait-list control 18 0.29 ± 0.10 0.36 ± 0.14 t(17) = −2.21 0.04

1MMN

Cognitive Training 10 −1.26 ± 1.05 −1.06 ± 0.96 t(9) = −0.45 0.66

Physical Training 16 −1.46 ± 0.92 −1.39 ± 1.19 t(15) = −0.34 0.74

Wait-list control 18 −1.33 ± 1.69 −1.41 ± 1.25 t(17) = 0.16 0.88

Values are means (M) ± standard deviations (SD).
The t-values represent the results of paired samples t-tests.
1MMN, the difference score between MMN for long and for short ISI for duration deviant.
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FIGURE 3 | Training effects on global coherence as well as 1MMN. Statistic values refer to the Group × Time interaction in the Lifestyle × Time + Group × Time
linear mixed-effects model. Arrow bars indicate standard errors.

Herold et al., 2018). Styliadis et al. (2015) found positive
effects on MMSE scores only for the combination of an 8-
week physical and auditory CT and not for interventions of
physical or auditory CT alone. Furthermore, the cognitive
improvement was associated with an elevated power in
delta and theta band activity which has been shown to be
positively associated with neurodegeneration (e.g., Stevens
et al., 2001; Adler et al., 2003; Babiloni et al., 2009). Using
low resolution brain electromagnetic tomography, Klados
et al. (2016) examined the same combined training program
used by Styliadis et al. (2015) on EEG coherence and found
a widespread training induced elevated beta band coherence.
The authors referred training-induced elevation in beta band
activity to enhanced neuroplasticity (Styliadis et al., 2015;
Klados et al., 2016). Enhanced functional connectivity as a
result of neuroplasticity has also been supported by other
authors (e.g., Frantzidis et al., 2014; Zilidou et al., 2018). Oswald
et al. (2006) offer an explanation for the effectiveness of the
combination of physical and auditory CT and conjectured that
physical activity drives neuroplasticity induced by cognitively
demanding activities through improved metabolic processes.
Therefore, the combination of both of the training programs
used in the present study might have yielded significant
effects, especially because Styliadis et al. (2015) and Klados
et al. (2016) used the adapted Greek version of the same
auditory CT program that was applied in the present study.
Furthermore, similarly to the results for lifestyle, it is also
possible that particular brain networks, such as the DMN,
and separate frequency bands, such as the beta band, are
more sensible to training effects than the global scores (cf.,
Klados et al., 2016).

Training Effects on 1MMN-Dur
In contrast to our hypothesis, we did not find significant
auditory CT effects on 1MMN-Dur. We based our expectation
on previous results reporting positive associations between
MMN as an index for automatic discrimination ability and
the persons’ ability to discriminate changes between sounds
or sound sequences. For instance, musicians, who are more
capable to discriminate tones in comparison to non-musicians,
also showed a larger MMN; their automatically elicited
MMN-amplitude was associated with better discrimination
performance. Furthermore, an enhanced MMN has been
shown to be associated with linguistic skills in young subjects
(Tremblay et al., 1997; Kujala et al., 2001; Cheour et al.,
2002). It has to be noted that learning a new instrument
or a new language might be more intrinsically motivating as
exercising an auditory training program. Furthermore, studies
on musicians focused on long lasting exercise periods; therefore
the comparison to the present 10-week training period is
limited. As for the MMN as a marker for linguistic skills,
the corresponding studies have been conducted with children
or very young adults. Even if the human brain has been
shown to stay neuroplastic up to old age (e.g., Gutchess,
2014), neuroplasticity becomes more difficult in advanced
age due to age-associated neuronal changes, for example,
the neuronal atrophy or hemispheric asymmetry reduction
(Oberman and Pascual-Leone, 2013).

While, to our best knowledge, no study exists that investigated
the effects of auditory CT on MMN in the field of cognitive
aging, more research exists for subjects with schizophrenia or
schizophrenia-spectrum illnesses. Persons with schizophrenia-
spectrum illnesses show pronounced cognitive deficits. Similar
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to AD, cognitive deficits in schizophrenia have been shown to
be associated with a decreased MMN (e.g., Hermens et al., 2010)
and furthermore with functional disability (e.g., Hamilton et al.,
2018). Recent studies examined whether auditory training might
improve cognition in subjects with schizophrenia and whether
the positive changes are accompanied by an improved MMN.
In line with the missing training-induced results in the present
study, the authors did not find any positive training effects on
MMN using the adapted version of the same training as applied in
the present study (Kärgel et al., 2016; Biagianti et al., 2017). Some
authors even report an attenuated MMN after auditory training
in schizophrenia patients (Perez et al., 2017).

