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Summary  

Pathological alterations of the locus coeruleus (LC)-norepinephrine (NE) system 

occur early in the course of Alzheimer‟s disease (AD), and manifest in poor attention 

and distractibility. Cortical NE is released from the LC nucleus, located within the 

upper dorsolateral pontine tegmentum of the brainstem, and is substantially involved 

in the regulation of attentional processes. This interaction can be summed by the 

Yerkes-Dodson relationship describing that basic tonic LC activity during undirected 

attention is replaced by a short (100-200 ms) phasic LC response after occurrence of 

a novel, motivational relevant stimulus. This adaptation leads to a NE-mediated 

increase in signal processing to appropriate target regions. Effects of the impaired 

allocation of NE on cognitive deficits in AD are subject of extensive research. 

However, before the effectiveness of noradrenergic interventions can be proven, it is 

first necessary to identify behavioural and physiological correlates of NE-deficiency.  

The electrophysiological P3 component and the non-luminance mediated pupil 

dilation response (PDR) are extensively discussed physiological parameters of the 

LC-NE system. Accuracy and reaction time obtained in Attentional blink (AB) and 

Oddball (OB) paradigms represent possible behavioural correlates. Aim of this thesis 

was to evaluate to what extent these non-invasive parameters can be established as 

markers for early NE deficiency in AD. To investigate potential disease-dependent 

alterations, the study included 24 patients with AD and 26 healthy controls (HC). 

Additionally obtained structural measures of LC volumes were used to analyse 

correlations with physiological and behavioural parameters of LC-NE system 

functionality.  

Evaluation of task performances, electrophysiological data and the PDR 

revealed inconclusive outcomes. Accuracies obtained in OB and AB1 paradigms, as 

well as the PDR evoked by the OB paradigm were reliably decreased in early AD 

patients. Evidence for a statistical correlation of OB-accuracies with structural 

dimensions of the LC nucleus was admittedly missing. Previous studies, however, 

demonstrated that the target detection rate was highly associated with LC phasic 

responses. For this reason, it is assumed that the significantly lower OB-accuracy in 

AD patients reflected degenerative alterations of the LC-NE system. These 

conclusions justify the usage of the parameter OB-accuracy as behavioural correlate 

for early NE deficiency in AD.  
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Furthermore, LC volumes did not show robust correlations with AB1-

accuracies in AD patients. But HC demonstrated improved performances in 

association with higher LC intensities and larger LC volumes. This outcome suggests 

that the LC nucleus plays an important role for task performance. It was previously 

shown that tasks requiring stimulus detection, novelty and motivational relevance 

evoke increased activity in the brain region comprising the LC nucleus. These 

attributes can be ascribed to the AB1 paradigm. Based on these considerations it is 

concluded that the measured group difference reflected a malfunctioning LC-NE 

system in the patient group. The AB1-accuracy is therefore advised to be used as 

behavioural marker for NE deficiency in AD.  

The PDR evoked by the OB paradigm represents a physiological parameter 

that was sensitive for disease-related changes of the LC-NE system. The main 

parameter of interest was the entire pupillary deflection from baseline evaluated by 

using statistics correcting for the multiple comparison problem. Additional support for 

this conclusion is provided by significant relationships between PDR and structural 

LC dimensions. The PDR is therefore suggested to be an appropriate correlate for 

NE deficiency in AD patients. 

The remaining investigated parameters were either not sensitive for 

degeneration of the LC-NE system or they indicated ambiguous outcomes. The AB2 

paradigm induced floor effects that give rise to justified doubts about the validity of 

the test results. Based on the present data, it is not possible to evaluate the effects of 

the AD-related NE deficiency on the behavioural parameter AB2-accuracy. 

Performance of the AB1 paradigm failed to generate robust P3 components in both 

groups. The assumption is that the test conditions did not reliably activate the neural 

network that is involved in P3 generation. Some of the discrepancy concerning the 

electrophysiological P3 findings may be due to small statistical power.  

In conclusion, the present study identified three different correlates of NE 

deficiency: OB-accuracy, AB1-accuracy and the PDR evoked by an OB paradigm. 

These markers can support diagnosis and proof the effectiveness of new drugs 

targeting the LC-NE-system. In particular, they provide an important requirement for 

further pharmacological interventions that are based on β-receptor agonists. 

  



1. Introduction 

 

1 

 

1. Introduction 

1.1 Alzheimer’s disease 

The western society shows a continuous increase in life expectancy and there is a 

growing demand of understanding age-associated diseases. One relevant issue is 

formed by neurodegenerative processes which become manifest in neuronal cell 

death, and the reduction or the loss of function. Brain regions involved in cognitive 

functioning are often affected by neurodegeneration and the associated neurological 

symptoms might result in the psychiatric syndrome dementia. An estimated 

prevalence of 47 million people worldwide suffered from dementia in 2015 and 

around 60-70% of all cases represented the neurodegenerative disorder Alzheimer‟s 

disease (AD) (reviewed by World-Health-Organization, 2017). 

 In 1906, it was Alois Alzheimer who first reported the case of a patient, 

Auguste Deter, suffering from memory loss, progressive changes in personality and 

pronounced psychosocial impairment. After performing extensive post mortem brain 

studies, he hypothesized that the disease pattern might be a result of massive 

neuron loss and tiny foci of peculiar substances in the cerebral cortex (Cipriani et al., 

2011). Alzheimer summarized these findings in one independent medical condition 

that later on was named after him.  

 Today, extensive research shed further light on the underlying mechanisms of 

AD. The disease is pathologically characterized by cellular changes within the central 

nervous system that can be detected by in vivo measures around 20 years prior to 

the development of cognitive decline. Accumulations of extracellular β-amyloid 

plaques and intraneuronal formation of abnormal tau tangles are the main cause for 

failed nutrients transfer, and eventually for cell death (H. Braak et al., 2011). These 

degeneration processes structurally and clinically manifest in the hippocampus which 

is, amongst others, involved in memory consolidation (H. Braak & Braak, 1991; 

reviewed by Turkington & Mitchell, 2010). While the disease progresses, the neuron 

loss also affects other brain regions like the amygdala, basal forebrain and the 

neocortex.  

 The extensive decline in neuronal density goes along with distorted functions 

and altered behaviour. Symptoms, however, emerge gradually over a longer time 



1. Introduction 

 

2 

 

period. Alzheimer‟s disease is a progressive disorder that shows various stages 

depending on the level of cognitive decline (clinical criteria) or biomarkers (research 

criteria). The symptomatic predementia phase of AD is characterized by a degree of 

cognitive impairment exceeding age-appropriate decline (Albert et al., 2011). Patients 

demonstrate an objective deficit in one or more cognitive domains, but they largely 

perform their daily life independently. This phase is referred to as mild cognitive 

impairment due to AD (AD-MCI). The primary underlying pathophysiology is AD 

which is corroborated by various biomarkers: the rate of brain atrophy revealed by 

magnetic resonance imaging (MRI), positive amyloid positron emission tomography 

(PET), elevated cerebrospinal fluid (CSF) tau or low CSF β-amyloid (Aβ42). Once the 

progressive cognitive impairment constrains work or daily life, the disease transitions 

from AD-MCI to the dementia phase of AD (AD-dementia) (Albert et al., 2011; 

McKhann et al., 2011). This stage is associated with objective, chronic decline in at 

least two cognitive domains including learning and recall of new information 

(McKhann et al., 2011).   

 While the most obvious cognitive impairment in early AD concerns memory 

formation, in later stages neocortical functions like language, problem-solving, 

executive and visuospatial functions are also affected (reviewed by Perry & Hodges, 

1999). Malfunctioning basic attentional processes, however, might be an underrated 

problem in early AD because it is difficult to detect the accompanying impairments in 

daily life. Many patients appear to have concentration problems or they are easily 

distractible. These symptoms are ascribed to attention deficits developing early in the 

course of the disease and being correlated with the severity of AD-associated 

pathology (Foldi, Lobosco, & Schaefer, 2002). In early AD, attention deficits 

represent the first cognitive indicator of neurodegeneration in neocortical brain 

regions (reviewed by Parasuraman & Haxby, 1993). 

 Attention is a cognitive domain that comprises of many component processes 

ranging from attentional modulation of visual stimuli to shifting spatial attention and to 

detection, filtering and inhibition of environmental stimuli. Although attentional 

focusing appears to be preserved in AD, there is growing evidence for an impaired 

selective attention early in the course of the disease (reviewed by Perry & Hodges, 

1999). Selective attention includes various processes like visual object selection and 

response inhibition. In AD patients, a dysfunction of this attentional domain affects 

the ability to disengage and shift attention to different environmental stimuli with 
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discriminating characteristics like colour or shape (reviewed by Parasuraman & 

Haxby, 1993). These findings are supported by studies showing a decreased 

performance of AD patients in detection and discrimination tasks. It was concluded 

that tasks requiring selective attention are the most sensitive in detecting attentional 

deficits in early AD (Perry, Watson, & Hodges, 2000).  

 Recent studies point to the locus coeruleus-norepinephrine system (LC-NE 

system) as a mediator of selective attentional processes. There is reasonable 

suspicion that pathological alterations of this system induce attention deficits in AD. 

Before reflecting this potential link, it is necessary to get a deeper insight into the 

nature of the LC-NE system itself.  

1.2 The locus coeruleus-norepinephrine system 

1.2.1 Anatomy and neuronal connections of the locus coeruleus 

The locus coeruleus (LC) is a small, tube-like shaped nucleus located deep within the 

upper dorsolateral pontine tegmentum of the brainstem. In humans, the rostrocaudal 

extension of the LC measures approximately 16 mm and comprises around 22000 – 

51000 neurons per hemisphere (e.g. German et al., 1988; Giorgi et al., 2017; Mouton 

et al., 1994). A stereotactic investigation of anatomical hallmarks of the LC did not 

find gender-specific variations of LC dimensions (Fernandes et al., 2012). Due to its 

pigmented appearance resulting from neuromelanin storage, the LC is clearly 

detectable on macroscopic scale. The polymer neuromelanin is formed by oxidation 

of the catecholamine norepinephrine (NE) from its precursor dopamine and has been 

identified as a valid marker for noradrenergic neurons in the LC region (Baker et al., 

1989; Wakamatsu et al., 2015). Within the central nervous system, LC neurons have 

been confirmed as the sole source of cortical NE (Dahlström & Fuxe, 1964; reviewed 

by Foote, Bloom, & Aston-Jones, 1983; reviewed by Moore & Bloom, 1979). A 

schematic overview of the anatomical location of the LC and its efferent NE pathways 

is shown in figure 1. 

 Norepinephrine shows modulatory effects on neurons within the LC and in 

widespread target regions. These effects are mediated via three types of NE 

receptors: α1, β and α2. The first two types are mainly located at the postsynaptic 
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neuron and have both excitatory and inhibitory effects. The group of α2 receptors is 

localized at pre- and postsynaptic neurons and inhibits the signal conduction to the 

postsynaptic neuron. Within the LC nucleus, the most important NE receptors are α2-

receptors (Benarroch, 2009). Therefore, the LC-NE system shows manifold effects 

dependent on the type of NE receptors located in target regions (Del Tredici & Braak, 

2013; Samuels & Szabadi, 2008).  

 

 

 

 

Figure 1. Anatomy and 

efferent pathways of the 

LC-NE system. 

The human LC nucleus is 

bilaterally located in the 

posterior pons and its efferent 

neurons branch to the 

cerebral, cerebellar and 

hippocampal cortices. The 

pigmented appearance of the 

LC results from neuromelanin 

storage. Neuromelanin is a 

polymer accumulating from 

the oxidation of the 

catecholamine NE. The LC 

represents the sole source of 

cortical NE.  

 

The figure was modified from 

Jenkins, Mehta, and Sharp 

(2016). 

 

 Extensive investigation of noradrenergic effects on cortical neurons revealed 

that NE increases the local inhibitory and excitatory signal propagation. At the same 

time NE also suppresses spontaneous activity of these neurons (Aston-Jones & 

Cohen, 2005b; Benarroch, 2009). In this way, NE actively contributes to an enhanced 

“signal-to-noise” ratio and eventually, to improved processing of incoming sensory 

signals (Sara, 2009).  

 Locus coeruleus neurons do not consistently release the same amount of NE; 

they rather adapt the allocation of NE to particular demands. Significant 

environmental stimuli have the potential to trigger NE release. Once the 

neurotransmitter is released into the synaptic cleft, it binds to α2-receptors with the 

LC 

LC 
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effect to inhibit the presynaptic neuron. This autoregulatory inhibition lasts for about 

200-500 ms and in this time frame (“refractory period”) no further action potential is 

propagated (Berridge & Waterhouse, 2003; Nieuwenhuis et al., 2005). 

 Innervation of LC neurons is mediated by various brain regions maintaining 

excitatory connections to the nucleus. Therefore, the firing rate of LC neurons is 

controlled by the amygdala (Del Tredici & Braak, 2013), the orbitofrontal cortex 

(OFC) (Aston-Jones et al., 2002) and the anterior cingulate cortex (ACC) (Aston-

Jones et al., 2002; Del Tredici & Braak, 2013; Rajkowski et al., 2000).  

 The LC nucleus controls the NE concentration in other brain regions via wide 

axonal connections to the cerebral, cerebellar and hippocampal cortices (Foote, 

Bloom, & Aston-Jones, 1983; Moore & Bloom, 1979). The ACC is both a source of 

input to the LC and at the same time also a target region (Gompf et al., 2010). The 

complex interaction between the LC and the distinct brain structures might be an 

important mediator of cognition. Evidence points to a noradrenergic contribution to 

complex cognitive processes like attention, behavioural flexibility, learning as well as 

working memory consolidation and retrieval (Borodovitsyna et al., 2017). 

1.2.2 The locus coeruleus-norepinephrine system and cognition 

Progress in research revealed that the LC-NE system is not only involved in 

increasing arousal and promoting the sleep/wake cycle (Berridge & Waterhouse, 

2003; Devilbiss & Waterhouse, 2004; Waterhouse & Woodward, 1980). Beyond that, 

certain levels of NE contribute to the detection of environmental stimuli by priming 

sensory neurons. Application of pharmacological agents promoting the cortical NE 

supply provided evidence for facilitated processing of visual stimuli in primary 

sensory neurons (Borodovitsyna, Flamini, & Chandler, 2017; Navarra et al., 2017; 

Zitnik, Clark, & Waterhouse, 2014). Experiments with auditory signals (Manunta & 

Edeline, 2004) and those activating the gustatory sense (Heath et al., 2006) also 

demonstrated that NE increased the neuronal sensitivity for relevant information in 

the domain-specific cortical target regions. At the same time, irrelevant information 

processing appears to be inhibited. These results fit in with the previously described 

NE-mediated facilitation of the local “signal-to-noise” ratio that results in improved 

stimulus discrimination (Sara, 2009).  
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 Recently, there are indications that functioning of LC neurons exceeds simple 

sensory processing. If the LC non-specifically enhanced the neuronal sensitivity in 

response to all environmental information, it would be impossible to detect relevant 

stimuli. Therefore, the working mechanism of the LC-NE system is potentially more 

flexible than originally assumed. Two distinct, fundamental modes of information 

processing are involved: tonic and phasic neuronal activity. The tonic mode is 

characterized by a continuous, long-lasting firing pattern that shows variations in 

frequency. In the phasic mode, signal transmission occurs via short activity increases 

that are limited in time. There are some theories that LC neurons hold the ability to 

adapt the neuronal firing mode to individual environmental situations (e.g. reviewed 

by Aston-Jones & Cohen, 2005b). In accordance with these conclusions are studies 

pointing to a correlation between cortical NE concentrations, the firing rate of LC 

neurons and attention.  

 These findings suggest that an adaptive behaviour of the LC activity 

contributes to the selective processing of relevant stimuli. Filtering of incoming 

sensory information is a necessary requirement for the proper functioning of attention 

processes. It involves the inhibition of irrelevant information while simultaneously 

relevant stimuli are focused and processed. The adaptive gain theory explains how 

alterations of LC-NE system activity are correlated to modulated cognitive 

performance.   

1.2.3 The adaptive gain theory 

Previous studies show that the LC-NE system actively regulates sustained and 

flexible attention that exceeds the promotion of simple stimulus processing (reviewed 

by Aston-Jones & Cohen, 2005a; Corbetta, Patel, & Shulman, 2008; Del Tredici & 

Braak, 2013). Presumably, a sort of filter controlled by the LC or its target regions is 

responsible for specific LC responses to relevant information. According to Aston-

Jones and Cohen (2005b) the underlying mechanism of action can be explained by 

the adaptive gain theory. This theory postulates that the adaptation of the LC-NE 

system is implemented by switching the neuronal activity between tonic and phasic 

firing modes.  

 The tonic mode of LC neurons is related to flexible and undirected attention 

while exploring the environment for new tasks. The subject is not focused on a 
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certain behavioural goal, and the LC-NE system functions as an attentional filter that 

is temporary specific and spatially global. Therefore, the subject‟s ability for 

perceiving important stimuli is increased. The tonic mode is associated with basic 

activity of LC neurons that is consistent and does not show single, prominent 

increases in the firing rate. Variations of the firing frequency result in different levels 

of tonic arousal. These levels determine the subject‟s sensitivity for detecting new 

information: intermediate arousal is related to optimized, focused attention while 

higher or lower levels produce less efficient attentive behaviour (reviewed by Aston-

Jones & Cohen, 2005b; Aston-Jones, Rajkowski, & Cohen, 1999). The resulting 

inverted-U relationship between LC activity and optimization of performance is 

represented in figure 2. 

 

 

 

Figure 2. Relationship between tonic LC activity and attention. 

The arousal curve representing the inverted-U relationship between activity of 

LC neurons and performance on a task requiring focused attention. Low levels of 

tonic LC activity are related to a non-alert, inattentive state and result in poor 

cognitive performance. Moderate tonic and prominent phasic firing rates of LC 

neurons optimize the behavioural performance. This state of focused attention 

can be triggered by the occurrence of a motivational relevant target stimulus. 

High levels of tonic LC activity without any phasic bursts cause poor 

performance levels.  

 

Reprinted from Aston-Jones, Rajkowski, and Cohen (1999). 
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 Intermediate tonic arousal increases the probability for a shift in the phasic 

mode to optimize task engagement respectively exploitation of the environment. 

Appearance of a novel, task-relevant stimulus elicits fast, phasic firing rates of LC 

neurons. According to the adaptive gain theory, this mode leads to a NE-mediated 

increase in signal processing to appropriate target regions. As a result, behavioural 

attention increases within 100-200 ms so that the performance is optimized. About 

200-500 ms after stimulus appearance, LC neurons enter the refractory period and 

do not indicate any responsiveness at all. 

 Adaptation of the LC firing mode is controlled by prefrontal brain areas. As 

previously mentioned, the ACC and the OFC maintain neuronal connections to the 

LC nucleus. Both prefrontal structures are highly involved in rating the benefit that 

comes along with fulfilling of a task and accordingly, they selectively innervate LC 

neurons to evoke a certain response (reviewed by Aston-Jones & Cohen, 2005b). 

Thus, the LC-NE system regulates the balance between exploration and exploitation, 

and induces the behaviour which is most appropriate for the individual situation.  

 Human studies (Gilzenrat et al., 2010; reviewed by Nieuwenhuis, Aston-Jones, 

& Cohen, 2005) and those with monkeys (Aston-Jones et al., 1994; Clayton et al., 

2004) support the adaptive gain theory and report a correlation of high performance 

levels with phasic activation of LC neurons. Clayton et al. (2004) investigated the 

impulse activity of monkey LC neurons during performance of a simple discrimination 

task. In accordance with the adaptive gain theory, two modes of LC activity were 

identified. Phasic LC activation preceded both correct and incorrect responses, but 

this pattern was only observed after presentation of task-related stimuli. After 

presentation of stimuli that did not require a response, there was only a slightly 

elevated tonic LC activity without any phasic bursts. Therefore it was concluded that 

the phasic LC response is an important antecedent to optimized performance levels 

in stimulus detection tasks (Clayton et al., 2004).  

 In summary, the LC-NE system integrates attentional processing by controlling 

the sensitivity of target neurons according to the relevance of incoming information. 

This effect is mediated by switching from intermediate tonic activity to phasic LC firing 

in response to the perception of salient stimuli. Bursts of NE released to target 

regions, like hippocampus and prefrontal cortex (PFC), increase the activity of 

excitatory inputs and decrease the activity of inhibitory inputs. As a result, the 
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adaptive LC functionality optimizes the processing of salient stimuli and eventually, 

task performance.  

1.3 The locus coeruleus-norepinephrine system in 

Alzheimer’s disease 

Although episodic memory deficits characterize the first clinical stage of AD, 

attentional deficits are also common or may even precede memory deficits. At an 

early disease stage, this deficit manifests in poor concentration or in easy 

distractibility (reviewed by Perry & Hodges, 1999).  

 A growing number of studies support the hypothesis that alterations in LC-NE 

system functionality contribute to cognitive deficits in AD (Heneka et al., 2010; Kelly 

et al., 2017; Wilson et al., 2013). Evidence for pathological alterations of the LC-NE 

system is provided by structural imaging as well as cythopathological and animal 

studies using models of AD.  

1.3.1 Structural imaging of the locus coeruleus  

Due to the small dimensions of the LC and its location in the dorsal pons of the 

brainstem, structural imaging of the nucleus poses a major challenge. However, there 

are recent attempts to visualize the nucleus by using the neuromelanin stored within 

LC neurons as an endogenous contrast agent. This approach is based on the ability 

of neuromelanin to bind heavy metals such as iron (Trujillo Diaz et al., 2016).  

 The LC is visualized by the adaptation of a T1-weighted turbo spin echo scan 

sequence for MRI which is sensitive to neuromelanin (Keren et al., 2015; Sasaki et 

al., 2006). Using this method, bilateral hyperintense signals were found in those brain 

regions that correspond with areas of higher neuromelanin storage (Keren et al., 

2015; Naidich et al., 2009; Sasaki et al., 2006). An exemplary MRI scan based on 

this method is presented in figure 3A. A recent study showed that a high density of 

intracellular water protons interacting with neuromelanin is the source of the high MR 

signal located in the LC region (Watanabe et al., 2019). However, other 

paramagnetic ions than neuromelanin could also be involved in generation of the 

obtained signal since brain areas with low neuromelanin content have similar MR 
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signals than LC regions (reviewed by Betts, Kirilina, et al., 2019; Cassidy et al., 2019; 

Watanabe et al., 2019).  

 Validating LC images by comparing MR signals with histological samples 

faces some problems. Tissue fixation (Dusek et al., 2019), post mortem redistribution 

of iron (N. Krebs et al., 2014; Shima et al., 1997) and a scanning temperature that 

differs from body temperature (Birkl et al., 2014) are some aspects that could result in 

differences between MR signal and histology (reviewed by Betts, Kirilina, et al., 

2019). A combined approach of histology and post mortem MRI provides further 

insights into the validation of LC imaging. A specific template can be used to 

standardize individual brainstem images while maintaining individual variations in LC 

signal intensity (Keren et al., 2009). The LC hyperintensities obtained by this 

approach are highly correlated with number and location of LC neuromelanin cells in 

post mortem tissue samples (Keren et al., 2015).  

 

 

A 

 

B 

 

Figure 3. Neuromelanin-sensitive MRI scans. 

The images show the pons and midbrain acquired from a healthy control subject (A) and a patient 

with AD (B). The arrows point to hyperintensity areas at locations corresponding to the LC. The small 

circle highlights the region of interest for measuring signal intensity in the LC and the large circle 

indicates the region of interest for the pontine tegmentum. The latter was used to calculate LC 

contrast ratios. In comparison to the control subject, the AD patient shows severely reduced 

hyperintensity areas. Underlying reason for this observation might be the decreased neuromelanin 

content due to neuronal depletion in the course of the disease.  

 

The figure was modified from Takahashi et al. (2015). 
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 Although more research is necessary to understand the processes 

contributing to neuromelanin-driven contrasts, this approach of in vivo LC 

visualization has the potential to support diagnosis and evaluate novel treatments. 

The obtained LC signals are moderately consistent for scan-rescan reliability (Betts 

et al., 2017; Dahl et al., 2019; Langley et al., 2017; Tona et al., 2017) and achieve 

reliability indexes that are similar to those of bigger structures in less susceptible 

brain regions (Tona et al., 2017). Therefore, neuromelanin-sensitive MRI represents 

a promising, non-invasive method to determine structural alterations of the LC 

nucleus related to ageing or neurodegeneration. 

 Since neuromelanin-driven MRI strongly depends on the content of 

intracellular neuromelanin, it is important to keep in mind that neuromelanin 

concentrations stored in LC neurons vary with age (Manaye et al., 1995; Mann & 

Yates, 1974). Younger adults could possibly not have reached the maximum 

neuromelanin concentration, yet. Therefore, neuromelanin does not represent a 

suitable marker for LC imaging in this age cohort (Liu et al., 2019; Manaye et al., 

1995). Older adults show a stagnated rate of neuromelanin accumulation so that the 

obtained hyperintensities potentially correspond to the actual number of LC neurons. 

In the course of further ageing, LC neurons are lost and therefore, the neuromelanin 

content and the obtained LC signal intensity decrease (Liu et al., 2019). These 

variations across the lifespan result in an inverted U-shaped relationship between LC 

signal intensity and age (Shibata et al., 2006).  

 Recently, neuromelanin-sensitive MRI was used to investigate the relationship 

between memory performance and LC integrity. Dahl et al. (2019) reported that older 

participants showed better episodic memory when they had higher LC integrity. 

When comparing these results with data obtained in younger participants, functionally 

relevant age differences were found in the rostral LC. This segment maintains 

important connections to other brain areas that are involved in memory performance. 

It was concluded that the integrity of the LC-NE system represents an important 

aspect of successful cognitive ageing (Dahl et al., 2019).  

 To date, there are only few attempts to use neuromelanin-sensitive MRI 

sequences to detect structural LC changes associated with neurodegenerative 

disorders. Patients suffering from pathological processes that come along with LC 

degeneration (such as Parkinson‟s disease) show decreased LC intensities 
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compared to healthy controls (HC) (reviewed by Liu et al., 2017; Ohtsuka et al., 2013; 

Sasaki et al., 2006).  

 One of the first studies using neuromelanin-sensitive MRI to examine LC 

volumes in patients with AD-MCI and AD-dementia was performed by Takahashi et 

al. (2015). Both patient groups indicated significantly reduced LC contrast ratios in 

comparison with HC. Figure 3B shows the neuromelanin-sensitive MR image 

obtained in an AD patient. This finding is in accordance with AD-related decrease of 

neuromelanin concentration as a result of neuronal loss in the LC. The researchers 

concluded that the parameters used for this measurement can be reliably applied in 

AD research to visualize LC degeneration. Recent studies further investigated the 

complex relationship between neuromelanin-driven MR images and AD pathology. 

The obtained LC contrast ratios are modulated by both CSF amyloid in early AD 

(Betts, Cardenas-Blanco, et al., 2019) and the tau pathology at higher levels of 

amyloid burden (Jacobs et al., 2018). The latter result was demonstrated by using tau 

and amyloid PET.  

 Neuromelanin-sensitive MRI scanning protocols reliably show reduced LC 

intensity ratios in neurodegenerative diseases that are associated with LC neuron 

loss. Because neuromelanin is stored within cell bodies of neurons, this approach 

provides further insights into disease-related changes in cell density, but not in 

synaptic density or in cell activity (reviewed by Betts, Kirilina, et al., 2019). Although 

further research is necessary to conclusively elaborate on pathological alterations in 

AD, there are convincing indications for AD-associated decreased LC volumes in 

patients.   

1.3.2 Cytopathological alterations in Alzheimer’s disease 

Alzheimer‟s disease manifests in manifold cytopathological alterations of the LC-NE 

system. Post mortem studies demonstrated degeneration and decline in neuronal 

density within the LC region of AD patients (Grudzien et al., 2007; Kelly et al., 2017; 

Lyness, Zarow, & Chui, 2003). Stereological estimates reveal 30% loss of total LC 

neurons in AD-MCI and additional 25% loss in AD-dementia (Kelly et al., 2017). 

These observations might be the result of long lasting pathological processes 

beginning many years before the onset of the first clinical AD symptoms.  
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 It is specifically the pathology of the microtubule-associated protein tau that is 

closely related to the loss of LC neurons. In AD patients, the protein is abnormally 

phosphorylated which results in aggregation of neurofibrillary tangles in neuronal cell 

bodies (Bancher et al., 1989; E. Braak, Braak, & Mandelkow, 1994). These tangles 

are hypothesized to be spread to other brain regions via axonal connections 

(Goedert, 2015; Mohamed et al., 2013). Abnormal tau deposits precede the 

degeneration of LC neurons by many years (Giorgi et al., 2017; Theofilas et al., 

2017). H. Braak and Del Tredici (2011) discovered intraneuronal lesions in 

noradrenergic LC neurons in subjects younger than 30 years old. Malfunctioning LC-

derived proximal axons interfere with proper transport of nutrients and could therefore 

be involved in the development of AD (H. Braak et al., 2011). There is evidence for a 

positive correlation between the degree of hyperphosphorylated tau accumulation 

within the LC and the stage of AD (Theofilas et al., 2017). 

 Another study points to a positive relationship between LC neuron loss or NE 

deficiency, respectively, and pathological β-amyloid accumulation in LC projection 

areas like hippocampus and frontal cortex (Heneka et al., 2006). Additionally notable 

were the increased inflammatory processes in these brain regions. This finding 

supports the theory that NE is an essential regulator of inflammation by increasing 

microglial migration and phagocytosis of β-amyloid (reviewed by Feinstein et al., 

2002; reviewed by Giorgi et al., 2019). The reduced supply of NE in LC target regions 

encouraged local inflammation and eventually accumulation of β-amyloid (Heneka et 

al., 2010; Heneka et al., 2006). Based on the complex relationship between NE loss, 

increased inflammation and β-amyloid plaques in LC target regions the researchers 

concluded that LC degeneration plays an essential role in the development of AD 

(Heneka et al., 2006).  

 Further effects of the AD-associated pathology are altered concentrations of 

adrenergic receptors. In fact, the observed changes were rather inconsistent ranging 

from decreased α1 receptor densities in the PFC (Kalaria, 1989), hippocampus and 

cerebellum (Shimohama et al., 1986), to slightly increased α1 binding sites in 

sublayers of the PFC (Szot et al., 2007) and the hippocampus (Szot et al., 2006). 

Increased densities of α2 receptors were found in the PFC (Kalaria et al., 1989), the 

dentate gyrus (Szot et al., 2006) and in microvessels (Kalaria et al., 1989) that are 

innervated by LC neurons (Kalaria, Stockmeier, & Harik, 1989). Gannon et al. (2015) 
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reviewed the diverse AD-related changes in NE receptor concentrations for each 

subtype separately.   

 The described cytopathological alterations suggest that the LC nucleus plays 

an essential key role in the development and expression of AD. To date, there is no 

evidence for the underlying mechanism mediating this observation and the effects on 

specific functional deficits in AD remain unclear.  

1.3.3 The locus coeruleus-norepinephrine system in animal 

models 

Only few studies used animal models to explain the functional consequences of the 

impaired LC-NE system in AD. Established animal models in AD research are 

transgenic mice. They are characterized by overexpression of mutant amyloid 

precursor protein (APP) resulting in the development of extensive β-amyloid 

pathology. Additional AD-like impairment of the LC-NE system is induced by the 

neurotoxin N-(2-chloroethyl)-N-ethyl-bromo-benzylamine, or dsp4, which selectively 

depletes NE in LC neuron terminals. This results in a significant loss of NE in LC 

projection areas. These manipulations come along with enhanced inflammation, β-

amyloid plaque accumulation and mnemonic deficits (Heneka et al., 2006). The 

protecting characteristics of NE are probably based on NE functioning as a positive 

regulator of microglial β-amyloid clearance (Heneka et al., 2010; Jardanhazi-Kurutz 

et al., 2011).  

 To investigate the consequences of selective NE deficiency, Hammerschmidt 

et al. (2013) triggered a further gene manipulation leading to dopamine β-

hydroxylase deficiency in an APP mouse model. In doing so, the NE synthesis was 

interrupted while the LC nucleus itself stayed intact. Double mutant mice showed 

impaired long-term potentiation and spatial memory deficits exceeding the deficits 

observed in single mutant mice. The behavioural deficits were partly reversed by 

treatment with the NE precursor drug L-threo-dihydroxyphenylserine (L-DOPS) 

(Hammerschmidt et al., 2013). The positive effect of increased NE levels on cognition 

was observed in ageing rats (Luo et al., 2015) and in other transgenic mice models of 

AD (Kalinin et al., 2012; Kummer et al., 2014). Although treatment with L-DOPS 

partially restored the memory deficits, it did not affect the β-amyloid deposition 

(Kummer et al., 2014). 
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 Another hallmark of AD, the tau pathology, represents a further target for the 

development of animal models. Tau transgenic mice show mutations that induce 

massive accumulation of hyperphosphorylated tau leading to a deficient assembly of 

microtubules (Bugiani et al., 1999). Iba et al. (2015) unilaterally injected synthetic 

preformed tau fibrils into the LC of tau transgenic mice. This so-called tau-seeding 

approach enabled to investigate the distribution of the tau pathology from the LC 

region to anatomically connected brain areas (Clavaguera et al., 2009). First, they 

discovered that the tau pathology was not only spread to afferent and efferent 

terminals of LC neurons, it was also transneuronally propagated to neurons located 

in widespread LC projection areas like the amygdala and frontal cortex. The resulting 

pathology was closely related to AD, while the un-injected control mice showed fewer 

similarities with AD. The researchers concluded that the tau pathology in the LC 

region is an essential factor for the development of neurodegeneration. Second, after 

six months they found significant cell loss in the LC ipsilateral to the injection site. In 

contrast, neurons were preserved for up to 12 months in the contralateral LC. This 

outcome revealed that the tau pathology was partially cleared as long as the burden 

did not exceed a certain value. Third, the LC-injected mice did not develop tau 

pathology in the hippocampus and entorhinal cortex, which poses a major difference 

to the pathology in early AD patients. The researchers suggested miscellaneous 

explanations for this finding, amongst others: neuronal connections from LC to these 

target regions had degenerated before pathological tau was propagated, other 

structures than the LC were involved in spreading tau to these regions, or the 

propagation of overexpressed tau in transgenic mice or synthetic tau, respectively, 

could differ from that of naturally developed pathological tau in AD (Iba et al., 2015).  

 Ahnaou et al. (2019) replicated this tau-seeding approach in tau transgenic 

mice, but additionally they used multichannel electrodes for recording intracranial 

EEG. In this way they were able to investigate potential alterations in functional 

connectivity as a result of tau pathology. Interestingly, the brain area that had 

previously lacked tau pathology, the hippocampus (Iba et al., 2015), showed robust 

dysfunctional networks. Neuronal activity significantly decreased in the ipsilateral 

hippocampus, while the contralateral hippocampus exhibited increased activity, 

possibly due to compensation. Thus, the tau accumulation in the LC was able to 

cause functional disturbances in brain areas that did not suffer from tau pathology, 

yet (Ahnaou et al., 2019).  
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 To summarize, these findings emphasize the important role of NE for normal 

cognitive functioning. Locus coeruleus degeneration, the accompanying NE deficit 

and the AD-associated pathology directly contribute to neuropathological changes 

and cognitive deficits in AD. Further knowledge of the consequences of LC 

degeneration is crucial for understanding AD and for providing a treatment target. 

Therefore, there is a great demand for identifying behavioural and functional 

correlates that might be utilized as surrogate markers for the functionality of the LC-

NE system in AD patients.  

1.4 Behavioural correlates of locus coeruleus-

norepinephrine system functionality 

To investigate behavioural effects of LC-NE deficiency, it is necessary to identify 

cognitive processes that are highly driven by noradrenergic action. The human brain 

is exposed to a huge load of environmental information. Because not all input can be 

efficiently processed, a selective attention system is required to filter relevant stimuli. 

Study results showed that the LC-NE system plays an important role in the 

modulation of the attention system (adaptive gain theory, reviewed by Aston-Jones & 

Cohen, 2005b).  

 Maintenance of attention and a vigilant state is associated with increased brain 

activity in the PFC, responsible for holding the task demands, and the superior 

parietal cortex (Pardo, Fox, & Raichle, 1991). Modulated NE release to the PFC is 

potentially controlled by the ACC and the OFC, which are both involved in monitoring 

task-related utility (reviewed by Aston-Jones & Cohen, 2005b; Cohen, Botvinick, & 

Carter, 2000; Han, Eaton, & Marois, 2018). These observations are in line with the 

model of a fronto-parietal control network that is essential for working memory and 

attention control. Performance related to the active maintenance of task goals when 

interfering and distracting stimuli occur is highly dependent of the activation of this 

network (Niendam et al., 2012). 

 Pharmacological manipulations in monkeys (Arnsten, Steere, & Hunt, 1996), 

rats (Jentsch, Aarde, & Seu, 2009) and humans (Coull et al., 1999) reveal the 

importance of NE for proper functioning of the fronto-parietal attention network. 

Noradrenergic antagonists reduced the detection rate of salient stimuli, while 
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noradrenergic agonists improved the functional integration of brain systems that are 

involved in attentional processes (Arnsten, Steere, & Hunt, 1996; Coull et al., 1999; 

Jentsch, Aarde, & Seu, 2009). 

 According to the previously described adaptive gain theory (see chapter 1.2.3) 

NE is not released continuously to its target regions. The LC firing mode is rather 

adapted to individual environmental situations (e.g. reviewed by Aston-Jones & 

Cohen, 2005b). The tonic mode of LC neurons is characterized by undirected 

attention. In this mode, the LC functions as a temporary specific and spatially global 

filter for relevant stimuli that are salient in terms of frequency, novelty and 

motivational or emotional relevance (Berridge & Waterhouse, 2003; Sara, 2009). 

Variations of the firing frequency result in different levels of tonic arousal. Only the 

intermediate level optimizes focused attention by increasing the probability of 

switching into the phasic mode (reviewed by Aston-Jones & Cohen, 2005b; Aston-

Jones, Rajkowski, & Cohen, 1999). Phasic activity is related to fast firing rates of LC 

neurons and leads to a NE-mediated increase in signal processing to its target 

regions. In this way, the selective attention for task-related stimuli increases and the 

behavioural performance is optimized (e.g. reviewed by Aston-Jones & Cohen, 

2005b). For more details see chapter 1.2.3 “The adaptive gain theory”.  

 In summary, it is the modulated and flexible release of NE that contributes to 

selective processing of relevant stimuli. This leads to the theory that the LC-NE 

system poses a relevant key component for the regulation of attentional behaviour. 

Therefore, selective attention represents a suitable cognitive domain for investigating 

the functionality of the LC-NE system. Two neuropsychological tasks that potentially 

reflect the working mechanism of the LC-NE system are the “Oddball (OB) paradigm” 

and the “Attentional blink (AB) paradigm” investigated within the context of a rapid 

serial visual presentation (RSVP). Both tasks highly involve the attentional system 

and they require the complex NE-mediated balance between complexity and 

efficiency.  
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1.4.1 Target detection 

Description of the task 

The Oddball (OB) paradigm is a stimulus discrimination task that has been designed 

in different variants so far. A classical task design comprises of two different stimuli 

that are presented in a random order. Characteristically one of those stimuli occurs 

less frequently than the other one and is defined as a target. During the continuously 

on-going stimulus presentation, the participant is required to detect the target, 

typically by pressing a button or by mentally counting (e.g. Kiat, 2018; Polich, 1989; 

Verleger & Berg, 1991). The frequently occurring stimuli (standards) need to be 

ignored. The 2-stimulus variant of the OB paradigm can be extended to a 3-stimulus 

task. In this approach, an additional infrequent non-target stimulus (distractor) is 

presented within the stimulus stream and does not require a reaction. Perception of 

the involved stimuli can be mediated by different sensory systems since experimental 

setups vary across auditory (Cecchi et al., 2015; Polich, 1989; Verleger & Berg, 

1991), visual (Bledowski et al., 2004) or tactile (Bolton & Staines, 2014) stimuli.  

 The low number of targets demanding a participant‟s reaction and the minimal 

response output suggest that the task difficulty is quite low. However, performance of 

the OB paradigm still requires a constant vigilant state and considerable effort is 

necessary since the involved neuronal mechanisms are quite complex. Processing of 

the presented stimuli may induce different neural responses dependent on 

predictability and motivational relevance of the perceived stimulus type. The LC 

neurons fire in a tonic activity pattern while perceiving standard stimuli because they 

appear frequently and are not relevant for fulfilling the task. In this mode, the system 

efficiently scans the stimulus stream for task relevant events. The perception of 

infrequent stimuli (targets and distractors) selectively triggers phasic release of NE to 

LC projection areas for a fast and efficient processing (e.g. Aston-Jones et al., 1994; 

Rajkowski, Kubiak, & Aston-Jones, 1994). Further evaluation of salient stimuli leads 

to optimized behavioural responses by either detecting targets or ignoring distractors.  

Explanation of the oddball effect 

Previous findings show that the visual perception of a novel, unexpected stimulus 

(target) presented within a stream of repeated stimuli subjectively appears to persist 
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for a longer time compared to standards (Pariyadath & Eagleman, 2008; Tse et al., 

2004). There are thoroughly discussed attempts to explain this so-called oddball 

effect. Theories focused on a decreased attention level in response to standard 

presentation as underlying cause (Tse et al., 2004). Continuously repeated standards 

fulfil the expectation of perceiving that certain type of stimulus. To reduce metabolic 

costs, this prediction results in a more efficient neural processing of repeated stimuli 

(Grill-Spector, Henson, & Martin, 2006). This view is in line with a reduced neuronal 

response to repeated stimuli as assessed by cortical brain imaging (Henson & Rugg, 

2003) and EEG (Grill-Spector, Henson, & Martin, 2006). The concept of the adaptive 

gain theory (e.g. reviewed by Aston-Jones & Cohen, 2005b) is consistent with these 

findings. Standard stimuli are not relevant for task performance and therefore, they 

do not address the attention system. The resulting intermediate tonic activity of LC 

neurons functions as a filter for finding the task relevant targets (Berridge & 

Waterhouse, 2003; Sara, 2009). 

 According to the context-updating hypothesis (Donchin, 1981; Donchin & 

Coles, 1988), the working memory system is highly involved in the evaluation of 

incoming stimuli: once a stimulus has entered the processing system, working 

memory compares this stimulus with the previously detected stimuli. In case the 

stimulus is congruent with the prediction, the neural mode of the stimulus 

environment remains stable. When the prediction of an upcoming stimulus 

presentation is violated, as it is the case by perceiving a novel target, the sensory 

processing serves as an alert. Neural activity increases in response to the changed 

environmental circumstances which is indicated by an increased brain activity elicited 

by novel stimuli (Grill-Spector, Henson, & Martin, 2006; Henson & Rugg, 2003). In 

terms of the adaptive gain theory it means that LC neurons temporally switch into the 

phasic firing mode to enhance NE release to brain regions involved in stimulus 

evaluation (e.g. reviewed by Aston-Jones & Cohen, 2005b). Attentional resources are 

shifted towards the appropriate target stimulus and the goal-relevant information is 

updated in accordance with the currently processed target.  

 Eventually, it is the combination of predictive coding and neural adaptation that 

optimizes attention and stimulus processing in a stimulus discrimination task, such as 

the OB paradigm (Desimone & Duncan, 1995; Grill-Spector, Henson, & Martin, 

2006). The flexibility of the LC-NE system enables the neural mode to switch into a 

phasic firing pattern once a target stimulus was perceived. As a result, the sensitivity 
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to changing sensory input is increased so that novel stimuli more likely attract 

attention (Hawkins et al., 1990; Schindel, Rowlands, & Arnold, 2011). This incidence 

explains the occurrence of the oddball effect: the apparently elongated target 

presentation is based on an increased attentional level that is spent on the target in 

comparison with standards.  

Neuronal correlates involved in the oddball paradigm 

Research has been engaged in finding the neuronal correlates that are involved in 

the attentional shift towards salient stimuli. Pardo, Fox, and Raichle (1991) 

investigated the brain activity during performance of a simple stimulus detection task 

requiring sustained attention. Simultaneously, they used the intravenous H2
15O 

technique (Herscovitch, Markham, & Raichle, 1983; Raichle et al., 1983) with a 

positron emission transverse tomograph (PETT VI) system (Yamamoto, Ficke, & Ter-

Pogossian, 1982). This approach measured changes in local tissue radioactivity 

during task performance. The obtained changes were synonymously associated with 

changes in regional blood flow because they were linearly related to each other 

(Pardo, Fox, & Raichle, 1991). The study showed increases in local blood flow in the 

prefrontal and superior parietal cortex. The effect was independent of the sensory 

modality. Other studies also report sensitivity of the PFC to changes in the probability 

of an event (Casey et al., 2001; McCarthy et al., 1997). 

 It is important to distinguish between brain areas involved in visual attention 

modulations (e.g. extrastriate cortex) and the potential sources of such modulation 

(e.g. frontal cortex) (Posner & Driver, 1992). These distinct brain areas were 

activated during performance of a stimulus discrimination task that focused the 

attention on changes in shape, colour and speed of visual stimuli (Corbetta et al., 

1991). Simultaneously, they obtained PETT VI recordings after administration of 

H2
15O as blood flow tracer. The researchers found increased brain activity not only in 

the extrastriate cortex but a.o. also in the ACC, part of the basal ganglia and the right 

lateral frontal cortex. Presumably, the latter brain regions are responsible for 

extrastriate amplifications, which is in line with other studies revealing the importance 

of the ACC for target detection and the preparation of an appropriate response 

(Ardekani et al., 2002; Posner et al., 1988).  

 These study results suggest that frontal and parietal brain regions are 

activated during performance of a stimulus discrimination task. Once a stimulus is 
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detected, both regions fulfil diverse functions: while the more anterior regions, like the 

ACC, are involved in target detection and response preparation, the parietal lobe 

induces the orientation to visual locations (Posner & Driver, 1992; Posner & 

Petersen, 1990).  

The locus coeruleus-norepinephrine system and the oddball paradigm 

Already early in the course of LC research, the LC was proposed to be a major 

regulator of alertness. Animal research showed that NE enhanced the “signal-to-

noise” ratios in sensory neurons. Based on this finding, Servan-Schreiber, Printz, and 

Cohen (1990) developed a “top-down” neural network model which proposed that an 

increased “signal-to-noise” ratio improves signal detection (e.g. reviewed by Berridge 

& Waterhouse, 2003; Sara, 2009).  

 Because direct assessment of LC activity is challenging due to its small 

dimensions and its location in the brainstem, there are only few human studies 

investigating LC activity during performance of a stimulus detection task. However, 

by using functional magnetic resonance imaging (fMRI) it has been demonstrated 

that the brain region comprising the LC nucleus shows increased activity in 

paradigms requiring attention, prediction and stimulus detection (e.g. Kahnt & Tobler, 

2013; Minzenberg et al., 2008; Murphy et al., 2014). Other studies have tested the 

effects of novelty (R. M. Krebs et al., 2013) and motivational relevance (Mohanty et 

al., 2008) on stimulus processing and found target-related increased neuronal activity 

in the LC and its associated projection areas.  

 A recent approach obtained LC activity during performance of an OB paradigm 

containing different types of salient stimuli: novel neutral targets, novel emotional 

targets, and familiar targets (R. M. Krebs et al., 2018). As assessed by fMRI, the 

researchers found a lineally increasing LC activity from standard trials to familiar 

targets, to novel neutral targets and to novel emotional targets. Further analyses 

indicated that, compared to standard stimuli, only both categories of novel targets 

elicited robust LC activity increases. The result was independent of the target 

modalities “neutral” and “emotional”. This finding suggests that it is the relative 

stimulus novelty within an OB task that recruits the LC-NE system, rather than 

emotional saliency, task relevance or contextual novelty (R. M. Krebs et al., 2018).  

 The conclusion is that salient stimuli in an OB paradigm represent an ideal 

trigger for recruiting the LC-NE system. Especially stimulus novelty, as it is 
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characterized by rare targets embedded into frequently occurring standards, elicits 

LC-mediated phasic bursts of NE to its projection areas. Therefore, the OB paradigm 

represents a suitable task to investigate the functionality and degeneration of the LC-

NE system in AD.  

Behavioural correlates reflecting a norepinephrine deficiency  

Parameters obtained during performance of an OB paradigm can be taken as an 

indirect measure of LC-NE system activity. Especially accuracy levels and the 

reaction time (RT) necessary for target identification are of great interest as 

behavioural correlates. Pharmacological manipulations with clonidine, a 

noradrenergic autoreceptor agonist which reduces LC-NE system activity, resulted in 

decreased neuronal responses during performance in an auditory OB paradigm. On 

behavioural level, participants showed decreased performance accuracy with 

simultaneously increased RT after receiving clonidine (Coull et al., 1995; Lovelace, 

Duncan, & Kaye, 1996). This observation is in concordance with animal studies 

reporting correlations of accuracy levels with changing NE concentrations that were 

either natural (Aston-Jones et al., 1994; Usher et al., 1999) or pharmacologically 

induced (Ivanova et al., 1997; Sirvio et al., 1993). Norepinephrine depletion resulted 

in reduced phasic responses of LC neurons and thus, in reduced stimulation of brain 

areas that are involved in target processing. Eventually, both the target detection rate 

and the RT are highly dependent on LC phasic responses (reviewed by 

Nieuwenhuis, Aston-Jones, & Cohen, 2005).  