These results indicate that some other factors than the
auditory training per se might be responsible for the
intervention’s success. In this context, Chandrasekaran and
Kraus (2010) noted that we learn best about things that we care
about, thus the intrinsic motivation, enjoyment, and fun of the
training might be of high relevance (cf. also, Küster et al., 2016).
These factors might be higher for learning a new instrument
or language than for a computer-based relative monotonous
training program. Furthermore, the training duration in the
aforementioned studies ranged between a single 1-h session
(Perez et al., 2017), 2-week training period (Kärgel et al., 2016),
8-week training period (Biagianti et al., 2017), and 10 weeks
of training intervention in the present study. Thus, besides
the training’s contents and motivational aspects, the missing
effect of training in the present study might be explained by the
training’s duration.

STRENGTHS AND LIMITATIONS

Since global coherence is a global marker measured over the
whole skull, it is more reliable as the measure of EEG coherence
for separate pairs of electrodes. 1MMN-Dur as a difference score
between MMN for long and for short interstimulus interval is
a novel EEG marker which takes different auditory processing
aspects into account, such as auditory discrimination ability
as well as the automatic auditory memory trace (Näätänen
et al., 2012) and is correlated with cognitive performance
(Laptinskaya et al., 2018).

Also, the following limitations have to be considered:
in our previous research we found a positive lifestyle
cognition association but no positive training effects on
behavioral measures of cognition. Thus, training-induced
electrophysiological changes might be difficult to detect.
However, other authors reported positive training effects despite
the missing of significant benefits in neuropsychological testing
(cf., Miró-Padilla et al., 2020). Random allocation is the best
method to prevent selection bias. Due to logistic issues, a
randomized allocation to the groups was not feasible. Thus,
we chose the minimization approach in order to control for
bias regarding age, gender, education, and cognitive status
reflected by MMSE. Although, selection bias cannot be excluded,
we assume that it was unlikely: there were no differences
in sociodemographic data, cognition, or EEG parameters

between groups. Finally, the small sample size might be a
further limitation.

In the coherence analyses as a measure for functional
connectivity, the interactions between brain regions are
considered as linear connections, although there are indications
that at least some of the interactions between brain regions
may have a non-linear component (Rombouts et al., 1995). An
often-used non-linear measure for functional connectivity is the
synchronization likelihood (SL). In a magnetoencephalography
study, Gómez et al. (2009) compared the accuracy of coherence as
well as SL to discriminate healthy older adults without cognitive
deficits from subjects with MCI. Interestingly, the authors
reported a better accuracy for the linear coherence measure.
Thus, we assume that coherence analysis is a suitable method to
investigate functional connectivity in the present sample at-risk
for developing AD.

CONCLUSION

In the light of the results of the present study as well as the review
of the previous literature, we conclude that training interventions
focusing on only one training aspect are not very powerful
to generate positive effects on global EEG coherence. Instead,
multimodal interventions taking physical and cognitive as well as
motivational and emotional aspects into account seem to be more
promising. Notably, this sort of intervention is very similar to an
active lifestyle, which has been shown to be related to positive
cognitive change.

Since, the auditory training did not reveal positive effects
on 1MMN-Dur as an index for automatic auditory memory
decay, we suggest that other training parameters such as longer
training periods and more intrinsically motivating as well as
joyful approaches might be more suitable to tap the automatic
auditory memory trace in EEG.
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Classification of Cognitive Groups  

Participants’ cognitive status was classified into four categories: subjective memory impairment 

(SMI), amnestic mild cognitive impairment (aMCI), non-amnestic mild cognitive impairment 

(naMCI), and probable dementia. All participants reported subjective cognitive impairment, which 

was assessed with the question “Do you feel like your memory is getting worse?” (according to 

Geerlings et al., 1999 and Jessen et al., 2010). The evaluation of objective cognitive impairment was 

based on encoding (sum of words of the five learning trials) and long-delay free recall scores of the 

adapted German version of the California Verbal Learning Test (German: Münchner Verbaler 

Gedächtnistest [MVGT, Munich Vebal Memory Test]; Ilmberger, 1988) for memory functions. For 

non-memory cognitive functions the following subtests from the Consortium to Establish a Registry 

for Alzheimer’s Disease–plus (Welsh et al., 1994) were used: Trail Making Test (TMT) part A and B, 

phonematic and semantic word fluency, and Boston Naming Test. Objective cognitive impairment 

was defined as 1.0 SD below the age- and education-adjusted norm. Participants with subjective, but 

no objective impairment were classified as SCI. A participant was classified as aMCI, if at least one of 

the memory tests was below average. naMCI was assigned, if performance in the memory tests was 

average while one of the test scores of the other cognitive domains was below average. Severe 

objective impairment (≤ 2 SD below the norm) in memory and non-memory indicated probable 

dementia. In four of five cases an experienced neurologist or psychiatrist confirmed the diagnosis of 

probable dementia.  
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MMN Analysis 

The following number of trials was left for averaging in the Optimum–1 paradigm (values are means 