 Insufficient NE supply to target regions decreases the task-focused 

performance in an OB paradigm; in other words, the insufficiency shows direct impact 

on the behavioural correlates, accuracy and RT. Based on this theory, the previously 

described disturbances of the LC-NE system in AD might also result in altered 

behavioural responses obtained in an OB paradigm. There are only few studies 

reporting behavioural performance results of AD patients.  

 Polich and Corey-Bloom (2005) tested different modalities of OB paradigms in 

AD patients and compared the performance with that of healthy elderly subjects. 

They presented both auditory and visual tasks, each with various difficulty levels. The 

overall effect was that an increased task difficulty came along with increased error 

rates and RT. This correlation was especially evident in the AD group which also 

indicated a significantly lower accuracy and a longer RT compared to HC. Both 
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groups produced lower accuracy and longer RT in the visual task modality than in the 

auditory task. These experiments demonstrated that the OB paradigm produces 

behavioural effects on accuracy and RT that discriminate AD from healthy subjects 

(Polich & Corey-Bloom, 2005).  

This result was further investigated in an auditory OB paradigm by comparing 

the performance of subjects with different stages of AD: AD-MCI and AD-dementia 

(Tsolaki et al., 2017). For both groups, there was a stage-dependent decrease in 

target accuracy: AD-dementia was associated with the lowest accuracy, AD-MCI with 

an intermediate level and controls with the highest level. The RT was significantly 

longer in AD-dementia than in healthy elderly but did not differ in AD-MCI.  

Apparently, both parameters are sensitive to task difficulty and early cognitive 

decline. Accuracy levels and RT obtained in an OB paradigm may thus represent 

behavioural correlates of NE deficiency in AD patients.  

1.4.2 Attentional blink 

A well investigated phenomenon in the human signal processing is the attentional 

blink (AB). It describes a deficit in visual selective attention that occurs when two 

motivational relevant stimuli need to be processed in close temporal proximity. There 

is strong evidence for the involvement of the LC-NE system in the development of the 

AB.  

The rapid serial visual presentation task  

The RSVP task uses alternating visual stimuli at the same position in rapid 

succession (Raymond, Shapiro, & Arnell, 1992). Typically, stimuli are presented with 

an interval of approximately 100 ms. Embedded into these stimuli are two targets that 

are distinguishable from distractors (e.g. two letters amongst digits), and need to be 

selected and processed by the subject. Targets are stimuli that are relevant for 

fulfilling the task while distractors have to be neglected. Below, both targets involved 

in the RSVP are referred to as target 1 (T1) and target 2 (T2). The subject‟s visual 

attention is examined by varying the number of distractors separating both targets: 

lag 1 corresponds to no intervening distractor while lag 2 means one intervening 

distractor, and so on.  
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 Task performance is rated in terms of accuracy rates for correct identification 

of T2 at varying lag categories. While the performance on T1 identification is 

generally relatively accurate, identification of T2 strongly depends on the number of 

intervening distractors. There is a higher accuracy in correctly reporting T2 when the 

presentation of T1 and T2 is separated by a longer time interval (which equals a 

longer lag). However, the accuracy rate of T2 decreases when T2 presentation 

occurs only a few intervening distractors after T1 (Broadbent & Broadbent, 1987; 

Raymond, Shapiro, & Arnell, 1992). The AB occurs most frequently when both 

targets are presented with a temporal distance in the range of 200-500 ms (Jolicoeur, 

1999a). After this time window, the performance of T2 identification gradually 

recovers.  

 Another interesting phenomenon related to the performance of the RSVP task 

is a so-called “lag 1 sparing”. This means that the correct identification of T2 is 

characteristically preserved when there is no intervening distractor between T1 and 

T2. Hence, the name of this effect derives from its temporally specific occurrence at 

lag 1 (Potter et al., 1998).  

 The AB is typically obtained in a RSVP task of sequentially presented 

alphanumerical stimuli, but there are also designs obtaining an AB by using words 

(Luck, Vogel, & Shapiro, 1996), symbols (Chun & Potter, 1995), pictures (Evans & 

Treisman, 2005), auditory (J. Duncan, Martens, & Ward, 1997) or tactile (Hillstrom, 

Shapiro, & Spence, 2002) stimuli. From these findings it can be inferred that the AB 

represents an ubiquitous phenomenon in perceptual attention (reviewed by Martens 

& Wyble, 2010).  

Explanations for the attentional blink 

Though there were many studies investigating at what processing stage the blinked 

target is lost, no definite explanation for the physiological mechanisms has been 

reported, yet. Electrophysiological studies provide strong indications for the AB being 

a post-perceptual deficit (Dux & Marois, 2009). Situations without correct target 

identification reliably elicit EEG potentials that are associated with early perceptual 

(Vogel, Luck, & Shapiro, 1998) and semantic (Luck, Vogel, & Shapiro, 1996; 

Pesciarelli et al., 2007) processing. Presumably, both targets are correctly assessed 

and semantically processed but some dysfunction afterwards prevents the conscious 
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access to the perceived information. One thoroughly discussed theory has been 

emerged to explain this phenomenon.  

 The interference model hypothesizes that a limited-processing capacity is 

involved in the development of the AB (Dux & Marois, 2009; Isaak, Shapiro, & Martin, 

1999; Martens & Wyble, 2010). Processing of both targets leads to a competition for 

limited attentional resources. During task performance an attention filter efficiently 

selects T1 for further processing. The increased attention for T1 binds a high load of 

processing capacity which results in lacking capacities for successful T2 detection. 

Subsequently, conscious identification and storage of T2 is either postponed or 

incorrect (Dell'Acqua, Pascali, et al., 2003; Jolicoeur, 1999b). This effect is only 

observed when the stimulus-onset asynchrony (SOA) is smaller than about 500 ms, 

while the temporal distance of larger SOAs prevents interference from T1. The 

interference model also provides an explanation for the observed “lag 1 sparing”: if 

T2 follows T1 in close temporal proximity at lag 1, processing of T2 appears within 

the attention filter for T1 and can be easily detected.  

 A limited-processing capacity as underlying mechanism for the AB is 

supported by studies using EEG (Martens, Elmallah, et al., 2006) and 

magnetoencephalography (Shapiro et al., 2006). Both techniques identify increased 

potentials associated with attention and working memory, such as the P3 respectively 

M3, in response to successful T1 identification when T2 is missing. The same 

potentials are decreased in response to T2 in AB trials (Martens, Elmallah, et al., 

2006).  

 In summary, the AB poses a deficit in the storage of T2 into working memory 

because the limited processing resources are already used to full capacity by T1 

storage. The attention filter selecting the information being processed by the limited 

resources is controlled by a widespread neuronal system involving the complex LC-

NE system. 

Neuronal correlates of the attentional blink  

Research has been engaged in finding the neuronal correlates that are involved in 

the attentional deficit. Studies using fMRI (Kranczioch et al., 2005; Marcantoni et al., 

2003; Marois, Yi, & Chun, 2004) and EEG (Sergent, Baillet, & Dehaene, 2005) 

provided evidence for a reduced neuronal activity in the ACC, the lateral PFC and the 

posterior parietal cortex when T2 was not identified. These brain regions provide 
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relevant functions for target detection: lateral-frontal regions are related to processing 

and maintenance of goals, posterior-parietal regions are important for target selection 

and occipital regions are responsible for stimulus perception (Hommel et al., 2006). 

Marois and Ivanoff (2005) suggested that the limited processing capacity observed in 

an RSVP stream can be traced back to a fronto-parietal network as neuronal base. 

 Two temporary long-range synchronization networks have been observed: 

brain regions that are involved in stimulus processing in a RSVP stream on the one 

hand and brain regions related to target processing on the other hand (Gross et al., 

2004). Synchronization within these networks was decreased in trials with AB 

compared to trials with correct T2 identification. There are indications that the LC-NE 

system is involved in controlling these networks to optimize attention. 

The locus coeruleus-norepinephrine system mediating the attentional 

blink 

To elaborate how the LC-NE system is involved in the AB, it is necessary to have a 

closer look on the mechanisms regulating the release of NE to according brain 

regions. Alterations between phasic and tonic activity modes of LC cells promote 

selective attention or behavioural flexibility and attentiveness, respectively (Aston-

Jones, Rajkowski, & Cohen, 1999; see also figure 2). This flexible activity pattern of 

the LC poses a potential mechanism explaining the AB (Nieuwenhuis et al., 2005). 

Perception of salient stimuli, such as a target amongst distractors, is facilitated by an 

increased LC activity and subsequent phasic bursts of LC neurons. Those bursts 

augment the release of NE to target areas resulting in an enhanced responsiveness 

to their afferent input (Berridge & Waterhouse, 2003; Nieuwenhuis et al., 2005). In 

this condition the attentional system can correctly process the perceived T1 to 

working memory and eventually, consciousness.  

 However, a neurobiological mechanism limits the benefit of NE for T2 

processing. The underlying reason becomes evident when having a deeper look into 

the adaptive nature of the LC-NE system. The promoting effect of NE bursts to target 

brain areas is temporarily limited to less than 200 ms (Dux & Marois, 2009; 

Nieuwenhuis et al., 2005). As soon as the NE concentration exceeds a certain value, 

an autoinhibitory process of the LC nucleus reduces its activity to subbaseline levels 

(Berridge & Waterhouse, 2003). This refractory period peaks approximately 50-100 

ms after the phasic response of LC activity and lasts up to 200-500 ms after stimulus 
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onset. The temporal characteristics of the refractory period correspond notably well 

with the temporal occurrence of the AB (Usher et al., 1999). During the refractory 

phase the attention system is limited in its response to subsequent targets and in 

recruiting further phasic LC bursts (Papesh & Guevara Pinto, 2019). A second target 

presented during this time period does not benefit from the supportive effect of NE 

which results in an impeded T2 processing.  

 These findings considerably suggest that the LC-NE system plays a crucial 

role in the development of the AB. Adaptation of the activity mode of the LC and the 

corresponding amount of NE release, are significant parameters for successful 

stimulus processing. Therefore, the AB characterizes a suitable paradigm for 

investigating the functionality of the LC-NE system.  

The attentional blink as behavioural correlate for a norepinephrine 

deficiency 

Based on this theory, the previously described degeneration of the LC-NE system 

might result in an altered AB effect in AD patients. Already early in the course of the 

disease patients require more time for letter recognition and show a reduced speed 

of central visual processing (Schlotterer, Moscovitch, & Crapper-McLachlan, 1984). 

This finding is independent of the age-appropriate visual acuity. 

 Peters et al. (2012) investigated the magnitude of the AB during performance 

of a RSVP task in AD patients. Two different task versions were presented to the 

participants: a single target condition and a dual target condition with one 

respectively two targets embedded into a sequence of digit distractors. The distance 

between the two targets, and therefore the task difficulty, varied by the number of 

intervening distractors. Performance in the single target condition did not show 

significant differences between AD patients and the control group. In the dual target 

condition, the patient group presented a more pronounced and prolonged AB effect 

than healthy elderly. The performance in the AD group approximated the 

performance of control subjects as the distance between both targets increased. This 

study provided evidence for a reduced ability to deal with two concurrent targets in 

AD patients. The finding of an elongated AB effect has previously been reported by 

two other studies examining stimulus processing in either a classical RSVP task with 

AD-dementia patients (Kavcic & Duffy, 2003) or a RSVP task requiring visuospatial 

orientation with AD-MCI subjects (Perry & Hodges, 2003). 
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 These studies suggest that pathological disturbances of the LC-NE system, 

like those in AD, possibly exaggerate the deficit in detecting T2 shortly after T1 

appearance (the AB). A potential underlying reason is the decreased release of NE in 

target regions and the resulting limited processing capacity. Presumably, this leads to 

an enhanced inter-target competition in AD patients compared to healthy age-

matched controls and ends up in abnormal temporal dynamics of visual selective 

attention (Kavcic & Duffy, 2003). Therefore, the AB effect is a potential behavioural 

correlate of a dysfunctional LC-NE system in AD patients.  

1.5 Potential measures of locus coeruleus-norepinephrine 

system functionality 

In order to investigate the effects of NE deficiency in AD, it is necessary to identify 

correlates reflecting the functionality of the LC-NE system. Because size and location 

of the LC nucleus impede the direct assessment of neuronal activity, alternative 

methods for assessing brain activity need to be considered. Two non-invasive, 

feasible methods are EEG and pupillary recordings.  

1.5.1 Electroencephalography: the P3 component 

Electroencephalography represents an established tool for understanding 

neurophysiological and pathological processes. Brain activity is assessed by 

electrodes that are placed on different locations on the surface of the scalp. Due to 

the functional organization of the cortex, the detected electrical potentials vary in 

dependence of the location of the recording electrodes. The activity from deep 

sources is too small to be accurately measured by extracranial electrodes. Therefore, 

electrical currents produced within the cerebral cortex are most important for EEG 

recordings (reviewed by Siuly, Li, & Zhang, 2017). 

 To gain useful information about cognitive processes, cortical brain activity is 

measured in response to environmental stimuli. The so-called event-related 

potentials (ERP) are generated when the voltage fluctuations in the EEG are time-

locked to sensory, motor or cognitive events. Event-related potentials are composed 

of a series of peaks that are called components. Electroencephalography data 
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generated in a single trial do not contain the ERP waveform only, but also random 

noise like muscle activity and electromagnetic interference. Further processing steps, 

like averaging and filtering, are required to isolate the signal of interest (reviewed by 

Huang, Chen, & Zhang, 2015; reviewed by Sanei & Chambers, 2007). 

 In comparison with background EEG activity, the ERPs appear rather small 

with voltages in the range from 1-30 µV. For this reason, it is necessary to average a 

large number of ERPs for extracting the signal of interest from the general 

electrophysiological activity. The more trials are included into the averaging, the more 

random noise is filtered out. This approach is based on the assumption that across a 

large number of trials, the ERP remains identical in shape and phase. In contrast, the 

random noise is largely independent of the time-locking stimulus and varies from trial 

to trial. While the averaging process diminishes the noise, a characteristic ERP 

waveform is retained (reviewed by Kamel & Malik, 2014; reviewed by Sanei & 

Chambers, 2007). 

 The nomenclature of the individual components of an ERP complies with two 

different parameters describing the particular voltage deflection: a letter (P, N) 

corresponding to the polarity (positive, negative) and digits representing either the 

latency in milliseconds after stimulus onset or the component‟s ordinal position in the 

waveform. It is assumed that the components occurring within the first 100 ms after 

stimulus onset can be ascribed to physical characteristics of the stimulus like 

intensity and frequency (exogenous components). Components evoked at later 

latencies are attributed to cognitive processes that are induced by stimulus detection 

(endogenous components) (reviewed by Sanei & Chambers, 2007).   

 A well investigated ERP component is the P300 or P3. In psychophysiological 

research, this component has been established as a reliable tool for the detection of 

attentional processes in stimulus detection tasks. There are also strong indications 

for the LC-NE system being involved in the generation of the P3. 

The electrophysiological P3 associated with attention processes 

The occurrence of P3 components has been observed after the conscious detection 

of infrequent, rare and task-relevant events. In young adults, the P3 peak latency 

averages at approximately 300-400 ms after target detection so that it represents the 

third major positive peak in an ERP waveform. The phenomenon was first observed 

by Sutton et al. (1965). They reported that a subject‟s degree of uncertainty with 
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respect to the sensory modality of the presented stimulus modulates ERP 

waveforms. This effect was also generated by the predictability of the sensory 

modality (Sutton et al., 1965) and by an omitted but informative stimulus (Sutton et 

al., 1967). Shortly after, the P3 was elicited in a visual and auditory OB paradigm for 

the first time (Ritter & Vaughan, 1969). The study identified a late positive component 

with a peak around 450 and 550 ms that was associated with the detection of a 

change in stimulating signals and that was only evident after successful target 

identification. This effect was independent of motor responses as the authors proved 

by further variations of their experiments. Investigation of the spatial distribution of 

the P3 component revealed a predominant occurrence over the parieto-central area 

of the scalp (Vaughan & Ritter, 1970).  

 Since then, the OB paradigm has become the most common task for 

investigating the P3 (reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 2005). 

Profound research revealed two subcomponents that may be ascribed to the P3: P3a 

and P3b. The first subcomponent is associated with the detection of rare or alerting 

stimuli in situations demanding focussed attention. Using the terminology of the OB 

paradigm, the P3a is evoked by the discrimination between target/distractor and 

standard stimuli (Pardo, Fox, & Raichle, 1991; Posner, 1992; Posner & Petersen, 

1990). For this reason the P3a is also referred to as “novelty P3” and peaks about 

60-80 ms earlier than the P3b (reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 

2005). Its spatial distribution shows maximum deflections in electrodes covering the 

fronto-central cortex. This observation is in line with a fMRI study reporting frontal 

lobe activity in response to novelty (McCarthy et al., 1997).  

 The P3b subcomponent is elicited by targets demanding event-categorization 

and memory updating of the stimulus representation (Donchin & Coles, 1988; Kok, 

2001). The appearance probability of a task-related event also shows impact on the 

P3b amplitude: less probable events evoke larger amplitudes compared to more 

frequent events. Maximum positive deflections are generated by the parietal cortex 

(Donchin, 1981; Simson, Vaughan, & Ritter, 1977). In neurocognitive research, the 

use of the general term P3 usually addresses the P3b. Therefore, this subcomponent 

is also named the “classic P3”.  

 In summary, it can be assumed that the P3a is related to frontal activations 

while the subsequently emerging P3b is associated with temporal/parietal activations. 

This is in concordance with the thesis that rare stimuli induce top-down attentional 



1. Introduction 

 

31 

 

control and bottom-up memory-driven processes that control response output 

(Debener et al., 2005; Huang, Chen, & Zhang, 2015). When incoming stimuli demand 

attention (both targets and distractors), the P3a-related frontal activity is linked to 

increased activity in the ACC and the subsequent transmission of the novel 

information to hippocampal regions. At this location, the attentional resources 

allocate memory updating and in case of processing target stimuli, the transmission 

of the particular output to the parietal cortex. Thereby, the P3b response can be 

obtained in an EEG. It is important to note that the hippocampus itself is unlikely to 

be directly involved in P3 generation because its electrical potentials cannot be 

measured by scalp electrodes (reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 

2005). Generally speaking, the P3 occurrence is a result of the interaction between 

frontal lobe and hippocampal/temporal-parietal functioning (reviewed by Huang, 

Chen, & Zhang, 2015).  

 Amplitude and latency of the maximum ERP deflection are reliable parameters 

for investigating the P3 component. Amplitudes are associated with the degree of 

allocated cognitive resources and the cognitive performance; P3 latencies potentially 

reflect the speed of information processing and, rather indirectly, cognitive 

performance (van Dinteren et al., 2014). Previous research has shown that the 

amplitude, latency and the scalp topography of the P3 component are modulated by 

parameters that also affect cognition, like learning (Carrión & Bly, 2008) and age 

(Fjell, Walhovd, & Reinvang, 2005). In association with normal ageing, the P3 latency 

progressively increases with 1 to 2 ms/year, the P3 amplitude decreases and the 

spatial topography slightly shifts to frontal areas (Horvath et al., 2018). Since smaller 

P3 amplitudes are related to a decreased task performance, they are suggested to 

represent age-related cognitive decline (Polich, 1996; van Dinteren et al., 2014).  

The P3 generated in the oddball and attentional blink paradigms 

The P3 deflections are modulated by frequency and motivational significance of the 

eliciting stimulus (Kamp & Donchin, 2015; reviewed by Nieuwenhuis, Aston-Jones, & 

Cohen, 2005). For instance, emotionally task-relevant stimuli, both positive and 

negative, evoke larger P3 amplitudes than emotionally neutral events (Keil et al., 

2002). The stimulus modality presented in the paradigm also shows differential 

effects on the P3 deflection. Katayama and Polich (1999) reported that P3 

amplitudes and latencies induced by a 3-stimulus OB paradigm using visual stimuli 
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were larger and longer, respectively, compared to those induced by auditory stimuli. 

Nevertheless, both stimulus modalities activated similar brain regions. Another 

parameter affecting the P3 is the amount of attention attributed to the stimulus. Only 

attended stimuli elicit a robust P3 component, while the same unattended stimuli fail 

to evoke such a response. This effect becomes evident when investigating dual task 

studies (Kok, 2001; Wickens et al., 1983) or AB paradigms (Kranczioch, Debener, & 

Engel, 2003).  

 The study of Vogel, Luck, and Shapiro (1998) used a classic AB paradigm to 

investigate task-related ERPs. Components associated with early perceptual 

processing (P1 and N1) were largely unaffected by the attentional deficit following 

correct T1 identification. In contrast, the P3 component was completely suppressed 

in this time window (Nieuwenhuis et al., 2005). This finding was explained by other 

studies observing P3 components in relation to T1 and T2 detection. Correct 

identification of T2 was related to a robust P3 generation while the unidentified T2 did 

not elicit the P3 component (e.g. Dell'Acqua, Jolicoeur, et al., 2003; Kranczioch, 

Debener, & Engel, 2003; Shapiro et al., 2005). Thus, the conscious perception of 

target stimuli influences the P3 deflection in an AB paradigm. But also the distance 

between both targets shows significant effects: a shorter temporal distance between 

T1 and T2 presentation is associated with a decreased P3 amplitude (Luck, 1998).  

 Additionally, P3 latencies shed light on the neural processing of targets in an 

AB paradigm. Martens, Munneke, et al. (2006) investigated the ERPs measured in 

„blinkers‟ (showing a strong AB) and „non-blinkers‟, separately. In comparison with 

the group of blinkers, non-blinkers indicated shorter P3 latencies after successful T1 

and T2 detection. This result points to a quicker consolidation process in the non-

blinker group which provides evidence for the P3 latency being a promising correlate 

of target processing.  

 Manifold studies showed that the electrophysiological P3 component poses a 

reliable physiological correlate of the processing of environmental events. Amplitude 

and latency of the P3 are modulated by different parameters like target frequency, 

relevance and the degree of cognitive demand necessary for task performance. 

These effects are evident in OB and AB paradigms. Therefore, the P3 represents a 

promising parameter for investigating target processing in both tasks.  



1. Introduction 

 

33 

 

Role of the locus coeruleus-norepinephrine system in P3 generation  

To investigate the cognitive consequences of an AD-related NE deficiency, it is 

necessary to identify functional correlates of the LC-NE system. Evidence suggests 

that the electrophysiological P3 is a result of phasic bursts of NE in response to 

stimulus evaluation and decision making (reviewed by Nieuwenhuis, Aston-Jones, & 

Cohen, 2005). Similar antecedent conditions point to a correlation between P3 

components and LC phasic responses. Both responses are closely related to 

motivational or emotional significance of an environmental stimulus (Berridge & 

Waterhouse, 2003; reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 2005). 

Furthermore, the target probability shows direct modulatory effects on the P3 

amplitude and the magnitude of LC responses: lower probability corresponds with 

both larger P3 amplitude and larger LC neuron firing (Alexinsky et al., 1990).  

  These findings are integrated in the LC-P3 hypothesis stating that phasic 

activity of LC neurons and the subsequent release of NE play a decisive role in 

generating the P3. Evidence derived from neurophysiological research demonstrates 

that NE target regions are largely consistent with brain areas involved in P3 

generation (reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 2005). But there are 

also similarities between the temporal frame of the LC response and the time course 

of the typical P3 latency (300-550 ms): phasic neuron activity (equals approximately 

150-200 ms poststimulus) plus NE physiological effects (equals approximately 150 

ms postdischarge) plus the slow signal transmission velocity of NE fibers (Aston-

Jones, Segal, & Bloom, 1980; Berridge & Waterhouse, 2003; Foote, Bloom, & Aston-

Jones, 1983; reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 2005).  

 The LC-P3 hypothesis is also corroborated by psychopharmacological studies 

using drugs that affect LC activity. One commonly used agent is clonidine, a 

noradrenergic autoreceptor agonist, which decreases the LC firing rate and thereby 

reduces NE release to target regions. Depending on the presentation modality of the 

OB paradigm, inconsistent effects were reported. Decreased P3 areas or amplitudes, 

respectively, were detected using an auditory OB design in animals (Swick, Pineda, 

& Foote, 1994) and in humans (Brown et al., 2015; C. C. Duncan & Kaye, 1987; 

Joseph & Sitaram, 1989; Lovelace, Duncan, & Kaye, 1996). In contrast, the area and 

amplitude of the P3 component remained stable when elicited by visual OB stimuli in 

animals (Pineda & Swick, 1992) and humans (Lovelace, Duncan, & Kaye, 1996). The 
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effect of this modality asymmetry, however, is not robust since Halliday et al. (1994) 

demonstrated a decreased visual P3 component after clonidine treatment. 

 Lesion studies with monkeys (Pineda, Foote, & Neville, 1989) and rats (Ehlers 

& Chaplin, 1992) during performance of OB tasks provided further evidence for a 

reduced P3 potential as a result of LC neuron damage and NE reduction, 

respectively. The lesions did not affect the levels of dopamine or serotonin. Early 

ERPs associated with sensory processing did not indicate decreased deflections; 

they were rather increased on cortical level. These findings suggest that the LC-NE 

system specifically regulates neuronal processes that contribute to the 

electrophysiological P3 component.  

 There are only few studies investigating the correlation between the LC-P3 

hypothesis and the AB. As explained previously, the activation dynamics of the LC-

NE system and the subsequent refractory period after T1 detection correspond to the 

temporal profile of the behavioural attentional deficit (200-500 ms after T1). Since the 

P3 is suggested to pose an electrophysiological correlate of the LC-NE system, it is 

hypothesized that the occurrence of the P3 component and the AB show a similar 

temporal pattern. This assumption was confirmed for both targets: while the detection 

of T1 elicits a robust P3 (McArthur, Budd, & Michie, 1999), T2 presented during the 

AB fails to evoke a P3 (Vogel, Luck, & Shapiro, 1998). The latter effect is only 

observed for T2 stimuli that were not correctly identified; consciously detected T2 

stimuli elicited normal P3 responses (Rolke et al., 2001). These results indicate that 

the refractory period of LC neurons and the subsequent decreased NE supply to 

target areas lead to the absence of a subsequent P3 component. Thus, the neuronal 

refractory period provokes a complementary refractory period in P3 elicitation 

(reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 2005). Correct T2 detection at lag 

1 does not generate a robust P3, although the performance is often preserved (“lag 1 

sparing”)  (Kranczioch, Debener, & Engel, 2003). According to Nieuwenhuis et al. 

(2005), this phenomenon might be explained by a benefit from remaining NE 

concentrations associated with T1 processing. While it shows positive effects on the 

behavioural accuracy for T2, the refractory period of LC neurons inhibits the 

generation of a second P3.  

 To summarize the results, the electrophysiological P3 is triggered by attention 

demanding processes that are controlled by the LC-NE system. Several studies 

showed that manipulated NE concentrations directly affect the occurrence of the P3 
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component. Based on these results, the P3 may be regarded as a non-invasive, 

physiological correlate of the LC activity. The combined use of attention tasks 

recruiting the LC-NE system and the electrophysiological P3 provide a promising 

approach for investigating the cognitive consequences of NE deficiency in AD.  

The electrophysiological P3 in Alzheimer’s disease 

With respect to the demonstrated noradrenergic contribution to P3 generation and 

the previously described altered LC-NE system related to AD pathology, it can be 

hypothesized that AD patients produce altered P3 components compared to healthy 

elderly. A number of studies investigated this theory. Cecchi et al. (2015) used an 

auditory OB paradigm to elicit P3 components in patients with mild AD. The patient 

group exhibited lower P3 amplitudes and longer latencies compared to healthy age-

matched controls. Follow-up analyses of the midline electrodes revealed that the 

disease-related changes were most prominent at central and parietal electrodes. 

These physiological alterations were accompanied by lower accuracy in target 

detection and longer RT. Other studies testing an auditory (Hedges et al., 2016; Lai 

et al., 2010; reviewed by Morrison et al., 2018) or visual (Parra et al., 2012) OB 

paradigm confirmed the results of the decreased amplitude and the longer latency of 

the P3 component in AD patients.  

 The separate analysis of patients with AD-MCI and AD-dementia sheds light 

on the progressive development of AD-related changes. Subjects with AD-MCI show 

prolonged P3 latencies compared to healthy controls, but still shorter latencies 

compared to AD-dementia patients (Horvath et al., 2018; Morrison et al., 2018). 

Thus, the stage of neurodegeneration in AD was correlated with P3 latencies. A 

meta-study confirmed these results for the P3 amplitude which appears larger in AD-

MCI compared to AD-dementia (Jiang et al., 2015). Therefore, the P3 component 

poses a reliable parameter for differentiating between symptomatic states of AD and 

for predicting the progression from AD-MCI to AD-dementia (Morrison et al., 2018). 

Especially the P3 latency appears to represent a sensitive correlate of the patient‟s 

cognitive abilities (Lai et al., 2010; Morrison et al., 2018) and attention deficits (Lee et 

al., 2013). These findings suggest that the electrophysiological P3 might be a reliable 

marker for detecting (preclinical) impaired attentional functioning in AD patients (Lee 

et al., 2013; Parra et al., 2012).   
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 Event-related potential data show significant changes in AD patients that are 

consistent with cognitive deficits in memory and attention. This can be related to the 

disease-associated degeneration of brain areas that are relevant for P3 generation, 

such as parietal and frontal cortex, and hippocampus. However, it remains unclear to 

what extent the substantial alterations of the LC-NE system contribute to these 

effects. Studies investigating a potential correlation between the noradrenergic 

deficiency in AD and alterations of the P3 occurrence are still missing so that 

conclusive remarks are not possible.  

1.5.2 Pupil dilation response   

The pupil size is controlled by the autonomic nervous system with reciprocal 

innervations of sympathetic and parasympathetic neurons (reviewed by Beatty & 

Lucero-Wagoner, 2000). This complex interaction enlarges the pupil by directly 

stimulating the dilator muscles (sympathetic pathway) and by inhibiting the Edinger-

Westphal complex to relax the sphincter muscles (parasympathetic pathway). 

Alterations of the pupil size can be elicited by different parameters like changes in 

environmental luminance, accommodation of the lens and sensory stimuli such as 

pain (reviewed by Beatty & Lucero-Wagoner, 2000).  

 There is evidence for an indirect noradrenergic control of the pupil size 

mediated via the sympathetic pathway in dimly lit environments (Szabadi, 2013). The 

LC-NE system effectively adapts the pupil size (Samuels & Szabadi, 2008) while it 

also plays a crucial role in mediating attentional processes (Aston-Jones & Cohen, 

2005a, 2005b). Pupil sizes acquired in a dimly lit environment and associated with 

attention demanding stimuli might represent reliable physiological correlate for the 

LC-NE system.  

The pupil dilation response associated with attention processes  

The occurrence of motivational relevant events is associated with the so-called 

orienting response comprising a set of autonomic, physiological changes like a rise in 

skin conductance or a transient change in heart rate (Nieuwenhuis, De Geus, & 

Aston‐Jones, 2011). Another well-established orienting response is the temporary 

dilation of the pupils which is often discussed in the context of the 

electrophysiological P3. Both parameters are elicited by the same environmental 
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stimuli, so it stands to reason that they involve the same or similar neurocognitive 

processes (Kamp & Donchin, 2015).  

 Pupil dilation in response to environmental stimuli may provide significant 

information about the occurrence and timing of attentional processes in the human 

brain. The parameters amplitude and latency are important parameters for 

investigating the pupil dilation response (PDR). As it was observed for the P3, the 

PDR is sensitive for stimulus novelty. An early study investigated the effects of an 

auditory OB paradigm on the pupil size (Qiyuan et al., 1985). The event-related PDR 

to both targets and standards was inversely proportional to their probability. In 

multimodal task designs recording pupil diameter and EEG simultaneously an inverse 

relationship between target probability and the PDR amplitude respectively P3 

amplitude was found (Friedman et al., 1973; Steinhauer & Hakerem, 1992). The 

maximum pupil dilation occurred 1000-2000 ms after stimulus onset. More recent 

studies confirmed that the PDR is elicited by infrequent events in OB paradigms 

(Gilzenrat et al., 2010; Murphy et al., 2011). 

 Other studies investigated the PDR during performance of an AB paradigm. 

The effort necessary for processing T1 influences the accuracy of processing T2 (the 

AB phenomenon). This effect is mirrored in the pupil size which varies as a function 

of task-induced mental effort (Alnæs et al., 2014; Porter, Troscianko, & Gilchrist, 

2007; van Rijn et al., 2012; Wolff et al., 2015). By applying statistical models Wierda 

et al. (2012) and Zylberberg, Oliva, and Sigman (2012) estimated the load of mental 

effort that is necessary to consciously perceive both targets in an AB paradigm. The 

PDR showed that the more effort was invested in T1 processing, the lower were the 

accuracy and the PDR for T2. Additionally, they found a larger PDR at lag 1 

compared to later lags. This effect might be elicited by the competition of two 

successive targets for processing capacity. Alternatively, it represents an indicator for 

the cost of temporal integration of two successive targets (Wolff et al., 2015). Another 

study investigated the temporal dynamics of “lag 1 sparing” in AB paradigms. Wolff et 

al. (2015) demonstrated that an increased PDR after correctly identifying two 

successive targets might be due to the enhanced mental effort that was necessary to 

recruit a sufficient amount of processing capacities. Thus, the more mental effort is 

necessary to complete a task, the larger appears to be the PDR.  

 Although the electrophysiological P3 and the PDR often co-occur and show 

similar eliciting parameters, there are inconsistent results whether they correlate with 
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each other: while Friedman et al. (1973) reported a relationship between both 

parameters, there was no evidence for a correlation in the studies conducted by 

Murphy et al. (2011) and Kamp and Donchin (2015). The authors suggested that 

both parameters are associated with distinct functions since the PDR appears to be 

more closely linked to responding and the P3 is associated with stimulus evaluation 

(Kamp & Donchin, 2015).  

 These findings show that the PDR provides reliable information about 

attentional processes. The PDR is sensitive to novelty, motivational relevance and 

mental effort, and is most often elicited in OB paradigms. The LC-NE system might 

play a regulatory role in the adaptation of attention-dependent pupil sizes.  

Role of the locus coeruleus-norepinephrine system in the pupil dilation 

response 

Although LC neurons do not directly innervate pupil muscles, growing evidence 

points to the LC-NE system as potential regulator of event-related PDRs (Murphy et 

al., 2014). This suggestion is based on single-cell recordings in animals. The pupil 

diameter significantly correlated with the monkey LC tonic activity and the 

behavioural performance (Joshi et al., 2016; Rajkowski, 1993).  Another animal study 

demonstrated a strong relationship between non-luminance mediated variations in 

pupil size and cortical arousal state (McGinley et al., 2015). Given the evidence 

derived from animal studies, the phasic arousal of LC neurons might be measured in 

terms of the PDR.  

 Studies investigating human subjects reliably confirmed these results (Aston-

Jones & Cohen, 2005b; Gilzenrat et al., 2010; Jepma & Nieuwenhuis, 2011). The 

adaptive gain theory postulates that good performance is related to intermediate 

tonic LC activity with phasic bursts in response to infrequent, relevant stimuli. Poor 

performance and distractibility are associated with high tonic and low phasic LC 

activity. This activity pattern is also reflected by pupil sizes which show intermediate 

baseline (tonic) diameters and large phasic PDRs in correlation with optimized 

performances (Kamp & Donchin, 2015). Thereby, baseline pupil sizes and 

behavioural performance appear in a strong inverted U-relationship (Gilzenrat et al., 

2010; Murphy et al., 2011). This finding suggests that the PDR reflects the pure 

phasic LC activity when the baseline pupil diameter is subtracted from the signal.  
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 Further evidence for a correlation between LC-NE system activity and the 

PDR was obtained by pharmacological manipulations. The agent modafinil is a 

psychostimulant that inhibits NE transporters and results in increased synaptic NE, 

consistent with enhanced phasic LC responses. In contrast, clonidine is a 

noradrenergic autoreceptor agonist which presumably reduces NE release by binding 

the inhibiting α2-receptors. Hou et al. (2005) used both pharmacological agents in 

human subjects and found augmented LC-mediated pupil dilation in response to 

modafinil while the pupil diameter was reduced after clonidine. The researcher 

concluded that increased pupil diameters might be associated with enhanced activity 

of the LC-NE system (Minzenberg et al., 2008).  

 One of the first human studies directly assessing the functional relationship of 

the LC-NE system with pupil sizes was reported by Murphy et al. (2014). During the 

performance of a 2-stimulus OB task the participants‟ brain activity was assessed 

using combined pupillometry and fMRI. The result was a strong positive correlation 

between target-induced LC activity as demonstrated by the blood-oxygen-level-

dependent (BOLD)-contrast and the PDR. This outcome was confirmed by a recent 

study which additionally showed that fluctuations of LC responses are robustly 

coupled to fluctuations in the PDR amplitude (de Gee et al., 2017). Typically, the 

pupillary responses are measured in terms of dilation amplitude and latency. The 

maximum amplitude is suggested to represent the proportion of NE release 

(reviewed by Beatty & Lucero-Wagoner, 2000), while the baseline pupil diameter is 

associated with tonic LC activity (Gilzenrat et al., 2010; Rajkowski, 1993).  

 These study results provide substantial evidence for an attention-related 

noradrenergic modulation of the pupil diameter. Pharmacological manipulations of 

the NE availability and environmental conditions associated with increased LC-NE 

activity show noradrenergic effects on the PDR. In conclusion, the PDR obtained 

during performance of an OB paradigm might be used as a reliable, non-invasive 

marker of LC-NE system activity and potentially, noradrenergic deficiency.  

The pupil dilation response in Alzheimer’s disease 

As described above, pupillary responses obtained during attention-demanding tasks 

are linked to the functioning of the LC. Early degenerative changes of the LC-NE 

system in AD might therefore result in altered PDRs in patients. To date, only one 

study investigated the effects of NE deficiency on the PDR. Dragan et al. (2017) 
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obtained the rates of changes in pupil size due to stimulus onset (pupil response 

velocity) in subjects at risk for developing AD, patients with AD and HC. To elicit the 

pupillary response, all participants performed a cognitive task requiring goal-directed 

search and memory. The study showed that memory effects were reflected by 

pupillary responses, but only in healthy participants. Stimulus onset elicited a general 

pupillary response that decreased with age and, in particular, with AD-related 

cognitive impairment. The researchers proposed that the observed pupillary changes 

were mediated by the LC system. However, it is important to note that a small sample 

size (n=9) was included in the group of early AD patients (Dragan et al., 2017).  

 Although this study investigated pupil sizes in response to mnemonic 

processes rather than attention, this result provides important information about the 

general context of mental effort. Several studies suggest that pupillary responses that 

are modulated by mental effort might be used as a correlate for cognitive decline 

even before the task performance is affected (Ahern & Beatty, 1979; Beatty, 1982; 

Granholm et al., 1996; van Der Meer et al., 2010). An increasing pupil diameter is 

linked to increasing cognitive demands and inversely related to individual cognitive 

abilities. From this it follows that subjects with cognitive deficits show larger PDRs 

and maintained performance which probably reflects compensatory effort (Granholm 

et al., 1996; Granholm et al., 2017). Decreased pupil diameters and a poor task 

performance are the result of exceeding compensatory capacities. The latter thesis is 

in line with the study reporting decreased pupillary responses and performance in AD 

patients (Dragan et al., 2017). 

 Based on these findings Granholm et al. (2017) investigated the PDR during a 

digit span task in AD-MCI patients indicating different stages of cognitive impairment. 

As predicted, the PDR differentiated the AD-MCI group from control subjects. 

Patients with moderate cognitive impairment showed larger PDRs while maintaining 

the same performance as the HC group. The task-induced increased pupil diameter 

possibly reflects the compensatory effort that was necessary to achieve the same 

performance as healthy subjects. This effect was limited to low and moderate levels 

of cognitive load. At high processing loads, pupil diameters decreased in those 

subjects that exceeded the limit of individual cognitive capacities. Patients with 

severe cognitive impairments presumably did not modulate resource allocation 

according to processing load as it is indicated by decreased PDRs and poor 

performances. So this group could have exceeded their capacities to compensate the 
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cognitive deficit. The authors proposed that this finding probably represents 

dysfunctions in the LC-NE system and related brain areas that are involved in 

cognitive effort allocation.  

 The investigated relationship between pupil size and modulatory actions of the 

LC-NE system on the one hand, and the early degeneration of the LC-NE system in 

AD on the other hand, suggest that the PDR might be used as a correlate for 

noradrenergic dysfunctions. However, to date no study with AD patients investigated 

the PDR during performance of attention tasks, such as the OB paradigm, and 

showed the direct relationship of the disease-associated LC degeneration and the 

PDR.  

1.6 Aim of this thesis 

The early detection of AD is inevitable for preventing, slowing and stopping the 

disease (reviewed by Alzheimer's Association Report, 2015). Therefore, research 

has been increasingly engaged in identifying markers that enable early diagnosis and 

the discovery of new drugs. Potential preclinical markers in dementia are parameters 

reflecting the functionality of the LC-NE system.   

 Cognitive processing of environmental stimuli is highly related to the allocation 

of NE and its modulatory effects in target brain areas. However, the system 

controlling NE release is affected in AD and distortions of the LC-NE system even 

contribute to the development of the AD-associated pathology. It remains elusive to 

what extent the NE deficiency contributes to cognitive deficits in AD. Before 

appropriate therapies targeting the LC-NE system can be developed, it is first 

necessary to identify markers of NE-deficiency and to find evidence for a causal 

relationship with LC degeneration. Especially the electrophysiological P3 and the 

PDR have been proposed as physiological correlates for the functioning of the LC-NE 

system.  

 Several studies indicated that the P3 component shows characteristic 

alterations associated with AD. To date, the non-luminance mediated PDR in AD 

patients is not well investigated. The previous studies reporting on this issue are 

either based on a small sample size (n=9) or AD-MCI patients only. None of these 

studies investigated the PDR elicited by target stimuli in an OB paradigm since pupil 
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dilations were rather based on mnemonic processes. The consistent relationship 

between both physiological parameters and the LC degeneration in AD remains 

elusive.  

 This study investigates the direct effects of AD-related NE deficiency on 

attention in a number of AD patients that is sufficient to perform correlation analyses 

between reliable behavioural, physiological and anatomical parameters of the LC-NE 

system. Within the scope of this thesis the following correlates were analysed and 

compared in AD patients and appropriate HC: 

1) Behavioural correlates: 

a) RT and accuracy obtained in a 3-stimulus OB paradigm 

b) accuracy obtained in a simplified AB task (AB1 modality) 

c) the attentional deficit (AB) for T2 after detection of T1 (AB2 modality) 

2) Physiological correlates: 

a) the electrophysiological P3b elicited during performance of a 3-stimulus OB 

paradigm and a simplified AB task (AB1 modality) 

b) the PDR elicited under the same conditions 

3) Correlation analysis between all parameters and LC volumes. 

This study aims to demonstrate to what extent these non-invasive parameters might 

be established as correlates for early NE deficiency in AD. In future clinical studies, 

the P3 and PDR could support diagnosis and the evaluation of noradrenergic 

interventions.  
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2. Methods 

The following section describes the methodological approach to investigate the aims 

of this thesis. All experimental procedures were approved by the regional medical 

ethics committee (Ethik-Kommission Bonn, Germany, 12th June 2013) and 

conducted in accordance with the guidelines of the Declaration of Helsinki. All 

participants provided written informed consent after receiving detailed information 

about the experimental procedure.  

2.1 Recruitment of subjects 

All control subjects were recruited from a pool of interested healthy adults informed 

about the possibility to take part in the scientific work by advertisements in local 

newspapers, public talks or events organized by the German Center for 

Neurodegenerative Diseases. The group of patients with AD was recruited from the 

Memory Clinic (Klinisches Behandlungs- und Forschungszentrum für 

neurodegenerative Erkrankungen) at the University Hospital of Bonn, Germany. Prior 

to enrolling into the study all participants underwent a detailed medical interview 

conducted by the investigator to clarify exclusion criteria (see 2.2 Description of 

subjects) and to give an overview of the study procedures. Detailed written 

information was handed to the participants. All subjects received 70 Euros expense 

allowance for participation in the study.  

2.2 Description of subjects 

The study involved a between-subject design with 24 AD patients and 24 control 

subjects. Following the recommendations from the National Institute on Aging - 

Alzheimer‟s Association (NIA-AA) (Jack et al., 2011), the study pooled patients in the 

clinical states of the disease: AD-MCI and AD-dementia. The NIA-AA defined the 

following clinical hallmarks for the AD-MCI group (Albert et al., 2011): objective deficit 

in one or more cognitive domains without constraints in daily life; and for the AD-

dementia group (McKhann et al., 2011): objective, chronic decline in cognitive 
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functions with impairment of daily life. All AD patients were able to independently 

provide written consent and to understand the tasks. To get a homogeneous pool of 

patients, only those with a typical, amnestic type of AD were included. All AD patients 

were biomarker-tested and indicated, as a marker for cerebral amyloid deposit, either 

a decreased Aβ1-42/Aβ1-40-quotient in liquor or alternatively, a positive amyloid-

PET. Alzheimer‟s disease patients did not suffer from other neurological or 

psychiatric diseases and indicated impaired cognitive functioning according to the 

consortium to establish a registry for Alzheimer‟s disease (CERAD) test battery 

(Morris et al., 1989). To ensure the feasibility of the experiments for all participants 

within the AD group, the lower Mini Mental State Examination (MMSE) cut off score 

was set to 17.  

Control subjects did not suffer from memory decline according to self-report, 

they were living at home independently and had unimpaired cognitive functioning as 

assessed by the CERAD test battery (within ± 1.5 standard units) and MMSE (cut off 

score 26). 

For both groups, the age threshold was between 55 and 80 years. During data 

acquisition, all participants had normal or corrected visual acuity. All participants 

taking drugs affecting the NE system, such as certain antidepressiva and 

antihypertensives, were excluded from the study (see appendix-list 1). However, 

patients were allowed to take AD-related medication, such as acetylcholinesterase 

inhibitors (on average 9.37 mg/day).  

2.3 Group comparisons 

Detailed demographic and clinical characteristics are presented in table 1. Group 

comparisons of demographic data revealed no significant differences in sex 

distribution. The educational level of all participants was rated based on the German 

educational system. Participants were asked for the time passed to complete school 

(excluding revisions) and the first professional education. Thus, the educational level 

ranged between seven years (no graduation at all) and 20 years (university-entrance 

diploma, university degree and graduation), and did not show any differences 

between both groups. However, the AD group was older compared to the controls 

(t(46) = -2.96, p ≤ 0.01, r = 0.45). To correct for this incidence, statistical analyses 
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were required to include the covariate age (see 2.7 Statistical analyses). The group 

of AD patients indicated a lower MMSE level compared to the group of healthy 

elderly (U = 70.50, z = -4.53, p ≤ 0.001, r = 0.65). 

 

 

Table 1. Demographic and clinical characteristics. 

 N Age (y) 

M (SD)* 

Male (%) Education (y) 

M (SD) 

MMSE 

M (SD)** 

AChEI (mg/day) 

M (SD) 

HC 26 67.88 (5.72) 50.00 15.08 (3.60) 28.71 (1.23) n/a 

AD 24 72.29 (4.56) 62.50 15.00 (3.23) 24.17 (3.07) 9.37 (4.50) 
 

Note. M = mean; SD = standard deviation; MMSE = Mini Mental State Examination; AChEI = 

acetylcholinesterase inhibitor; HC = healthy controls; AD = Alzheimer‟s disease; n/a = not applicable. 

* p ≤ .01 and ** p ≤ .001 significant group differences according to independent t-test and Mann-

Whitney U test. 

 

2.4 Behavioral paradigms 

Two behavioural paradigms were used to investigate physiological processes in 

response to activation of the subject‟s attention system: an AB paradigm with two 

different difficulty levels and a visual, three-stimulus OB paradigm. In total, 

participation in all experimental procedures took between five and six hours per 

subject (incl. preparing of EEG acquisition). The paradigms were performed in the 

same order as described in the following sections.  

All behavioural paradigms were presented on a 22 inch LCD display 

(Viewsonic VX2268wm) with a refresh rate of 100 Hz, a screen resolution of 

1680x1050 and a colour depth of 32 bit. To ensure a moderate screen luminance, 

the background colour was grey (RGB code: 200/200/200) in all paradigms. The 

experiments were programmed and controlled by the software Presentation (version 

17.103.15.14, Neurobehavioral Systems, San Francisco, CA, USA).   

2.4.1 Visual 3-stimulus oddball paradigm 

The OB paradigm comprised three different categories of visual stimuli. The first 

stimulus type was presented frequently (75 % of all stimuli) whereas the remaining 

two types of stimuli did each occur with a frequency of 12.5 %: distractors and 
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targets. This probability pattern of the three stimulus categories was established in 

previous physiological studies (O'Connell et al., 2012; Schröder et al., 2016). All 

stimuli were presented as black, geometric symbols with a height of three 

centimetres. The subjects‟ task was to press, as fast as possible, a button with their 

index finger when perceiving the predefined target stimulus. The remaining stimuli, 

standards and distractors, did not require any action. To reduce a bias effect of the 

predefined target stimulus, two different versions of the experiment were 

programmed: first, a triangle was defined as target and in the second version the 

target was the symbol of a circle. Both versions were assigned to the participants of 

both groups in a counterbalanced distribution process.  