± standard deviations): 750 ± 54 for the standard tone as well as 151 ± 12 for the duration deviant in 

the pre-assessment; 728 ± 17 as well as 147 ± 17 trials in the post-assessment; and 740 ± 69 as well as 

147 ± 14 trials in the follow-up-assessment, respectively. In the Memory Trace paradigm, the 

electrophysiological signal after the standard tone was averaged over 83 ± 5 trials and after the 

duration deviant over 66 ± 4 trials in the pre-assessment; over 81 ± 9 after standard tone and over 61 ± 

8 after duration deviant in the post-assessment; and over 87 ± 8 as well as 67 ± 6 in the follow-up-

assessment, respectively. Finally, the data were re-referenced to the linked mastoids. 

Supplementary ΔMMN Analyses  

To avoid confounding effects of the trial number of the averaged trials, main analyses were repeated 

by building the ΔMMN from 50 randomly selected artifact-free trials for each assessment and each 

subject. The trial number of 50 has been shown to provide reliable results in clinical samples (cf., 

Marco-Pallares et al., 2011). In the Memory Trace paradigm, for a few subjects (two in the pre-

assessment, four in the post-assessment, and one in the follow-up-assessment), only a smaller number 

of trials (43-49, and 31 trials for one subject in one assessment) was available. For these participants 

the analyses were repeated with the available number of trials. 
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Supplementary Table 1. Categorization of activities into social, physical, and cognitive domains 

(cf., Küster et al., 2016, additional methods, Table A1). 

 Rating scores   

 Cognitive 

domain 

Social 

domain 

Physical 

domain 

 

%Subjects 
Multidomain activities

a
      

Play basketball, soccer or racquetball 3.7 4.3 5.0  10 
Play singles tennis 3.3 3.7

d
 5.0  6 

Play doubles tennis 3.3 3.3 5.0  0 
Dance 3.3 4.3 4.0  13 
Play cards and board games 4.3 4.7   29 

Visit family or friends 3.3 5.0   81 

Do volunteer work 4.0 4.0   56 

Attend club meetings 3.3 4.7   50 

Attend cultural events 4.0 3.3   62 

Do Yoga or Tai Chi 3.5
d
  3.3  4 

Do aerobic  3.5
d
 4.7  0 

Play golf, with carrying equipment  3.6
d
 3.8

d
  0 

Single domain activities
b
      

Play musical instruments 5.0    10 

Use a computer 4.3    73 

Read 3.7    98 

Do arts and crafts 3.3    38 

Go to the senior center  4.3   25 

Attend church activities  3.3   38 

Jog or run   4.7  21 

Swim moderately or fast   4.7  13 

Skate (ice, roller, in-line)   4.0  2 

Use an aerobic machine   4.3  19 

mailto:daria.laptinskaya@uni-ulm.de
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Do moderate/heavy strength training   4.3  15 

Walk uphill or hike   3.7  46 

Do heavy gardening   3.7  35 

Do water exercise   3.7  19 

Bicycle   3.7  71 

Do heavy work around the house   3.3  50 

Low demand activities
c
      

Play golf, riding in a cart     0 

Shot pool or billiards     2 

Do light work around the house     88 

Do light gardening     50 

Work on machinery     23 

Walk fast or briskly     33 

Walk to do errands     71 

Walk leisurely     62 

Swim gently     21 

Do stretching or flexibility     58 

Do light strength training     23 

General conditioning exercises     25 

Depicted are mean ratings on a five-point rating scale from 1 (no demands) to 5 (high demands), for 

ratings higher than 3. % Subjects = Percentage of subjects who had engaged into the respective activity. 
a
Two and three domains with rating > 3. 

b
One domain with rating > 3. 

c
No domain with rating > 3. 

d
Categorization adapted to senior ratings. 
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Supplementary Table 2. Training and lifestyle-related changes in cognition from pre- to post-training. 

  Difference post-pre [95% CI]  Group × Time  Lifestyle × Time 

Outcome 

coherence measure 

 Cognitive training 

(n = 14) 

 Physical training 

(n = 17) 

 Wait-list control 

(n = 18) 

 F statistic  p  F statistic  p 

Fronto-temporal  0.03 [0.01., 0.06]  0.04 [0.01, 0.07]  0.03 [0.01, 0.05]  F(2,43) = 0.59  0.56  F(1,43) = 0.14  0.72 

Fronto-pariental  0.02 [-0.004, 0.04]  0.04 [0.01, 0.07]  0.04 [0.01, 0.06]  F(2,43) = 1.79  0.18  F(1,43) = 0.49  0.49 

Depicted are the mean differences in global coherence (1-30 Hz) measure for the fronto-temporal and the fronto-temporal region within the three 

groups and 95% confidence intervals in brackets, as well as statistics for Group × Time and Lifestyle × Time interactions. 
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