The stimuli were presented with variable, randomly selected ISIs (1500 ms, 

1750 ms and 2000 ms) and in random order. Taking into account that some 

physiological responses last longer than the presented ISI of maximum 2000 ms, the 

stimulus sequence was programmed with one restriction: every target was required 

to be followed by at least two standard stimuli. In this way, the probability of 

measuring the effect of a second target at the end of the analysis window was 

reduced. Stimulus presentation lasted for 500 ms and recording of responses was 

active for 1000 ms after stimulus occurrence. In total, a number of 320 stimuli were 

presented within two main experimental blocks. 

The instructions were presented on screen and possible questions were 

answered verbally. All subjects conducted 25 practice trials including subsequent 

feedback before beginning with the experiment. The main task did not provide any 

feedback on performance accuracy. An overview of the experimental procedure is 

shown in figure 4.  

The accuracy of correct stimulus identification was analysed as behavioural 

parameter. For calculation of the accuracy, the amount of correctly identified target 

trials (hits; in %) was subtracted by the amount of false alarms (in %) in identification 

of the remaining stimulus types. The same approach was evaluated for the accuracy 

rate of correctly identified distractors and standard stimuli (correct rejection, in %), 

respectively. An additional behavioural parameter was the reaction time respectively 

the required time to press the button after target presentation (RT).  
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Figure 4. Experimental procedure of the visual three-stimulus OB paradigm.  

Stimuli were presented in variable time intervals (1500-2000 ms). One rarely presented stimulus was 

defined as target. The task was to react by pressing a button while a target was presented and ignore 

all remaining stimuli. 

 

2.4.2 Attentional blink: single task   

This approach of an AB1 paradigm was based on a classical attentional blink task 

(see 2.4.3 Attentional blink: dual task (AB2)) and was a well suited method to 

examine a less demanding stimulus detection task (Kranczioch, Debener, & Engel, 

2003; Peters et al., 2012). Here, a randomly selected sequence of 50 visual stimuli 

was presented with the only restriction to never display two identical stimuli at 

adjacent positions. The trial length was longer compared to common AB designs 

(Kranczioch, Debener, & Engel, 2003; Peters et al., 2012) to enable the simultaneous 

recording of the relatively slow pupil dilation before trial completion. The presented 

stimuli were mainly composed of digits ranging from two to nine (excluding zero and 

one to avoid ambiguity) and functioned as distractors. Embedded into these 

numbers, a single target was displayed which was randomly picked from a pool of 

letters (excluding M, N, I and O to avoid ambiguity). For all characters the font 

“Courier New” in size 48 and the colour black was used, and stimuli were presented 

at the centre of the screen. Target onset within one trial varied between positions 

eight, nine and ten which equals a time frame of 840–1080 ms after trial onset. The 

stimuli appeared in a rapid serial visual presentation (RSVP). To keep the experiment 
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feasible for AD patients and to avoid floor effects the stimulus presentation time was 

chosen slightly longer compared to commonly applied attentional blink designs for 

younger and/or healthy participants (Kranczioch, Debener, & Engel, 2003; Peters et 

al., 2012; Warren et al., 2009). As suggested by Peters et al. (2012), all stimuli were 

displayed for 120 ms and occurred without a blank screen in between (ISI: 0 ms). 

This approach compromises feasibility for AD patients and challenge for healthy 

subjects. An overview of the AB1 procedure is shown in figure 5. 

 

 

 
Figure 5. Experimental procedure of the AB1 paradigm.  

Randomly selected distractor stimuli (numbers) were presented in a rapid sequence. Embedded into 

these stimuli, a target (letter) occurred at a randomly selected position. However, not all trials 

contained a target stimulus. Target and no-target trials were presented in random order. After 

completion of each trial, the participants‟ task was to verbally identify the target stimulus. The 

investigator noted all answers within the presentation software.  

 

 

In total, 50 trials containing one target were presented to the subjects. To form 

a baseline contrast to target-induced attention, additionally 50 trials with no target at 

all (thus, only distractors) were randomly mixed with target trials. A fixation cross 

preceded each trial to focus attention at the beginning of the new trial. After 

completion of every trial two tasks were displayed on screen. The participants were 

required to verbally report to the investigator 1) if they detected a target and 2) in 

case they detected the target, to identify it. There was no time limit for answering. 
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Behavioural parameter for statistical analysis was the accuracy in percent: the 

amount of correctly identified targets with respect to the total amount of presented 

target-trials.  

After reading the instructions presented on the screen, the participants had the 

opportunity to ask questions. Subsequently, all subjects conducted one introductory 

training block (ten trials) including feedback and two main experimental blocks of 50 

trials each.  

2.4.3 Attentional blink: dual task  

Unless stated otherwise, details were taken over from the AB1 procedure. In contrast 

to the AB1 experiment, the dual task version of the AB procedure contained two 

targets (T1 and T2) per trial. Target letters were picked randomly with the restriction 

to show two different targets per trial. The distance between both targets was built by 

intervening distractors. Figure 6 shows the experimental procedure of the AB2 

design. 

Previously, the AB2 procedure had been tested in an unpublished pilot study 

with three AD patients and five control subjects. The AB2 experiment had been 

presented with a distance of 120 – 720 ms between both targets. Pilot results had 

indicated the AB effect with “lag 1 sparing“ in both groups with a slightly elongated 

effect in some participants (appendix-figure 1). Accordingly, for the current study it 

was decided to include a longer maximum distance between both targets to ensure 

that the performance of all subjects returned to baseline. Here, the distance randomly 

varied between zero (lag 1), one (lag 2), two (lag 3), four (lag 5) and six (lag 7) 

distractors. These values corresponded to a temporal distance of 120 – 840 ms. 

There were no trials without targets. Twenty trials were presented per lag 

category and in total the AB2 procedure contained 100 trials. After each trial, 

participants were asked to verbally identify both targets. The order of target 

identification was not included into evaluation.  
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Figure 6. Experimental procedure of the AB2 paradigm.  

Each trial was composed of a rapid sequence of distractors (numbers) combined with two different 

targets (letters) on random positions. The distance between both targets was defined by the number of 

distractor stimuli in between and varied randomly across trials. After completion of each trial, the 

participants‟ task was to verbally identify both target stimuli. The investigator noted all answers within 

the presentation software. 

 

 

To measure the AB effect, the obtained parameter was the T2 identification 

rate in trials with correctly identified T1 stimuli. Therefore, the probability of reporting 

T2 given that T1 was reported correctly was calculated per lag category according to 

the following formula 1: 

 

xT2 identification rate (i)   = 
xT1 corr. (i) + T2 corr. (i)   

(formula 1) 

xT1 corr. (i)   
 

 

Here, xT1 corr. (i) represents the amount of trials with correctly identified T1 in 

the lag category i. The amount of trials with T2 identification after correct T1 

identification is described by xT1 corr. (i) + T2 corr. (i). This approach takes into account 

that the AB is defined as a deficit in the T2 identification rate as a consequence of T1 
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detection. Subjects with no correctly identified AB trial at all were excluded from 

analyses.  

2.5 Physiological methods  

Performance of both paradigms was accompanied by simultaneous recordings of 

EEG signals and pupillary responses. One exception was the dual task version of the 

AB paradigm: only behavioural data were analysed. The underlying reason for this 

decision was that the analysis of physiological, event-related data requires a higher 

amount of trial repetitions to generate a robust waveform. However, a sufficient 

amount of trials covering five different AB2 lag categories would have involved too 

many trial repetitions in total. For feasibility reasons of the complete experimental 

programme, especially concerning the AD patients, it was decided to forgo the 

analysis of physiological data obtained during performance of the AB2 task.   

Data processing was performed off-line using the software MATLAB (The 

MathWorks Inc, 2013b and 2016b). Data were acquired within a dimly lit room and no 

distractions through external noise signals, like mobile phones, were possible.  

2.5.1 The P3 component 

Data acquisition  

Electroencephalographic activity was recorded from 64 data channels and gel-based 

Ag/AgCl active electrodes (actiCAP, Brain Products GmbH, Germany) that were 

connected to the BrainAmp amplifier (Brain Products GmbH, Germany). The 

electrodes detected the underlying electrical charges transmitted by active brain 

cells. The brain‟s cortical surface is functionally organized and the processed 

activities might vary per location. Thus, it was important to place the electrodes on 

standardized scalp positions to make electrode recordings comparable between all 

subjects. One well established method was to relate electrode positions to known 

skull landmarks: from nasion to inion and side to side from the two ear lobes 

(reviewed by Kamel & Malik, 2014). Nasion meant the point between forehead and 

nose on eye level whereas inion stood for the bony prominence at the central base 
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skull at the back of the head. In the current study, all electrodes were placed 

according to the international 10-20 localization system including intermediate sites. 

This indicated that the distances between neighbouring electrodes were kept at 

either 10% or 20% of the total front-back or right-left distance (reviewed by Siuly, Li, 

& Zhang, 2017). An electrode placement system is a so-called montage. The 

montage used in the current study is displayed in appendix-figure 2.  

Higher skin-electrode impedances decreased signal quality and it was 

necessary to optimize the contact for better recordings. Therefore, all electrodes 

were filled with an electrolyte gel (SuperVisc, Brain Products GmbH, Germany) that 

was supposed to get in contact with the skin. The high salt concentration in the gel 

and the low salt concentration inside the body caused the gel to diffuse into the skin 

and in this way minimize impedance values. According to the actiCAP operating 

instructions (version 007, Brain Products GmbH, Germany) a resistance of 25 to 35 

kΩ is required for measurements with the actiCAP system. Here, scalp impedances 

were kept below 15 kΩ to assure proper data acquisition.  

The software used for data recording was the BrainVision recorder (Brain 

Products GmbH, Germany). During recording, all channels were referenced to the 

FCz electrode and the ground electrode was anterior to Fz.  

The sampling rate of data recording was 1000 Hz. No filter was applied during 

data acquisition. To temporally align continuous EEG data to stimulus presentation, 

the presentation software sent event markers reflecting stimulus onsets to the EEG 

recording software using a parallel port.  

Preprocessing 

Analyses of EEG data were accomplished by using the open-source MATLAB 

toolbox FieldTrip (version 20141203) (Oostenveld et al., 2011). At first, a time epoch 

of 1400 ms was defined for each trial. By means of event markers within continuous 

EEG data, the temporal information of each stimulus onset was noted. Subsequently, 

an epoch of 200 ms prestimulus (Bledowski et al., 2004; Kranczioch, Debener, & 

Engel, 2003) and 1200 ms poststimulus was selected. All analysis windows were 

locked to target and stimulus onset, respectively. Non-target trials of the AB1 

paradigm required an alternative approach for selection of the analysis window. 

Therefore, the time value corresponding to the average presentation time of the 

target stimulus within target trials (960 ms) was added to the time of the first 
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distractor presentation in non-target trials. The analysis window was selected around 

this time point in the same way as in target trials. In doing so, the analysis window 

was selected in a temporal frame comparable to that of target trials. 

After this, all epochs were visually inspected for artefacts, which are electrical 

signals originating from non-cerebral sources (reviewed by Siuly, Li, & Zhang, 2017). 

Trials containing artefacts with large amplitudes relative to the amplitude size of 

cortical responses were completely excluded from further analyses. Biological 

artefacts like those induced by contraction of muscles, eye movements and blinks, 

and heart activity produce characteristic waveforms within the EEG data (reviewed by 

Kamel & Malik, 2014). Electromyography artefacts were identified by automatic 

algorithms of the FieldTrip software and appropriate trials were rejected. Additionally, 

trials including electrooculography (EOG) artefacts during baseline or within 700 ms 

after stimulus occurrence were manually removed. The remaining EOG artefacts 

were removed using ICA. This technique is mainly used under the assumption that a 

(biological) signal is independent from the remaining part of the data (reviewed by 

Michel, 2009). Independent component analysis (ICA) mathematically identified and 

subtracted components containing the EOG waveform from EEG signals. Those 

artefacts, occurring as a slow, positive wave with a big amplitude, were most 

prominent in frontal electrodes and thus, could be easily detected by ICA (reviewed 

by Siuly, Li, & Zhang, 2017). This approach of EOG artefact rejection did not require 

the presence of periocular channels to assess the corresponding noise components 

(reviewed by Dickter & Kieffaber, 2014). Additionally, under the assumption of 

independent and characteristically waveforms, ICA was also used to remove 

electrocardiography artefacts. Then all epochs were visually checked for artefacts 

caused by ICA-dependent software failures. Only trials that indicated correct 

responses by the participant were included into further analyses.  

After artefact rejection, the following percentage of all epochs was retained: for 

the OB paradigm 66.8 % (HC) respectively 70.0 % (AD) and for the AB1 paradigm 

69.0 % (HC) respectively 68.4 % (AD). For further analyses, only subjects with at 

least ten remaining epochs per stimulus type were considered.  

Bad channels were repaired by interpolation using the average values of 

neighbouring channels. All epochs of each channel were re-referenced off-line using 

the average signal of all channels which was previously described as the ideal 
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reference method (reviewed by Dickter & Kieffaber, 2014; reviewed by Kamel & 

Malik, 2014; reviewed by Siuly, Li, & Zhang, 2017).  

Several filters were applied to the data to improve the signal-to-noise ratio of 

the event-related responses. Power line artefacts originating from the experimental 

equipment were filtered out at 50 Hz, 100 Hz and 150 Hz using a notch filter 

(reviewed by Kamel & Malik, 2014). Some filters have the potential to exclude a 

certain frequency spectrum to clean the data of interest and to highlight a certain 

component (reviewed by Dickter & Kieffaber, 2014). Particularly low-pass filters are 

involved in the identification of ERP waveforms (reviewed by Nieuwenhuis, Aston-

Jones, & Cohen, 2005). In this study, a low-pass filter at 15 Hz was applied to the 

data (Bledowski et al., 2004; Bougrain, Saavedra, & Ranta, 2012). This means that 

frequency components lower than 15 Hz were mainly included for further analyses 

while the higher frequency components were attenuated. Application of a high-pass 

filter was renounced because it would delimitate the development of the P300 

waveform. There were previous studies on P300 components that also did not apply 

a high-pass filter (Kamp & Donchin, 2015; Schröder et al., 2016).  

Event-related potential analysis 

Calculation of ERP waveforms was based on the difference between the post-

stimulus signal and the mean signal chosen in a prestimulus period. The ERP was 

computed on top of a baseline measurement which was constant across all types of 

stimuli (reviewed by Michel, 2009). In this study, baseline correction was performed 

using the time period of 200 ms before stimulus onset (Bledowski et al., 2004; 

Kranczioch, Debener, & Engel, 2003).  

ERPs were calculated by averaging time-locked EEG data to external events 

to gain characteristic waveforms with relatively stable latencies and polarities 

(reviewed by Michel, 2009). To compute the P300 component, in each single channel 

all stimulus-locked epochs were averaged separately for targets, distractors and 

standard stimuli. The effect of interest was defined as the difference between the 

investigated stimuli. Difference waveforms (contrasts) were calculated in the following 

way: for the AB1 paradigm the ERP waves of non-target trials were subtracted from 

that of target trials (= contrast); for the OB paradigm the ERP waves of standard 

stimuli and distractors, respectively, were subtracted from that of target trials 

(contrast T-S respectively contrast T-D). The advantage of analysing contrasts was 



2. Methods 

 

55 

 

that they represent the pure contribution of the motivational relevant target detection 

to the evoked physiological responses. This approach excluded a basic activation 

pattern produced by the tonic attentional system from the investigated signal.  

To avoid the multiple comparison problem and to increase statistical power, 

not all electrodes could be considered for statistics. Since the P3b waveform is 

characteristically most prominent in centroparietal regions (Horvath et al., 2018; 

reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 2005), further analyses were 

restricted to the three midline electrodes covering the parietal cortex: CPz, Pz and 

POz (appendix-figure 2). Event-related potential waveforms of these electrodes were 

averaged per subject and per contrast condition. No lateralization effects were 

considered.  

Parameterization 

Parameterization of the ERP components is typically based on the peak amplitude 

and the latency of the waveform of interest (reviewed by Dickter & Kieffaber, 2014). 

To assign those parameters individually per subject, it was necessary to define an 

appropriate analysis window within the investigated epoch. Therefore, the time of the 

most positive deflection within the entire epoch was determined for each subject. 

These data were visualized within a histogram (appendix-figure 3) which revealed a 

bimodal distribution pattern. To reduce the influence of outliers, the analysis window 

was set based on the data achieved by most participants: 72.7 % of the data 

representing the most positive deflections were included within a time window of 300-

800 ms after stimulus onset. According to published literature, the P3b component is 

described with a positive peak anywhere between 250 ms and 700 ms (reviewed by 

Luck, 2005), which is similar to our defined analysis window.  

So in this study, the investigated amplitude of the P3b component was defined 

as the most positive peak within 300-800 ms after stimulus onset. The latency was 

defined as the time from stimulus onset to the corresponding P3b peak amplitude. To 

take into account that both groups potentially differ in the time needed to reach the 

maximum peak of the P3b amplitude, the slope of the ERP signal was calculated in 

all subjects per group. Therefore, as a further parameter, the amplitude was divided 

by the corresponding latency. The group‟s grand average was accomplished by 

averaging the ERPs from each subject and per contrast condition.  
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In fact, more parameters were analysed: the average amplitude within the 

defined time window between 300-800 ms poststimulus, the area under the curve 

within the same temporal frame as well as the distance between maximum P3b 

amplitude and the most negative deflection within the time window of 0-300 ms 

poststimulus. However, these additional calculations did not reveal findings that 

exceed the results of amplitude and latency respectively slope analyses. Thus, the 

following sections do not include these parameters.  

2.5.2 The pupil dilation response 

Data acquisition  

On-going recording of the pupil dilation during performance of the experimental 

paradigms was performed by the Eyelink 1000 eye tracker-system (SR-Research 

Ltd, Ontario, Canada). Data were acquired within a dimly lit room. The infrared 

camera of this system, installed below the screen, was tracking the subjects‟ pupil 

size of the right eye with a sample frequency of 1000 Hz. The pupil size was 

measured in terms of an area in arbitrary units. Comparable to EEG data acquisition, 

portcodes containing temporal information of stimulus onset were sent to Eyelink 

1000 software and implemented into continuous data recording.  

All participants were seated on a chair with adjustable height and with their 

chin placed on an adjustable chin rest. According to the individual body height both 

devices were adjusted in such a way that the subject was able to focus the central 

desktop surface. The distance from chin rest to the desktop and camera was 70 cm 

and 50 cm, respectively. During measurements the light was turned off and the 

windows were dimmed with the only light source coming from the experimental 

desktop.  

Before the experiments started, the eye tracker system was calibrated. 

Threshold values for detection of the pupil were defined automatically by the system. 

After calibration, measurements as basis for a range correction were performed: 

participants were asked to look at a fixation cross on screen while the background 

colour was changing in luminance. At first, the background had the same colour as 

during the actual experiment. After 6000 ms, alternately a white screen (RGB Code 

250, 250, 250) with a black fixation cross and a black screen (RGB Code 0, 0, 0) with 
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a white fixation cross were presented each with 6000 ms duration. This alternation 

was repeated for four times and in the meantime, maximal pupil dilation (black 

screen) and minimal pupil contraction (white screen) were measured. As a result, 

there were four subject-dependent values for the maximal possible pupil size and 

four for the minimal possible pupil size. For each subject, the average difference in 

those pupil sizes was calculated and this range was used to standardize pupil data to 

their physiological maximum (see section “Standardization” for detailed description). 

Preprocessing 

Time epochs were defined by means of portcodes within continuous data. Because 

the epochs containing the stimulus-induced pupil sizes were selected slightly 

differently for both paradigms, the corresponding procedure is described separately.  

 

AB paradigm: 

Time epochs for the AB paradigm were primarily defined as the time interval from 

onset of the first distractor within each trial to the end of the trial: 0 – 6000 ms. Then 

the position of the T1 stimulus was detected. Analogue to the procedure of EEG data 

preprocessing, in non-target trials the time value corresponding to the average 

presentation time of the target stimulus within target trials (960 ms) was added to the 

time of the first distractor presentation. Further analyses of AB-derived pupil size data 

were restricted to the time interval between T1 stimulus onset and 4802 ms 

poststimulus. Furthermore, baseline pupil data were gained from the time window 

300 ms before onset of each first distractor presentation to the onset of the 

corresponding trial presentation. This procedure was an established method in 

previous studies combining AB paradigms with pupillometry (Wierda et al., 2012; 

Zylberberg, Oliva, & Sigman, 2012).  

 

OB paradigm: 

Time epochs for the OB paradigm were selected with a 3000 ms poststimulus interval 

and, to ensure proper artefact rejection, with 500 ms prestimulus data. However, 

prestimulus data were revised after data correction. Baseline pupil data were gained 

from the 300 ms time window preceding each stimulus onset. In a previous study, 

this approach of baseline selection was established for combining OB paradigms with 

pupillometry (Kamp & Donchin, 2015). 
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Summarized, in both paradigms the analysed pupil sizes were locked to 

stimulus respectively target onset. Comparable to EEG preprocessing, the baseline 

pupil data were used to control for the same origin conditions in all trials and 

additionally, it was used as a parameter for the tonic activation of the LC (Gilzenrat et 

al., 2010). Changes in pupil size after stimulus presentations could be related to this 

basic activation.  

In a next step the selected pupil data were cleaned from artefacts. Eye blinks, 

a very common cause for artefacts, were detected automatically by the Eyelink 1000 

software. Eye blinks affect pupil sizes also shortly before and after the actual blink 

since the pupil dilates when the eyelid is closed. For this reason, a time interval of 

100 ms before and after each eye blink is additionally rejected from further analyses 

(Einhauser et al., 2008). The removed pupil data were linearly interpolated. 

Furthermore, all time epochs were inspected manually for remaining artefacts which 

were also linearly interpolated. Trials and baselines, containing less than 50 % of the 

pupil data due to artefacts or software failures, were excluded from analyses (Siegle 

et al., 2003).  

After artefact rejection, for the OB paradigm 91.2 % (HC) respectively 90.7 % 

(AD) and for the AB1 paradigm 91.1 % (HC) respectively 94.5 % (AD) of all epochs 

retained for further analyses. A minimum of five to ten trials per stimulus type were 

required to obtain reliable stimulus-induced waveforms per subject (Marchak & 

Steinhauer, 2011). Hence, epochs were averaged separately per stimulus type to 

reduce random perturbations.  

Standardization  

As previously mentioned, the Eyelink 1000 system calculates pupil sizes in arbitrary 

units. For this reason it was not possible to compare pupil sizes between subjects. 

Therefore, a standardization procedure was required before the statistical analyses 

were performed. For the current study, it was important to take into account that the 

aged pupil only shows reduced vegetative reactivity. The procedure of a range 

correction was the appropriate standardization process to correct for this fact 

(Piquado, Isaacowitz, & Wingfield, 2010).  

As already described in the section “Data acquisition”, each experiment 

started with a measurement of the minimal constricted and the maximal dilated pupil 
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size to obtain an averaged, maximal possible range of the individual pupil response. 

These range values were calculated for each subject individually and subsequently, 

the event-related pupil data were related to this range according to Lykken (1972). 

Standardization of pupil sizes during baseline measurements was performed using 

the following formula 2:  

 

xstandardized (i)  =        
xbaseline (i) – xminimum 

 (formula 2) 

xmaximum – xminimum 
 

 

In this formula, xbaseline(i) described the pupil size at a point of time i during the time 

interval defined as baseline. Maximal and minimal pupil sizes are represented by 

xmaximum and xminimum. To standardize the event-related pupil dilation (xpupil dilation(i)) the 

following formula 3 was used: 

 

 

xstandardized (i)  =        
xpupil dilation (i) – xaveraged baseline   (formula 3) 

xmaximum – xminimum 
 

 

The standardized baseline was defined by xaveraged baseline, and xmaximum respectively 

xminimum were equivalent to the definition described for formula 2.  

 

Parameterization  

Analogue to the investigated ERP parameters, contrasts between the different 

stimulus types were calculated in the following way: for the AB1 paradigm, pupil sizes 

measured within non-target trials were subtracted from those of target trials (= 

contrast); for the OB paradigm, pupillary responses to standard stimuli and 

distractors, respectively, were subtracted from those in response to target 

presentation (= contrast T-S respectively contrast T-D).  

Parameters for statistical analyses were the peak amplitude, latency and slope 

of the target-induced pupillary responses. The amplitude was defined as the most 

positive deflection within a time window of 700 – 2000 ms after stimulus onset. This 
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temporary frame was chosen to exclude the influence of possible biphasic pupillary 

responses. The latency was defined as the time from stimulus onset to the first 

positive peak of target-induced pupil dilation. Because both groups potentially differ 

in the time needed to reach the maximum positive pupillary response, the slope of 

the curve progression was additionally calculated per group. The amplitude was 

divided by the corresponding latency.  

2.6 Structural imaging of the locus coeruleus 

Magnetic resonance imaging is a commonly used non-invasive technique in 

neuroscience and provides a detailed overview of brain structures and 

neurodegenerative processes. All participants of this study underwent MRI 

examination to obtain structural measures of the LC. However, the analysis of 

structural imaging data was performed by a student within the scope of an 

unpublished Master project and is not subject of this thesis. Because the processed 

MRI data were used as covariates in the statistical analyses of behavioural and 

physiological data (see 2.7 Statistical analyses), this section provides a brief 

overview of MRI data acquisition and processing.  

Structural imaging of the LC region was performed at a three tesla MRI 

scanner (Skyra, Siemens Healthcare, Erlangen, Germany). Neuromelanin-sensitive 

MRI data were obtained using a turbo spin echo sequence with 0.5 mm in-plane 

resolution and a slice thickness of 2.5 mm. The following sequence parameters were 

applied: repetition time=634 ms, time echo (TE)=10 ms, flip angle: 180 deg, field of 

view (FOV) of 192 mm x 192 mm in plane over 16 slices, 220 Hz bandwidth per pixel, 

turbo factor 3, 8 averages. Positioning of the FOV was optimized for the LC region by 

using T1-weighted magnetisation prepared rapid acquisition gradient echo 

(MPRAGE) scans (R=2500 ms, inversion time=1100 ms, TE=4.37 ms, flip angle: 7 

deg, 1 mm isotropic resolution over a FOV of 256 mm x 256 mm x192 mm).  

Preprocessing steps, like correction for field inhomogeneities, cropping and 

extraction of the brain, were applied to MPRAGE scans. Final data analysis was 

performed on unprocessed neuromelanin sensitive images. Coregistration was 

optimized for the brainstem region and executed by an automated routine based on 

MATLAB. The individual MPRAGE scans were coregistered with the neuromelanin- 
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sensitive MRI scans and a standardized atlas mask for the LC (Keren et al., 2009). In 

doing so, a region of interest (ROI) containing the LC and the surrounding tissue was 

defined. Each type of tissue induced a particular intensity level which can be 

approximated as a Gaussian distribution. Intensity histograms extracted from the ROI 

show three different Gaussian distributions: one with high mean intensity 

representing hyperintense LC voxels, another one with low mean intensity 

representing the surrounding tissue and the third one with intermediate intensity 

modelling partial volume effects like voxels containing both noradrenergic cells and 

surrounding tissue. Parameters for statistical analyses were the maximum intensity 

measured in the LC and the number of voxels (volume) that were assigned to the LC.    

2.7 Statistical analyses  

Unless stated otherwise, statistical analyses were performed using IBM SPSS 

statistics version 23.0. All data were tested for normality of distribution by using the 

Shapiro-Wilk test. If the assumption of homogeneity of variance and linearity was 

violated, variables were transformed in order to fulfil the statistical requirements. 

Details about the type of transformation are described within the concerned section. 

For all analyses a two-tailed significance level of α=0.05 was selected.  

To take account of the significant age difference between both groups, the 

variable “age” was added as a potential nuisance in the regression analyses. 

Additionally, the covariates LC intensity left and right, LC volume left and right, group, 

gender and education were used.  

2.7.1 Behavioural data 

As expected, accuracy levels for reactions to standard and distractor stimuli in the 

OB paradigm and in no-target trials in the AB1 experiment had low within-group 

variance due to ceiling effects. For this reason the assumption of a normal 

distribution was not achieved. Accordingly, these parameters were not subject of the 

statistical analyses.  

Group differences of the remaining behavioural parameters from the AB1 and 

OB paradigms were analysed by linear regression analysis. Since the accuracy of 
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target identification in the OB paradigm did not meet the assumptions of homogeneity 

of variance and linearity, this variable was transformed by a square root 

transformation before applying linear regression analysis. The result was additionally 

confirmed by the nonparametric, distribution-free Mann-Whitney U test. Group 

differences in accuracy levels of all lag categories within the AB2 paradigm were 

tested by mixed-model regression analysis.  

For each group, the main effect of lag latencies in the AB2 paradigm was 

statistically tested by using mixed-model regression analysis.  

2.7.2 Physiological data 

Group differences in electrophysiological and pupillary data were analysed using a 

cluster-based random permutation procedure proposed by Maris and Oostenveld 

(2007), and embedded within the FieldTrip toolbox in MATLAB. This method is 

effectively controlling for multiple comparisons so that it represents a very robust test 

statistic for evoked (electro-)physiological responses. The procedure evaluates the 

averaged waveforms by testing each adjacent time-sample for differences between 

both groups. For every time-sample, an independent t-test is performed and all t-

values exceeding the α-level of 0.05 are clustered based on temporal adjacency. All 

individual t-values within one cluster are summed and the largest of the cluster-level 

statistics is noted. The multiple comparison problem is solved by evaluating this 

procedure on data sets that are randomly derived from both groups of participants. 

This randomization process and the subsequent cluster-level statistic on these 

distributions are repeated 1000 times by using the Monte Carlo method. For each 

randomization, the largest cluster-level statistic is entered into a null distribution. The 

actually observed test statistic is compared to the null distribution and the proportion 

of randomizations resulting in a larger test statistic than the observed one is called 

the p-value. Clusters indicating a p-value below 0.025 are considered significant. 

More details of this test procedure are described by Maris and Oostenveld (2007). 

However, in this study only significant cluster temporally located within the defined 

analysis window were taken into account.  

The cluster-based random permutation procedure was applied not only on 

group level but additionally in a within-subject design to test differences of the 

individual waveforms from a baseline (“zero-line”). Here, the cluster analysis was not 
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restricted to the analysis window to proof evidence for the general development of 

task-induced deflections.  

 The described cluster-based random permutation procedure indicated a 

comparatively modern statistical approach. To complement data analysis by more 

conservative statistics and to take account of the age difference between both 

groups, additional calculations were performed. All physiological parameters 

(amplitude, latency and slope) were examined by linear regression analysis including 

the covariates described above.  

2.7.3 Correlations between parameters and locus coeruleus 

volumes 

Because part of the data was not normally distributed, the test statistic used to 

evaluate correlations between all investigated parameters was required to be non-

parametric. Basically, two non-parametric correlation methods were suited for 

evaluation: Spearman‟s and Kendall‟s correlation coefficient. Because the present 

study investigated only small sample sizes and contained many values with the same 

score, Kendall‟s tau was the preferred method to analyse correlations (Field, 2009).  
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3. Results  

The following section describes the results of the present thesis separately for each 

investigated parameter.  

Sample sizes were not equal in all data sets because of missing values (for 

further details see chapter “2. Methods”). Drop out of MRI sessions at the request of 

participants and incomplete acquisition of pupil sizes/EEG data further reduced 

sample sizes. In correlation analyses, the sample size was additionally decreased 

because complete data sets per participant were required. Therefore, sample sizes 

are stated separately for all analyses.   

3.1 Locus coeruleus volumes 

Structural measures of the LC nucleus were obtained in 20 AD patients and control 

subjects, respectively. Based on neuromelanin sensitive MRI data, the following 

parameters were analysed separately for both sides: maximum LC intensity and LC 

volumes according to the number of voxels that were assigned to the LC (within the 

ROI). These parameters were used as covariates in the remaining statistical 

analyses to account for potential effects of LC volumes on the investigated 

behavioural and physiological correlates of LC-NE system functionality.  

For the sake of completeness, the LC nuclei were tested for structural 

alterations in AD patients. The effect of the two groups on MRI parameters was 

investigated by performing a linear regression analysis. Mean LC volumes and 

statistical results are summarized in table 2. The regression analysis did not reveal 

any significant differences in LC volumes or intensities between AD patients and HC.  
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Table 2. Structural MRI data. 

Intensities and volumes of the left and right LC, and statistical overview of the group 

comparison between AD patients (n=20) and the control group (n=20).  
      

  
M (SD) R-Square Regression 

Coefficient B 

SE 

 

p-value 

Intensity left 
HC 1.18 (0.09) 

0.07 0.01 0.03 ns 
AD 1.19 (0.09) 

       

Intensity right 
HC 1.19 (0.08) 

0.03 0.01 0.03 ns 
AD 1.19 (0.08) 

       

Volume left 
HC 9.90 (7.18) 

0.02 0.68 2.70 ns 
AD 11.05 (7.60) 

       

Volume right 
HC 13.00 (10.02) 

0.07 3.79 4.33 ns 
AD 18.30 (13.57) 

        

Note. M = mean; SD = standard deviation; HC = healthy controls; AD = Alzheimer‟s disease; SE = 

standard error; ns = not significant. 

The predictor “group” has no significant effect on LC volumes and intensities. 

3.2 Visual 3-stimulus oddball paradigm  

The participant‟s task was to actively distinguish visual target stimuli from distractors 

and standards. Functioning of the LC-NE system during performance of the task was 

assessed by the target accuracy and the corresponding RT (behavioural correlates), 

and by the simultaneously recorded stimulus-related P3 and PDR (physiological 

correlates).   

3.2.1 Behavioural correlate 

Statistical evaluation of the behavioural performance obtained in the visual 3-stimulus 

OB paradigm contained the data of 24 HC and AD subjects, respectively. The mean 

accuracy rates for the three stimulus types and the according target RT are 

summarized in table 3. As expected, the false alarm rates in the standard and 

distractor conditions were (close to) zero in both groups. Hence, these parameters 

were not subjected to statistical analyses. To test whether target accuracy (HC: mean 

(M) = 99.58 %, standard deviation (SD) = 1.59; AD: M = 94.79 %, SD = 12.62) and 

the corresponding RT (HC: M = 510.67 ms, SD = 70.49; AD: M = 549.53 ms, SD = 

65.17) were predicted by group, a linear regression analysis was performed (table 3).  
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Residuals of the measured target accuracy did not meet the assumption of 

homogeneity of variance and linearity. For this reason, the data were square root 

transformed. The calculation of exemplary inverse transformations for an imaginary 

participant in each group (appendix-equation 1 and appendix-equation 2, 

respectively) assumed the characteristics summarized in appendix-table 1. The 

predictor “group” had an impact on the target identification rate such that the 

accuracy was significantly lower in AD patients than in HC (p<0.05). The regression 

analysis provided the benefit of including the age difference into statistical evaluation, 

but calculations were based on transformed data. Therefore, nonparametric statistics 

were additionally used to validate the conclusion of the linear regression analysis. 

The Mann-Whitney U test supported the previous result by showing a significantly 

lower target accuracy in the group of AD subjects (median (Mdn)=99) compared to 

HC (Mdn=100), U=169.00, p<0.01.  

Residuals of the RT met the assumption of homogeneity of variance and 

linearity. Statistical analysis of the RT did not reveal significant group effects. The 

covariates describing the LC volume did not exert a significant effect on the 

behavioural correlates. 

Table 3. Behavioral data obtained in the OB paradigm. 

Presented are mean accuracy and reaction time (with standard deviation in parenthesis), and 

statistical overview of the group comparison. 
    

 N Accuracy (in %) Reaction time (in ms) 

  Target * Distractor 
 

Standard  

HC 
 

24 99.58 (1.59) 100 (0) 100 (0) 510.67 (70.49) 

AD 
 

24 94.79 (12.62) 99.90 (0.51) 99.79 (0.32) 549.53 (65.17) 

R-Square 
 

 0.30 n/a n/a 0.23 

Regression 

coefficient B 
 

 1.15 n/a n/a 45.01 

SE 
 

 0.55 n/a n/a 25.80 

p-value 
 

 < 0.05 n/a n/a ns 

 

Note. OB = Oddball; HC = healthy controls; AD = Alzheimer‟s disease; SE = standard error; n/a = not 

applicable; ns = not significant. 

* These data were square root transformed before performing regression analysis. 
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3.2.2 The electrophysiological P3 component 

The P3 component was measured in response to the correct detection of target, 

distractor or standard stimuli in 22 AD subjects and controls, respectively. 

Characteristically, the electrodes covering the centroparietal regions show the most 

prominent P3b deflections (Horvath et al., 2018; reviewed by Nieuwenhuis, Aston-

Jones, & Cohen, 2005). To avoid the multiple comparison problem, waveform 

analyses were restricted to the three midline electrodes covering the parietal cortex: 

CPz, Pz and POz (appendix-figure 4). Event-related potential waveforms of these 

electrodes were averaged per subject and per contrast condition.  

For statistical analyses the individual ERPs were calculated as contrast 

waveforms between target and standard (= contrast T-S), and between target and 

distractor (= contrast T-D) (figure 7). In doing so, analyses evaluated the phasic 

activation of the LC-NE system only, while the tonic activity was widely excluded. The 

maximum amplitudes, latencies and slopes assessed by this method are presented 

in table 4. 

  

    

  

Figure 7. EEG waveforms acquired during performance of the OB paradigm. 

Data are averaged over centroparietal electrodes CPz, Pz and POz. The dashed line indicates the 

appearance of the stimulus. The grey rectangle highlights the defined analysis window for the P3b 

component (300-800 ms). The shaded color areas show the SEM for each waveform.  

Stimulus-locked time (in ms) 

µ
V

 

Contrast Target-Standard 

Stimulus-locked time (in ms) 

Contrast Target-Distractor 
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To take account of the age difference between both groups, the effect of the 

predictor “group” on P3 parameters was evaluated by linear regression analysis 

including the covariate “age” (table 4). In both contrasts, the parameters amplitude, 

latency and slope did not differ between AD patients and HC.  

The left LC intensity, however, indicated a trend for significant effects in both 

contrasts. Within the contrast T-S, the amplitude (regression coefficient B = -16.17, 

SE = 8.01, p=0.05) and slope (regression coefficient B = -0.03, standard error (SE) = 

0.02, p=0.07) were affected by the left LC intensity. The covariate also had an impact 

on the parameter amplitude (regression coefficient B = -15.69, SE = 7.97, p=0.06) 

within the contrast T-D. In summary, the average predicted amplitudes decreased 

16.17 µV respectively 15.69 µV, and the average predicted slope decreased 0.03 

µV/ms per mm³ of the left LC intensity.  

In addition to the rather conservative regression analysis, waveform 

differences were also statistically tested by applying cluster-based random 

permutations (table 5). This is a reliable approach to control for the multiple 

comparison problem. In both contrasts and within the defined analysis window 300-

800 ms, the stimulus evoked electrophysiological deflections did not differ between 

AD patients and control subjects.  

The additionally performed within-subject design investigated the difference 

between the individual deflections after target detection from tonic baseline activity. 

Both groups indicated significant electrophysiological responses in the contrast T-S 

condition (HC: 411-1201 ms, p < 0.01; AD: 421-1201 ms, p ≤ 0.001) and in the 

contrast T-D condition (HC: 428-902 ms, p ≤ 0.001; AD: 412-1201 ms, p ≤ 0.001). 

  



3. Results 

 

69 

 

Table 4. EEG data obtained during performance of the OB paradigm. 

Overview of mean EEG data (with standard deviation) and statistical results gained from regression analyses. 

         

  N  

HC/AD 

HC  

(M (SD)) 

AD  

(M (SD)) 

R-Square Regression 

Coefficient B 

SE p-value 

Target vs. 

Standard 

Amplitude 

(in µV) 

22/22 8.01  

(4.38) 

 
 

7.02  

(3.50) 

0.21 -1.41 1.47 ns 

Latency 

(in ms) 

22/22 579.36  

(112.23) 

 
 

585.41  

(124.49) 

0.12 25.52 45.73 ns 

Slope 

(in µV/ms) 

22/22 1.39*10-2 

(0.68*10-2) 

 
 

1.29*10-2 

(0.78*10-2) 

0.16 -0.20*10-2 

 

0.30*10-2 

 

ns 

Target vs. 

Distractor 

Amplitude 

(in µV) 

22/22 7.96  

(3.92) 

 
 

8.04  

(3.97) 

0.20 0.05 1.46 ns 

Latency 

(in ms) 

22/22 592.59  

(85.39) 

 
 

604.18  

(146.70) 

0.08 22.46 47.96 ns 

Slope 

(in µV/ms) 

22/22 1.36*10-2 

(0.63*10-2) 

 
 

1.43*10-2 

(0.83*10-2) 

0.17 0.10*10-2 0.30*10-2 ns 

 

Note. OB = Oddball; HC = healthy controls; AD = Alzheimer‟s disease; M = mean; SD = standard deviation; OB = Oddball; SE = standard error; ns = not 

significant.  

Linear regression analysis did not show significant group differences. 
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Table 5. Cluster-based random permutation test for EEG data (OB paradigm). 
      

 
  N Time window  

(in ms) 

p-value 

Target vs. 

Standard 

HC vs. AD    / / 
     

Within-subject 

HC 22 411-1201 <0.01 

AD 22 421-1201 ≤0.001 
      

Target vs. 

Distractor 

HC vs. AD   / / 
     

Within-subject 
HC 22 428-902 ≤0.001 

AD 22 412-1201 ≤0.001 
      

 

Note. OB = Oddball; HC = healthy controls; AD = Alzheimer‟s disease. 

In both conditions, no significant group difference was found within the analysis window. 

Statistics for the within-subject design was performed for the difference between the individual 

physiological deflections from the baseline. 

3.2.3 The pupil dilation response 

The PDR was calculated in response to correct detection of target, distractor or 

standard stimuli in 21 AD patients and 20 healthy control subjects. Contrast 

waveforms between target and standard (= contrast T-S), and between target and 

distractor (= contrast T-D) were calculated and are depicted in figure 8. Maximum 

amplitudes, latencies and slopes derived from the PDR are noted in table 6. 

 

  Contrast Target-Standard Contrast Target-Distractor 

 

 

Figure 8. Pupil dilation acquired during performance of the OB paradigm. 

Pupil dilations are presented in response to stimulus detection. The grey rectangle highlights the 

defined analysis window for the PDR (700-2000 ms). The shaded color areas show the SEM for each 

waveform.  

Stimulus-locked time (in ms) 

 

%
 p

u
p

il 
d

ila
ti
o

n
 

Stimulus-locked time (in ms) 

 



3. Results 

 

71 

 

A linear regression analysis was used to evaluate the effect of the different 

groups of participants on the PDR (table 6). In both contrasts, no significant group 

effects were detected. Within the contrast T-D the parameter slope indicated a group 

difference on trend level (p=0.05, two-tailed significance level). The average 

predicted slope decreased 3.38*10-5 %/ms in case the PDR was measured in AD 

patients compared to HC.  

Multiple MRI covariates predicted PDR parameters that were calculated in 

both conditions. The PDR within the contrast T-S was significantly or on trend level 

influenced by the left (amplitude: regression coefficient B = -0.003, SE = 0.001, 

p<0.05; slope: regression coefficient B = -2.75*10-6, SE = 0.1*10-5, p<0.05) and the 

right (amplitude: regression coefficient B = -0.002, SE = 0.001, p=0.05; latency: 

regression coefficient B = -5.30, SE = 2.81, p=0.07) LC volumes. Within the contrast 

T-D, the PDR was also significantly or on trend level affected by the left (amplitude: 

regression coefficient B = -0.003, SE = 0.001, p<0.05; slope: regression coefficient B 

= -2.42*10-6, SE = 0.1*10-5, p<0.05) and the right (amplitude: regression coefficient B 

= -0.001, SE = 0.001, p=0.05) LC volumes. In summary, the following information 

was derived from the regression equations: the average predicted… 

 

- … amplitude decreased 0.003 % respectively 0.002 % per additional mm³ 

of the left respectively right LC volume (contrast T-S).  

- … amplitude decreased 0.003 % respectively 0.001 % per additional mm³ 

of the left respectively right LC volume (contrast T-D). 

- … latency decreased 5.30 ms per additional mm³ of the right LC volume 

(contrast T-S). 

- … slope decreased 2.75*10-6 %/ms per additional mm³ of the left LC 

volume (contrast T-S). 

- … slope decreased 2.42*10-6 %/ms per additional mm³ of the left LC 

volume (contrast T-D). 
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Table 6. Pupil dilations obtained during performance of the OB paradigm. 
Overview of mean PDR data (with standard deviation) and statistical results gained from regression analyses. 

         

  N  

HC/AD 

HC  

(M (SD)) 

AD  

(M (SD)) 

R-Square Regression 

Coefficient B 

SE p-value 

Target vs. 

Standard 

Amplitude 

(in %) 

20/21 0.13  

(0.06) 

 
  

0.12  

(0.06) 

0.42 -0.02 0.02 ns 

Latency 

(in ms) 

20/21 1095.90 

(213.49) 

 
  

1145.38  

(161.38) 

0.32 117.30 72.48 ns 

Slope 

(in %/ms) 

20/21 1.23*10-4 

(0.48*10-4) 

 
  

1.00*10-4 

(0.47*10-4) 

0.41 -2.81*10-5 1.8*10-5 ns 

Target vs. 

Distractor 

Amplitude 

(in %) 

20/21 0.14  

(0.05) 

 
  

0.11  

(0.05) 

0.44 -0.03 0.02 ns 

Latency 

(in ms) 

20/21 1092.75  

(199.03) 

 
   

1124.90 

(162.11) 

0.25 97.24 70.79 ns 

Slope 

(in %/ms) 

20/21 1.31*10-4 

(0.45*10-4) 

 
  

0.96*10-4 

(0.41*10-4) 

0.44 -3.38*10-5 1.7*10-5 ns 
 

 

Note. HC = healthy controls; AD = Alzheimer‟s disease; M = mean; SD = standard deviation; OB = Oddball; SE = standard error; ns = not significant. 

Linear regression analysis did not show significant group differences. The slope within the condition target vs. distractor indicates a group difference on trend 
level (p = 0.05).  
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Furthermore, waveform differences of the PDR were statistically tested by 

applying cluster-based random permutations to control for the multiple comparison 

problem (table 7). The contrast T-S condition evoked a PDR that is significantly larger 

in HC subjects compared to AD patients within the time window 700-942 ms after 

stimulus appearance (p < 0.05). The contrast T-D condition showed a similar 

difference with a larger PDR in HC subjects compared to AD patients within 700-

1168 ms after stimulus appearance (p < 0.01).  

A within-subject design of the cluster permutations analysed the difference 

between the individual physiological deflections after target detection from tonic 

baseline activity. Both groups indicated a significant PDR in the contrast T-S 

condition (HC: 459-3001 ms, p ≤ 0.001; AD: 662-3001 ms, p ≤ 0.001) and in the 

contrast T-D condition (HC: 411-3001 ms, p ≤ 0.001; AD: 690-2475 ms, p ≤ 0.001). 

 

 

Table 7. Cluster-based random permutation test for PDR data (OB paradigm). 
      

 
  N Time window  

(in ms) 

p-value 

Target vs. 

Standard 

HC vs. AD   700-942 <0.05 
     

Within-subject 

HC 20 459-3001 ≤0.001 

AD 21 662-3001   ≤0.001 
      

Target vs. 

Distractor 

HC vs. AD   700-1168 <0.01 
     

Within-subject 
HC 20 411-3001 ≤0.001 

AD 21 690-2475 ≤0.001 
      

 

Note. OB = Oddball; HC = healthy controls; AD = Alzheimer‟s disease. 

Statistics for the within-subject design was performed for the difference between the individual 

physiological deflections from the baseline. 

 

3.2.4 Correlation analyses of oddball parameters 

The correlation analyses of the LC volumes, behavioural and physiological 

parameters were performed by calculating Kendall‟s tau. The complete list of results 

is shown in appendix-table 2, split into halves containing either data measured in AD 

patients or in HC. For reasons of clarity, the following description of the results will 
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concentrate on a selection of relevant results only. Significant correlations with 

respect to the P3 and PDR parameters were mainly observed in data measured in 

the contrast T-S condition. 

 

 

A B C 

   

 
D E F 
 

  
Figure 9. Correlations between parameters obtained in the OB paradigm.  

Scatterplots are presented for selected, significant correlations either for both groups (A), for HC (B, 

C, D) or for AD patients (E, F). The lines indicate the least squares for each group and correlation.  

The following abbreviations were used: TS = contrast target-standard; Lat = latency (in ms); RT = 

reaction time (in ms); V = volume (in mm
3
); Amp = amplitude (in % dilation from baseline).  

 

P3 parameters 

In both groups, longer P3 latencies were significantly correlated with longer RTs after 

correct target identification (figure 9A; HC: rτ = 0.32, p ≤ 0.05; AD: rτ = 0.47, p ≤ 0.01).  

Within the group of HC it is noticeable that the P3 latencies were additionally related 

to the LC volume: longer latencies were more likely to be measured in healthy 

participants with smaller LC volumes in the left hemisphere (figure 9C, rτ = -0.34, p ≤ 

0.05). This effect did not become evident in AD patients.  
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PDR parameters 

The relationship of PDR parameters with the RT was more diverse and depended on 

the investigated group of participants: in HC, longer PDR latencies were associated 

with a longer RT (figure 9B, rτ = 0.39, p ≤ 0.05), while there was not such a 

correlation in AD patients. In contrast, within the patient group a negative link 

attracted attention: smaller PDR amplitudes predicted longer RTs (figure 9E; rτ = -

0.33, p ≤ 0.05). 

 LC volumes had significant correlations with the PDR in both groups. Smaller 

left LC volumes were associated with larger PDR amplitudes in HC (figure 9D, rτ = -

0.38, p ≤ 0.05). AD patients, however, showed this relationship with respect to the 

right LC volume which was significantly smaller in patients with larger PDR 

amplitudes (figure 9F, rτ = -0.38, p ≤ 0.05). This result was also found for the 

parameter PDR slope: a larger slope was correlated with smaller LC volumes in the 

left hemisphere in HC (rτ = -0.42, p ≤ 0.05) and in the right hemisphere in AD patients 

(rτ = -0.33, p ≤ 0.05).  

3.3 Attentional blink paradigm 

All participants performed two versions of the AB paradigm: a dual task design to 

investigate the classic AB effect and a single task design to examine a stimulus 

detection task that is less demanding than the classical AB2 set-up. Both tasks were 

designed in a RSVP containing a set of numbers (distractors) with one respectively 

two letters (targets). To measure the functioning of the LC-NE system, the target 

accuracy in AB1 and the AB effect in AB2 (behavioural correlates), and the 

simultaneously recorded P3 and PDR (physiological correlates) were obtained during 

task performance. 

3.3.1 Behavioural correlate: the attentional blink dual task   

The performance of the classical AB2 paradigm was statistically evaluated in 21 AD 

patients and 24 HC subjects. The upper half of table 8 shows the mean accuracies 

(in per cent) for T1 and T2 separately per lag. Depicted in figure 10 are the mean 
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Table 8. Performance in attentional blink dual-target paradigm. 

Presented are mean target identification rates (with standard deviation in parenthesis) and the statistical overview of the group comparison. 
     

 N T1 identification 

rate (in %) 

 T2 identification rate (in %) 

    Lag 1 Lag 2 Lag 3 Lag 5 Lag 7 
         

HC 24 94.25 (4.65)  93.34 (7.63) 84.93 (14.11) 84.24 (17.51) 82.02 (18.02) 87.41 (12.53) 

AD 21 73.10 (20.28)  54.88 (39.91) 43.84 (35.64) 46.89 (42.53) 55.35 (32.26) 63.70 (26.09) 

   
  

    

  Estimate  95% Confidence Interval SE Global p-value 

    Lower Bound Upper Bound    

         

Intercept  102.10  0.08 204.13 51.66 p < 0.05  

Lag 

Lag 1 vs. Lag 7 -11.42  -27.87 5.02 8.23 

ns 

 

Lag 2 vs. Lag 7 -22.65  -38.03 -7.27 7.70  

Lag 3 vs. Lag 7 -18.57  -35.66 -1.49 8.55  

Lag 5 vs. Lag 7 -8.74  -24.44 6.95 7.86  

HC vs. AD  21.78  6.90 36.66 7.33 p < 0.001  

Lag*group 

interaction 

Lag 1 vs. Lag 7 17.87  -4.50 40.23 11.20 

ns 

 

Lag 2 vs. Lag 7 22.21  1.29 43.12 10.48  

Lag 3 vs. Lag 7 17.82  -5.41 41.06 11.63  

Lag 5 vs. Lag 7 5.57  -15.78 26.91 10.68  

 

Note. HC = healthy controls; AD = Alzheimer‟s disease; SE = standard error; ns = not significant.  

All statistical values are based on mixed-model regression analysis. 
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identification rates for T2 after correct T1 identification and in relation to the individual 

lag categories.  

Group effects on the T2 identification rate in relationship with the individual lag 

categories were tested by calculating a mixed-model regression analysis. Fixed 

effects were the categories “lag” with five levels (lag 1, 2, 3, 5, 7), “group” with 2 

levels (AD, HC) and the “lag*group” interaction. An overview of the statistical results 

is presented in the lower half of table 8. The regression analysis revealed that there 

is a significant main effect of the predictor “group” (p < 0.001): control subjects 

achieve, on average, 21.78 % higher accuracy rates compared to AD patients. 

However, the five lags did not show group-dependent effects on the T2 accuracy 

rate. Additionally, there was no main effect of the predictor “lag”.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 10. Behavioral results of the AB2 paradigm. 

Mean accuracies for T2 identification rates after correct T1 

identification are presented in relation to the distance between 

T1 and T2. Error bars indicate the SEM. 
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The MRI covariate of the left LC volume significantly predicted the T2 

accuracy (intercept: 0.70, 95% confidence interval lower bound: 0.16, 95% 

confidence interval upper bound: 1.23, SE=0.27, p < 0.05). From this regression 

estimation derived that the T2 identification rate increased 0.70 % for each mm³ of 

the left LC volume.  

Within each group, the fixed effect of the predictor “lag” with five levels (lag 1, 

2, 3, 5, 7) was tested by using a mixed-model regression analysis. The statistical 

results are summarized in table 9, with the data assigned to the HC in the upper half 

and to the AD patients in the lower half. Healthy control subjects indicated a 

significant effect of the five lag categories on the corresponding target identification 

rates (p < 0.01). According to pairwise comparisons, there was the trend (p = 0.05) 

for a higher T2 accuracy at lag 1 (M: 93.34 %, SD: 7.63) compared to lag 5 (M: 82.02 

%, SD: 18.02). The group of AD patients does not show differential effects of the 

individual lag categories on the T2 accuracy.    
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Table 9. Statistics of the performance obtained in the AB2 paradigm. 
      

Group: HC      

  Estimate 95% Confidence Interval  Global p-value 

   Lower Bound Upper Bound  

      

Intercept  118.14 87.06 149.22 p < 0.001 

      

Lag* 

Lag 1 vs. 

Lag 7 

5.93 -0.05 11.90 

p < 0.01 

    

Lag 2 vs. 

Lag 7 

-2.48 -9.80 4.84 

    

Lag 3 vs.  

Lag 7 

-3.17 -11.58 5.25 

    

Lag 5 vs.  

Lag 7 

-5.39 -13.86 3.08 

      

      

Group: AD      

  Estimate 95% Confidence Interval Global p-value 

   Lower Bound Upper Bound  

      

Intercept  259.18 144.35 374.00 p < 0.001 

      

Lag 

Lag 1 vs. 

Lag 7 

-8.82 -29.50 11.86 

ns 

    

Lag 2 vs. 

Lag 7 

-19.87 -38.80 -0.93 

    

Lag 3 vs.  

Lag 7 

-16.82 -37.60 3.96 

    

Lag 5 vs.  

Lag 7 

-8.36 -25.97 9.26 

      

 

Note. HC = healthy controls; AD = Alzheimer‟s disease; ns = not significant. 

* Pairwise comparisons show a difference between lag 1 and lag 5 on trend level (mean difference: 

11.31, p=0.05). No further statistical difference is found.  

All statistical values are based on mixed-model regression analysis. 
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3.3.2 Behavioural correlate: the attentional blink single task   

Performance of the AB1 task required to distinguish target trials from non-target trials 

and if appropriate, to identify a target stimulus. The investigated parameter was the 

accuracy of correct responses in per cent. The data of 23 AD patients and 24 HC 

were considered for the statistical analyses. Figure 11 shows group comparisons of 

the achieved accuracies separately for target (A) and non-target (B) trials. As 

expected, the accuracy rates of non-target trials indicated a very low variance in both 

the AD (M: 95.91 %, SD: 5.03) and HC (M: 94.70 %, SD: 8.22) group. Therefore, the 

assumption of a normal distribution was not met and this parameter was excluded 

from statistical group comparisons.  

 

 

A B 
  

Figure 11. Accuracies achieved in the AB1 paradigm.  

Accuracy levels are presented for AD patients and HC in target trials (A) and non-target trials (B). The 

central line indicates the median, the bottom and top edges of the box highlight the 25
th
 and 75

th
 

percentiles, respectively, and the whiskers extend to the most extreme data points. The circles mark 

the outliers.  

* p ≤ .001 significant group difference according to linear regression analysis. 

 

 

A linear regression analysis was calculated to predict the target identification 

rate based on the groups AD and HC. The measured mean data and the including 

statistics are represented in table 10. Significant group effects on the target 

identification rate were found (p ≤ 0.001) and manifested in T1 accuracies that were 

estimated to decrease about 21.99 % in AD patients compared to those measured in 

HC. The MRI covariates did not predict the observed target accuracy rate. 
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3.3.3 The electrophysiological P3 component 

The P3 component was measured in response to the correct detection of target 

stimuli or in non-target trials, in a time window typically corresponding to target 

presentations. For statistical analyses the individual ERPs were calculated as 

contrast waveforms between target and non-target trials in 22 AD patients and 24 

healthy participants. The resulting average EEG waveforms are depicted in figure 12 

and show the mean values for amplitude (HC: M=3.69 µV, SD=2.49; AD: M=5.25 µV, 

SD=3.23), latency (HC: M=544.71 ms, SD=139.93; AD: M=457.73 ms, SD=96.81) 

and slope (HC: M=7.5x10-3 µV/ms, SD=5.9x10-3; AD: M=11.8x10-3 µV/ms, 

SD=6.8x10-3). 

 

 

  

Figure 12. EEG waveforms acquired 

during performance of the AB1 

paradigm.  

Data are averaged over the centroparietal 

electrodes CPz, Pz and POz. The dashed 

line indicates the appearance of the target. 

The grey rectangle highlights the defined 

analysis window for the P3b component (300-

800 ms). The shaded color areas show the 

SEM for each waveform. 

 

Table 10.  Performance in the AB1 paradigm. 

Presented are mean target identification rates (with standard deviation in parenthesis) and 

the statistical overview of the group comparison. 
  

 N Target identification 

rate (in %) 
 

R-Square Regression 

Coefficient B 

SE p-value 

HC 24 90.63 (7.58) 
 

0.53 -21.99 5.79 p ≤ .001 
AD 23 68.26 (21.47) 

 

 

Note. HC = healthy controls; AD = Alzheimer‟s disease; SE = standard error. 

Stimulus-locked time (in ms) 
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Visual data inspection revealed that the EEG waveforms obtained during 

performance of the AB1 task did not contain robust P3 components. Therefore, a 

within-subject design of the cluster-based random permutations was used to evaluate 

the individual quality of the electrophysiological responses. Only six AD patients 

showed significant positive deflections within 357-517 ms (p ≤ 0.01) and 91-163 ms 

(p ≤ 0.05) after correct stimulus detection. Within the group of HC, however, no 

statistically relevant deflection (positive or negative) was detected. A group 

comparison performed via cluster-based random permutations did not show 

significant differences between the electrophysiological responses in AD patients and 

in HC. Further statistical evaluation of group differences measured by regression 

analyses is not reported.  

3.3.4 The pupil dilation response 

The PDR was calculated in response to correct target detection or in non-target trials, 

in a time window typically corresponding to target presentations. Contrast waveforms 

between target and non-target trials were calculated in 21 AD patients and 20 HC. 

The resulting waveform is represented in figure 13 and mean amplitudes, latencies 

and slopes derived from the PDR are noted in table 11.  

 

 

 
 
 
 
 
 

 

Figure 13.  Pupil dilations acquired 

during performance of the AB1 

paradigm. 

Data are represented in response to target 

detection. The grey rectangle highlights the 

defined analysis window for the PDR (700-

2000 ms). The shaded color areas show the 

SEM for each waveform. 

 

 

 

 



3. Results 

 

83 
  

A linear regression analysis was used to evaluate the effect of the different 

groups of participants on the PDR (table 11). As statistics showed, there was no 

significant group effect on the investigated parameters. Furthermore, the covariates 

describing the LC volume did not predict the PDR.  

All parameters obtained from the PDR were also statistically tested by 

applying cluster-based random permutations. According to this test, there was no 

group difference between pupillary deflections in response to target detection. A 

within-subject design of the cluster permutations analysed the difference between the 

individual physiological deflections from tonic baseline activity. AD patients revealed 

significant positive deflections within 1-1907 ms (p ≤ 0.01) and the HC group showed 

a significant PDR within 433-1324 ms after target detection (p ≤ 0.01). 

 

 

Table 11. Pupillary responses obtained from the AB1 paradigm. 

Presented are mean data (with standard deviations) and the statistical overview of a group 

comparison between AD patients (n=21) and controls (n=20). 
    

 Amplitude 

(in %) 

Latency 

(in ms) 

Slope 

(in %/ms) 

HC (M (SD)) 0.07 (0.04) 864.55 (138.63) 0.8x10-4 (0.4x10-4) 

AD (M (SD)) 0.09 (0.04) 1001.86 (218.26) 0.9x10-4 (0.4x10-4) 

R-Square 0.13 0.33 0.08 

Regression 

Coefficient B 

0.02 108.49 1.13x10-5 

SE 0.02 76.53 1.8x10-5 

p-value ns ns ns 
    

 

Note. AB = Attentional blink; AD = Alzheimer‟s disease; HC = healthy controls; M = mean; SD = 

standard deviation; SE = standard error; ns = not significant. 

Linear regression analysis did not show significant group differences. 

 

3.3.5 Correlation analyses of attentional blink parameters 

The correlation analyses of the LC volumes, behavioural and physiological 

parameters were performed by calculating Kendall‟s tau. The complete list of results 

is shown in the appendix-table 3, split into halves containing either data measured in 
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AD patients or in HC. For reasons of clarity, the following description of the results 

will concentrate on a selection of relevant correlations only (figure 14). 

 

 

A B C 

 

  

D E F 
 

  

G H  

  

 

Figure 14. Correlations between parameters obtained in the AB paradigm.  

Scatterplots are presented for selected, significant correlations within the group of HC (A-C) and 

within the AD group (D-H). The lines indicate the least squares for each group and correlation.  

The following abbreviations were used: Acc = accuracy (in %); I = intensity (in arbitrary units); V = 

volume (in mm³); L1-7 = Lag 1-7; Amp = amplitude (in % dilation from baseline); Lat = latency (in 

ms). 
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Behavioural parameters 

Accuracy rates obtained in the classic AB2 paradigm indicated a significant 

relationship with structural MRI data. Healthy control subjects were more likely to 

score higher T2 accuracies at lag 5 in case the right LC intensity is high (figure 14C, 

rτ = 0.35, p ≤ 0.05). AD patients did not show this effect at lag 5, but a similar 

correlation at lag 2: high accuracy rates were mainly accomplished by subjects with 

large LC volumes in the left hemisphere (figure 14D, rτ = 0.37, p ≤ 0.05). Control 

subjects did not indicate a significant lag 2 correlation. On trend level, however, 

higher lag 2 accuracy rates were achieved by HC with high LC intensities in the right 

hemisphere (rτ = 0.30, p = 0.08).  

 The target identification rate measured in the AB1 paradigm did not reveal any 

significant correlations with the LC volume or the PDR in AD patients. Within the 

control group, higher accuracy rates were associated with both high LC intensities in 

the right hemisphere (figure 14A, rτ = 0.39, p ≤ 0.05) and with larger LC volumes in 

the left hemisphere (figure 14B, rτ = 0.35, p ≤ 0.05).  

PDR parameters 

Significant correlations with respect to the PDR parameters were only found in AD 

patients. Larger amplitudes were linked to a lower target identification rate in both the 

AB1 (figure 14E, rτ = -0.44, p ≤ 0.01) and the AB2 at lag 3 (figure 14F, rτ = -0.58, p ≤ 

0.001). A similar relationship was estimated for the PDR latency. Patients with AD 

indicated longer latencies when accuracy rates were lower in AB1 (figure 14G, rτ = -

0.36, p ≤ 0.05) and in AB2 at lag 3 (figure 14H, rτ = -0.57, p ≤ 0.001). 

Statistical analyses did not reveal any significant correlations between PDR 

parameters and structural MRI parameters (see complete list of correlations in 

appendix-table 3).   
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4. Discussion 

This chapter discusses the results of the current thesis and evaluates to what extent 

the investigated parameters might be used as correlates for NE deficiency in early 

AD patients.      

4.1 Locus coeruleus volumes 

Structural measures of the LC nucleus were used as covariates in lineal regression 

analyses. In this way, potential effects of LC volumes on the investigated behavioural 

and physiological correlates were investigated. Statistical evaluation of the obtained 

structural MRI parameters did not reveal significant differences in LC volumes or 

intensities between AD patients and HC. This finding is unexpected since previous 

studies reported smaller LC nuclei in AD patients (Betts, Cardenas-Blanco, et al., 

2019; Kelly et al., 2017; Olivieri et al., 2019; Takahashi et al., 2015). Elaborating on 

possible explanations for the present outcome leads to the question if the used MRI 

method and thus, the calculated LC volumes, could be inaccurate. 

Here, data were acquired by using neuromelanin-sensitive MRI scans. This 

approach is based on the magnetic nature of neuromelanin which accumulates in 

noradrenergic LC neurons (Baker et al., 1989; Wakamatsu et al., 2015). Until today, 

this rather indirect volumetric measure represents the only in vivo approach for 

detecting structural dimensions of the LC nucleus. The accumulated concentration of 

neuromelanin in LC neurons varies across the lifespan (Manaye et al., 1995; Mann & 

Yates, 1974) which needs to be considered when evaluating the corresponding MRI 

scans. Because the neuromelanin concentration could not have reached its 

maximum yet, it does not represent a suitable marker for neuronal density in young 

adults. However, the rate of neuromelanin accumulation in LC neurons remains 

stable between 50 and 80 years old (Liu et al., 2019; Manaye et al., 1995). This 

finding led to the conclusion that older participants produce neuromelanin signals that 

potentially correspond to the actual number of LC neurons. For this reason, it is 

assumed that MRI scans obtained in the present study provide reliable LC volumes in 

HC and do not falsify conclusions.  
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However, it is important to keep in mind that the present MRI data did not 

show significant differences between AD patients and HC. A recent study shed light 

on the question how LC contrasts are sensitive to changes in AD. Betts, Cardenas-

Blanco, et al. (2019) measured MRI LC contrast ratios in eleven patients with AD-

dementia, 16 individuals with AD-MCI, 21 with subjective cognitive decline and 25 

HC. Additional correlation analyses between LC contrast, CSF amyloid and tau were 

calculated in 44 subjects. The study showed that AD-dementia patients indicated 

decreased LC contrasts in comparison with HC, while patients with AD-MCI and 

subjective cognitive decline had LC contrasts similar to those in HC. Furthermore, 

smaller LC contrasts were found in subjects with larger levels of CSF amyloid. This 

relationship was not found with CSF tau. These findings clearly point to a direct 

association between LC contrasts and AD pathology, but this relationship was 

restricted to AD-dementia and did not occur in AD-MCI (Betts, Cardenas-Blanco, et 

al., 2019). In contrast to the present study, Betts‟ study strictly divided their group of 

participants according to the clinical state of AD. Here, individuals with AD-dementia 

and AD-MCI were both comprised in one clinical patient group. This approach might 

have diminished potential LC contrast differences between the AD group and HC, 

because subjects with AD-MCI indicate similar LC contrasts as HC (Betts, Cardenas-

Blanco, et al., 2019).  

Furthermore, neuromelanin-sensitive MRI is a relatively young imaging 

technique and to date, there is no consistent standard method for calculating 

structural dimensions of the LC. This situation needs to be considered when 

comparing MRI data obtained in different studies. Two commonly calculated 

parameters are volumetric measures (Castellanos et al., 2015) and contrast 

intensities relative to a surrounding reference tissue (Betts, Cardenas-Blanco, et al., 

2019; Keren et al., 2015; Takahashi et al., 2015). The present study analysed 

neuromelanin-sensitive MRI data by integrating both signal intensity and volumes to 

obtain a measure of LC degeneration. A previously published LC atlas mask (Keren 

et al., 2009) was used to automatically localize the LC nucleus. This limited the risks 

of intra- and inter-rater variability. Then a Gaussian mixture model was applied on 

voxel intensities within the atlas defined ROI to classify three types of tissue. The 

Gaussian distribution of high mean intensity was ascribed to the hyperintense LC 

region, low mean intensity derived from the surrounding tissue and intermediate 

intensity represented partial volume effects. Advantage of this approach was that it 
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decreased the possibility of including partial volume effects into the calculated LC 

intensities. This could have resulted in a measure of LC degeneration that differs 

from previously obtained LC intensities/volumes.  

In addition, it is important to note that some studies split the individual LC 

masks into three segments that were analysed separately. Disease-dependent 

neuronal loss was particularly found in the rostral segment of the LC (Betts, 

Cardenas-Blanco, et al., 2019; German et al., 1992; Theofilas et al., 2017), while the 

caudal portion was still intact (Betts, Cardenas-Blanco, et al., 2019; German et al., 

1992) or demonstrated only slight decreases (Theofilas et al., 2017). The current 

study, however, did not distinguish certain segments of the LC region for analyses. 

This difference could explain why this study lacked any group differences in LC 

dimensions.  

Eventually, it needs to be considered that there is also another MRI study 

reporting inconsistent results concerning structural LC changes in AD. Miyoshi et al. 

(2013) did not find significantly reduced LC signal intensities in AD patients compared 

to HC. Locus coeruleus neurons could possibly be preserved in early stages of AD 

(Busch, Bohl, & Ohm, 1997). The researchers suggested that this would explain the 

similar LC volumes in the performed group comparison (Miyoshi et al., 2013). This 

result, however, needs to be handled with care because the size of the AD group 

was very small as they only included six subjects. 

In summary, neuromelanin-sensitive MRI is a relatively young imaging 

technique that does not provide a consistent standard analysis of LC volumes, yet. 

Therefore, it remains challenging to compare measures of LC neuron loss due to AD 

between different studies. The current study used a novel approach to obtain LC 

hyperintensities. The advantage was that it minimized the risk of including partial 

volume effects into the calculation of voxel intensities ascribed to the LC. Other 

studies split the LC into three segments or defined different inclusion criteria for the 

patient group. These aspects could have contributed to the incongruent outcome of 

the current analysis. The reliability of the reported structural MRI data should 

therefore not be doubted although the expected group differences were not found.  
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4.2 Behavioural correlates 

4.2.1 Visual 3-stimulus oddball paradigm 

Performance of the visual 3-stimulus OB paradigm produced inconsistent behavioural 

effects. The target accuracy was significantly lower in AD patients compared to HC, 

while the RT did not differ between both groups. Structural LC volumes did not have 

effects on the investigated group differences. Most previous studies investigating 

participants with pharmacologically induced NE deficiency (Coull et al., 1995; 

Lovelace, Duncan, & Kaye, 1996) or AD patients (Polich & Corey-Bloom, 2005; 

Tsolaki et al., 2017) showed that decreased target accuracies are accompanied by 

increased RTs. The unexpected outcome in this study was a comparable RT in AD 

patients and HC. However, the patients‟ fast response occurred at the expense of the 

target accuracy. A previous study found a similar behavioural pattern in response to 

an auditory 2-stimulus OB paradigm. Brown et al. (2015) reported that a 

pharmacologically decreased NE concentration in young adults did not affect the RT 

but decreased the perceptual sensitivity. These findings indicate that a decreased NE 

concentration associated with early AD might account for poor stimulus evaluation 

but does not necessarily affect the speed of information processing. This can result in 

a RT that is comparable to the RT in older HC. In more progressive stages of a 

malfunctioning LC-NE system, neuron loss shows a more severe impact as target 

accuracies and RT are both decreased in patients with moderate AD (e.g. Polich & 

Corey-Bloom, 2005; Tsolaki et al., 2017). 

This consideration leads to the question if previous AD studies reporting 

slower RTs in AD patients measured patient groups with more severe stages of LC-

NE system degeneration. The following considerations suppose that progressive 

dementia is accompanied by progressive degeneration of the LC. The current study 

mainly included subjects with early AD-dementia that were clinically diagnosed 

according to the same inclusion criteria (McKhann et al., 2011) as for instance 

patients in the Polich and Corey-Bloom (2005) study. However, the report of Polich 

and Corey-Bloom (2005) does not provide any additional information concerning the 

patients‟ cognitive state. Tsolaki et al. (2017) reveal more details as they report the 

MMSE score achieved by the investigated AD patients. They had, on average, a 

smaller MMSE than the AD patients included into the present study. The crucial 
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impact of varying cognitive states becomes even clearer when considering Tsolaki‟s 

further results. The research group reported decreased target accuracies combined 

with steady RTs in AD-MCI patients performing an auditory OB paradigm. This 

outcome is very similar to the present finding. Possibly, the AD-MCI patients‟ 

cognitive abilities had a positive impact on the average RT obtained in this study.  

Another conceivable explanation for the similar RT in AD patients and HC can 

be found in the setup of the OB paradigm. The task difficulty is controlled by varying 

the stimulus presentation time. Previous studies including AD patients showed a 

presentation time of for instance 100 ms (Polich & Corey-Bloom, 2005) or 150 ms 

(Tsolaki et al., 2017). In this study setup, all stimuli were presented within a time 

window of 500 ms to take account of the relatively slow PDR that was measured 

simultaneously. Presumably, this adjustment decreased the task difficulty compared 

to the OB paradigms presented in the Polich and Corey-Bloom (2005) and Tsolaki et 

al. (2017) studies. Earlier experiments investigated the effect of task difficulty on the 

RT in healthy, young adults (Kim et al., 2008) and in AD patients (Polich & Corey-

Bloom, 2005). The outcome was that easier OB designs were associated with shorter 

RTs, while harder task conditions resulted in longer RTs. The similar RT achieved by 

AD patients and HC in this study argues for an OB paradigm setup that did not 

exceed the patients‟ perceptual processing demands. This explanation needs to be 

regarded with suspicion since the decreased target accuracy in AD patients indicates 

an insufficient response to environmental changes.  

The present findings show that the target accuracy obtained in a visual 3-

stimulus OB paradigm represents a behavioural correlate of the LC-NE system with 

characteristic alterations in AD patients. The according target RT appears to be less 

sensitive to neurodegenerative processes occurring early in the course of the 

disease. The conclusion is that the parameter RT is not a robust and reliable 

behavioural correlate for investigating malfunctions of the LC-NE system.  

4.2.2 The attentional blink single task   

The AB1 paradigm was introduced to examine a less demanding stimulus detection 

task than the classic AB2 paradigm. The task involved both trials without any target 

stimulus and trials including a single target. Accuracies obtained in non-target trials 

were similar in AD patients (96 %) and in HC (95 %). This finding can be explained 
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by the low difficulty level of trials requiring no target identification. But the evaluation 

of target trials revealed significant group effects on accuracy rates: target 

identification was approximately 22 % lower in AD patients as in HC. The patient 

group supposedly suffered from an impaired ability to select and evaluate relevant 

incoming information (e.g.: reviewed by Parasuraman & Haxby, 1993; reviewed by 

Perry & Hodges, 1999). In the present study this effect was enhanced since stimuli 

had been presented within a RSVP stream. All stimuli appeared for not longer than 

120 ms and in direct succession (no ISI). New incoming stimuli could have 

overwritten previous stimuli before they were consolidated into working memory 

store. Thus, the RSVP task design potentially impeded the perception of relevant 

information in AD patients.  

The present outcome, though, is not in line with a previous study investigating 

a very similar approach. In addition to a classic AB2 paradigm, Peters et al. (2012) 

also presented a single target condition of the experiment to their participants. All 

parameters were chosen similar to the current study with the exception of a target 

presentation in contrast colour. The researchers reported that the task performance 

did not significantly differ between AD patients and the control group. This outcome 

can potentially be explained by the simplified task conditions. Highlighting target 

stimuli in different colours than distractors results in more effective visual perception 

(von Wright, 1972). The different outcomes obtained in the present study and in 

Peters et al. (2012) study show that AD patients significantly benefit from easing 

target detection in a visual AB1 paradigm.  

The regression analyses revealed that neither LC volumes nor LC intensities 

were significant predictors for the observed target accuracy. This indicates that LC 

dimensions were not necessarily relevant determinants for the task performance. 

Nevertheless, the accuracy rate obtained in the current AB1 paradigm represents a 

behavioural parameter with characteristic alterations in AD patients. Correlation 

analyses between task performance and LC structures reveal to what extent these 

data can be used as a marker for degeneration of the LC-NE system (see chapter 

4.5). 
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4.2.3 The attentional blink dual task   

The patient group achieved significantly lower T2 accuracy rates as HC in all lag 

categories. The number of intervening distractors between T1 and T2 did not reveal 

group-dependent effects on T2 identification. Thus, the measured group differences 

did not provide evidence for AD-specific differences in the degree of “lag 1 sparing”, 

AB effect and gradual improvement of attention after the blink period. This outcome is 

unexpected since previous studies reported a significantly reduced ability to deal with 

two concurrent targets in participants with AD. Peters et al. (2012) investigated the 

magnitude of the classic AB in 18 healthy, older subjects and 18 AD patients by 

presenting an AB paradigm with similar parameters as with the current study. 

Distractors were displayed as numbers and two characters represented target stimuli. 

The patient group indicated a more pronounced and prolonged AB effect than 

healthy elderly. As the distance between both targets increased, the performance of 

AD patients approximated the performance of control subjects. This outcome had 

previously been confirmed by two other studies examining the stimulus processing 

disturbances in either a classical RSVP task with AD-dementia patients (Kavcic & 

Duffy, 2003) or an RSVP task requiring visuospatial orientation with AD-MCI subjects 

(Perry & Hodges, 2003). The suggestion is that the limited processing capacity in AD 

results from an enhanced inter-target competition due to decreased allocation of NE 

(Kavcic & Duffy, 2003). The current study, though, did not replicate the finding of an 

elongated AB effect in AD patients in comparison with HC. To find a possible 

explanation, it is important to evaluate the quality of the applied AB2 paradigm in this 

study.  

Within group analyses showed a significant effect of lag latencies on target 

accuracy in HC. According to this result, the identification of T2 strongly depended on 

the number of intervening distractors between both targets. At lag 1, T2 accuracy 

was almost identical with T1 accuracy (T1: 94% vs. T2: 93%) which argues for the 

previously described “lag 1 sparing”. This phenomenon of preserved accuracies 

occurs when there is no intervening distractor between T1 and T2 (Potter et al., 

1998). As expected, T2 accuracy clearly decreased at a T1-T2 distance of 240 ms 

and this attentional deficit is referred to as AB effect (Raymond, Shapiro, & Arnell, 

1992). Jolicoeur (1999a) suggested that this deficit shows the largest occurrence 

when both targets are presented with a temporal distance in the range of 200-500 
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ms. After this time window, the performance of T2 identification gradually recovers. 

Here, the described attentional deficit period elongated until 600 ms at lag 5 when 

HC even had the lowest T2 accuracy. According to pairwise comparisons, there was 

a trend (p = 0.05) for a lower T2 accuracy at lag 5 compared to lag 1. This finding 

emphasizes the preserved visual attention when there is no intervening stimulus in 

contrast to the deficit occurring after the perception of distracting events. At lag 7, or 

at a distance of 840 ms between T1 and T2 presentation, was the expected gradual 

recovery as T2 accuracy increased to 87%. However, the presented AB2 paradigm 

did not include the complete recovery time period back to T1 accuracy level. The 

delayed AB period points to an increased release of NE in response to T1 processing 

and a subsequent elongated refractory period (Warren et al., 2009). This finding can 

be the result of a high level of task difficulty. Although the current results indicated a 

slightly elongated attention deficit that did not completely recover within the 

investigated time window, the applied experiment still elicited important hallmarks of 

an AB paradigm: “lag 1 sparing”, the AB effect and the subsequent gradual 

improvement of attention.  

Peters et al. (2012) presented distractors and both targets for duration of 120 

ms each. In contrast to the current study, both target characters appeared in a 

different colour than distractors. This modification was used in an attempt to ease 

target selection. Results obtained in HC showed that T2 accuracy at lag 1 was similar 

to the corresponding lag category in the present study: 94% vs. 93%. Thus, visual 

attention within the time window of “lag 1 sparing” seems to be independent of 

parameters assisting stimulus selection. But the comparison of further results 

demonstrates that the described simplification of the AB paradigm (Peters et al., 

2012) showed an effect in later lag categories: a weaker AB effect at lag 3 and earlier 

recovery from the attention deficit. The differences between both findings are 

supposedly the result of the more difficult task parameters in the current study since 

targets and distractors were presented in the same colour.  

In AD patients, however, the experiment failed to elicit the important hallmarks 

of AB paradigms. The indicated “lag 1 sparing” followed by the AB and the 

subsequent recovery at lag 7 do not reveal statistically significant influence of varying 

intervening distractors between T1 and T2. A potential explanation is that the chosen 

task parameters raised the paradigm difficulty to a level that could not be 

accomplished by AD patients. Here, all T2 accuracy rates were remarkably lower as 
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the accuracy measured in AD patients by Peters et al. (2012). Three patients were 

excluded from analyses because they did not attain the minimum number of a single 

correct T2 identification. Furthermore, the relatively high standard deviation (see 

table 8) calculated in the AD group shows that individual T2 accuracy rates had large 

variations. Some patients did not exceed the minimum number of correct T2 

identifications so that the occurrence of floor effects may be assumed.  Prior to this 

study, the AB2 procedure had been tested in an unpublished pilot study with three 

AD patients and five control subjects. Based on these pilot results, it was decided to 

elongate the usually applied stimulus presentation time to keep the experiment 

feasible for AD patients. As suggested by Peters et al. (2012), all stimuli were 

displayed for 120 ms, but the appearance of targets was not highlighted by a contrast 

colour. Possibly this was the decisive factor that increased the task difficulty to a level 

that could not be accomplished by all AD patients. Therefore, it needs to be 

considered to what extent the current results of the AB2 paradigm may be 

comparable with those of HC or other studies investigating AD patients.  

Regression analyses revealed a significant effect of LC volumes on correct T2 

identifications, which shows the important role of the LC-NE system for task 

performance. Target accuracies obtained in this AB2 paradigm, though, are not 

suited to function as a correlate for degeneration of the LC-NE system. The 

presented AB2 paradigm induced floor effects in early AD patients at such a rate that 

there was no significant AB effect in the patient group. Adaptation of task parameters, 

for instance highlighting target stimuli in contrast colours, might produce evaluable 

results that allow sound comparisons with control groups.  

4.3 Physiological correlates 

4.3.1 The electrophysiological P3 component 

The electrophysiological P3 elicited by a visual 3-stimulus oddball 

paradigm 

Both contrast waveforms of the electrophysiological P3 did not reveal any significant 

group differences in amplitude, latency or slope. Structural LC parameters did not 
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clearly have effects on this result, but there was a trend for the left LC intensity 

predicting amplitude and slope. This result is quite unexpected since most previous 

OB paradigms reliably elicited P3 components with significantly lower amplitudes and 

prolonged latencies in AD patients (for instance: Cecchi et al., 2015; Morrison et al., 

2018; Parra et al., 2012). To test the quality of the OB paradigm presented here, 

additional within-subject analyses were carried out. Cluster statistics performed on 

individual waveforms in each group showed positive, target-induced deflections from 

about 400 ms after target occurrence. This effect was significant in both groups and 

allows the conclusion that the presented OB paradigm reliably elicited P3 

components. Thus, the neurophysiological processes that are involved in P3 

generation were activated in AD patients and HC. Elaborating on other reasons why 

the current outcome was against the expectations, leads to the question if the 

analysis method was a causal factor. But as assessed by cluster-based random 

permutations, the electrophysiological deflections were also similar in both groups 

when analysed independently of the investigated parameters amplitude, latency and 

slope. It is known that the selection of the analysed EEG electrodes has important 

influence on the outcome of data evaluation. Here, the studies were mainly based on 

waveforms that had been measured in the three centroparietal electrodes. These 

were identified as the location with the most prominent disease-related changes 

(Cecchi et al., 2015). Based on this finding, the assumption is that potential 

electrophysiological changes in AD patients should be present in these electrodes. 

The investigated parameters do therefore not solely explain the deviant outcome of 

this study. 

 The current study differed in one detail to previously published studies. Most of 

them were mainly based on waveforms elicited by single stimuli rather than contrast 

waveforms as in this study. However, calculations of contrast waveforms were 

already used in a previous study with older participants and conclusions were 

comparable to those gained from target-induced deflections only (Iragui et al., 1993). 

Analysing contrast waveforms is probably advantageous against single component 

analysis because by subtracting the electrophysiological response evoked by 

standards, tonic LC activity and sensory processing components are excluded from 

the investigated signal (Polich & Corey-Bloom, 2005). The resulting contrast 

waveform represents the pure phasic LC response only so that conclusions provide 

higher informative values.  
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Results from previous studies did not reveal consistent outcomes when 

investigating P3 amplitudes and latencies. Exceptional cases were reported in terms 

of missing latency (Juckel et al., 2008; Lee et al., 2013) or amplitude (Chen et al., 

2015; Papadaniil et al., 2016; Pedroso et al., 2012) differences between patients and 

HC. As it is suggested by the currently obtained amplitude and latency, early AD 

patients might hold some compensatory mechanism that enables a sufficient and fast 

activation of brain regions that are involved in P3 generation. Recently, it was 

suggested that the mere loss of NE due to LC degeneration is not the key contributor 

to AD pathogenesis, it is rather the loss of the integrity of the entire NE system 

(Gannon & Wang, 2018). This theory is supported by studies manipulating the LC-NE 

system. Pharmacologically reduced NE levels in humans or animals were associated 

with latencies (C. C. Duncan & Kaye, 1987; Joseph & Sitaram, 1989; Lovelace, 

Duncan, & Kaye, 1996) and amplitudes (Pineda & Swick, 1992) that were similar to 

those measured in control subjects. In these experiments neuronal connections to 

target brain regions stayed intact. Other animal studies accomplished LC neuron 

damage and thereby disturbed information processing. This manipulation resulted in 

reduced P3 components (Ehlers & Chaplin, 1992; Pineda, Foote, & Neville, 1989). 

Thus, the loss of NE might not necessarily result in altered electrophysiological 

responses as long as the rate of information processing can somehow be 

compensated in early stages of the disease.  

These observations did certainly not result in comparable performances of AD 

patients and HC in this study. Although stable P3 amplitudes in AD patients 

suggested a constant amount of attentional resources focussing on task demands, 

the patient group achieved lower target accuracy rates. It seems that the allocation of 

NE is not sufficient to enable the correct evaluation of the environment in the same 

rate as in HC. A possible reason is that AD patients have an elongated refractory 

period that explains lower accuracies but would not necessarily take an effect on the 

P3 which was only analysed in trials with correct accuracy. According to this 

interpretation, the investigated P3 waveforms pertained to trials that were not 

presented within refractory periods.  

However, conclusive evidence for these theories cannot be provided by the 

data available in this study. Further experiments focussing on the neurobiological 

alterations in AD patients are necessary. The outcome of the current analyses 

suggests that the electrophysiological P3 evoked during performance of a visual 3-
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stimulus OB paradigm is not sufficiently sensitive to neurodegenerative alterations in 

early AD. Furthermore, the fact that LC volumes do not significantly predict group 

effects supports the conclusion that the P3 does not show group differences 

reflecting LC degeneration. The early disease-related NE deficiency cannot reliably 

be established by this physiological correlate of the LC-NE system.  

The electrophysiological P3 elicited by the attentional blink paradigm 

(single task mode) 

In both groups, the performance of the AB1 paradigm did not elicit robust P3 

components. Within-subject analyses were calculated to evaluate the individual 

quality of the electrophysiological responses per group. Statistics did not reveal any 

significant deflection after stimulus identification in HC. This result suggests that 

identifying a single target stimulus within a RSVP stream does not sufficiently 

stimulate the LC-NE system. In this case the neural network does not allocate 

sufficient cognitive resources that are relevant for P3 generation. In accordance with 

the relatively high target accuracy of 91 % in healthy elderly, it is likely that the level 

of task difficulty was too low. The recruited neural activation has been too small to 

elicit robust positive deflections after calculating difference waveforms.  

In six AD patients, within-subject analyses showed significant positive 

deflections within 357-517 ms (p ≤ 0.01) after correct stimulus detection which 

accounts for the occurrence of P3 components. Conversely it means that 16 AD 

patients did not elicit any significant deflection which largely diminished the effect of 

six patients with P3 component after group average. Given the theory that the low 

task difficulty did not elicit sufficient neural resources to generate a P3 component, 

this would mean that around 73% of the AD patients coped with the task. However, 

according to the behavioural evaluation it appears that more AD patients faced 

difficulties as it is indicated by the relatively low target accuracy of 68 %. This 

incidence emphasizes that a low task difficulty cannot be the only reason for a limited 

P3 generation.  

Analyses of ERP components are not subject to a uniform standard and the 

selection of the investigated electrodes has effects on the outcome of signal 

analyses. Here, the most positive deflection was found in the POz electrode which 

was part of the three centroparietal electrodes averaged for signal analysis. A similar 

AB1 paradigm was previously performed by young participants and the researchers 
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analysed the topography of the obtained electrophysiological deflections (Kranczioch, 

Debener, & Engel, 2003). The P3 component was reported to be maximal at the 

central midline in close spatial proximity to the Cz electrode. A comparison with 

Kranczioch‟s study suggests that young subjects produce rather centrally located P3 

components while older subjects/AD patients show maximum deflections at parietal 

locations. However, an argument against this theory is the previously reported 

observation that the spatial topography of the P3 slightly shifts to frontal areas in 

association with normal ageing (Horvath et al., 2018).  

Since both groups failed to generate a robust P3 component, statistical 

analyses did not continue to calculate comprehensive group comparisons. This study 

showed that the AB1 paradigm, respectively the presentation of a single target within 

a RSVP stream, does not reliably activate the neural network that is involved in P3 

generation. In conclusion, this parameter is not suited to function as a correlate for 

degeneration of the LC-NE system.  

4.3.2 The pupil dilation response 

The pupil dilation response elicited by a visual 3-stimulus oddball 

paradigm 

In both contrasts, the regression analysis of the PDR did not show significant group 

differences in amplitude or latency. The slope indicated the trend for a lower average 

value in AD patients compared to HC subjects. This finding was based on the 

conservative approach of investigating predefined parameters (amplitude, latency 

and slope) rather than the entire waveform. To take account of more modern 

statistics controlling for the multiple comparison problem when investigating the 

obtained waveforms, additional analyses were performed. Cluster-based random 

permutations revealed a significantly smaller PDR in AD patients. This could be 

confirmed for both contrasts and supports the previously described trend for a 

smaller slope in the patient group. Additionally calculated within-subject analyses 

were carried out to test the quality of the presented OB paradigm to induce robust 

PDRs. Cluster statistics investigated individual waveforms measured within both 

groups and revealed positive, target-induced deflections from about 500 ms (HC) 

respectively 650 ms (AD) after target occurrence. This effect was significant in both 
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groups and allows the conclusion that the presented OB paradigm reliably elicited the 

neurophysiological processes that are involved in controlling the PDR. 

To date, there are no comparable studies with AD patients investigating the 

PDR elicited by an OB paradigm. However, one report described the PDR in subjects 

at risk for developing AD, patients with AD and HC during performance of a cognitive 

task requiring goal-directed search and memory (Dragan et al., 2017). The parameter 

of interest was the rate of changes in pupil size after stimulus onset (pupil response 

velocity) and represents a parameter that is similar to the currently investigated 

slope. Dragan et al. (2017) reported that the elicited pupillary response decreased 

with age and, in particular, with AD-related cognitive impairment. This effect was 

elicited by stimulus onset rather than mnemonic processes. On account of this 

observation, the researchers proposed that the observed pupillary changes were 

mediated by the LC-NE system. Although pupil sizes were obtained during 

performance of a memory task, the study allows conclusions that are comparable to 

the current theories that were also examined in the context of the LC-NE system. It is 

important to note that Dragan‟s result is based on the small sample size of nine 

patients with AD, and the inclusion criteria for AD patients were limited to cognitive 

tests and behavioural symptoms rather than biomarker-evidenced diagnostics. The 

result still supports the current outcome that cognitive processes mediated by the LC-

NE system produce smaller pupillary changes in AD patients compared to those in 

healthy subjects. 

Previous studies suggested that pupillary responses modulated by mental 

effort might be used as a correlate for cognitive decline (Ahern & Beatty, 1979; 

Beatty, 1982; Granholm et al., 1996; van Der Meer et al., 2010). Increasing pupil 

diameters are linked to increasing cognitive demands and inversely related to 

individual cognitive abilities. According to this theory, patients with impaired cognitive 

abilities show larger PDRs to maintain behavioural performances (Granholm et al., 

1996; Granholm et al., 2017). Granholm et al. (2017) investigated this effect in AD-

MCI patients indicating different stages of cognitive impairment during performance 

of a digit span task. Patients with moderate cognitive impairment showed larger 

PDRs while maintaining the same behavioural performance as HC. The authors 

concluded that task-induced increased pupil diameters represent the physiological 

outcome of a compensatory mechanism. Alternating processing loads revealed that 

this effect was limited to low and moderate levels of cognitive load. Pupil dilations 
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dropped off in all subjects that were beyond their cognitive capacity. Additionally, the 

compensatory mechanism found its natural limitation in patients with severe cognitive 

impairment, and resulted in decreased pupil diameters and poor task performances. 

These compensatory mechanisms are potentially mediated by interactions between 

the anterior attention system and the LC-NE system (Aston-Jones & Cohen, 2005b; 

Coull et al., 1999; Sara, 2009). Hence, a dysfunctional LC-NE system likely manifests 

in failing compensation and smaller PDRs in AD patients. The current study 

presumably supports this theory. Inclusion of MRI covariates to regression analyses 

showed that the measured variance of LC volumes across groups significantly 

predicted amplitude, latency and slope during performance of the OB paradigm. This 

study investigated patients with early AD-dementia and it might be regarded as a 

continuation of the previously described experiments with AD-MCI patients by 

Granholm et al. (2017). The currently observed smaller PDRs and decreased 

behavioural accuracy in AD patients are in line with Granholm‟s (2017) theory: 

performance of the OB paradigm probably exceeded the compensatory capacities of 

the patient group so that pupil diameters and cognitive abilities (accuracies) dropped.  

The current results show that the PDR obtained during performance of an OB 

paradigm represents a physiological marker that is sensitive for degenerative 

changes of the LC-NE system in the course of early AD. Evaluation of the PDR 

should be based on the analysis of the entire pupillary deflection from baseline by 

using statistics correcting for the multiple comparison problem. Alternatively, the 

slope of the target-induced pupil dilation is proposed to be a promising correlate for 

NE deficiency in AD patients. Repeating the experiments with a larger number of 

participants could demonstrate if the trend for a decreased PDR slope in patients 

turns into statistically significant differences.   

The pupil dilation response elicited by the attentional blink paradigm 

(single task mode) 

The PDR, analysed in terms of amplitude, latency and slope, and elicited during 

performance of the AB1 paradigm did not differ between AD patients and HC. 

Additionally, a statistical evaluation of the entire waveform was performed by 

applying cluster-based random permutations. This approach confirmed the previous 

finding and did not show any group differences of pupillary deflections in response to 

target detection. To test the ability of the AB1 paradigm to reliably induce stimulus-
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related pupil dilations, additional within-subject analyses were calculated for each 

group. As revealed by cluster statistics the individual pupil sizes significantly dilated 

about 430 ms (HC) respectively immediately (AD) after target detection. Therefore, it 

is assumed that the presented AB1 paradigm reliably stimulated neurophysiological 

processes resulting in distinct PDRs.   

 To date, none of the previous studies investigated the PDR elicited by an AB1 

paradigm in AD patients. The data clearly show that the AB1 paradigm elicited 

individual PDRs, but it did not induce PDRs that were sensitive to early 

neurodegeneration in AD. This was unexpected because the patients‟ cognitive 

abilities (accuracies) significantly dropped in comparison with HC. According to the 

previously described theory corroborated by Granholm et al. (2017) poor task 

performances are associated with decreased pupil sizes and are the result of failed 

compensation mechanisms. If this theory is translated to the current study it suggests 

that a potential compensation mechanism was not adequately efficient in AD 

patients. Some neural processes sufficiently induced a PDR, but they were not able 

to produce satisfactory cognitive abilities.  

This study clearly showed that the PDR obtained during performance of the 

AB1 paradigm is not sensitive for disease-related changes in early AD and is not 

suggested to be used as a marker for degeneration of the LC-NE system. 

4.4 Correlation analyses: parameters obtained during 

performance of the oddball paradigm 

Since the objective of this study is to identify markers being sensitive to the 

degeneration of LC-NE system, correlations between LC volumes/intensities and the 

investigated behavioural and physiological parameters are of particular interest.  

4.4.1 Correlations with LC volumes/intensities 

The group of HC showed that smaller LC volumes were associated with longer P3 

latencies, larger PDR amplitudes and larger slopes. In AD patients, a similar result 

became evident: smaller LC volumes were correlated with larger PDR amplitudes 

and slopes, but missed any significant relationship with EEG parameters.  
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Experiments with monkeys provided evidence for a significant positive 

correlation of pupil diameters with LC tonic activity and behavioural performance 

(Joshi et al., 2016; Rajkowski, 1993). Additionally, pharmacological manipulations 

indicated that increased pupil diameters are associated with enhanced activity of the 

LC-NE system (Hou et al., 2005; Minzenberg et al., 2008). These outcomes point to a 

functional relationship between the LC and pupillary responses: more activity of LC 

neurons may supposedly result in larger PDRs. Unfortunately previous studies focus 

on fMRI data rather than investigating correlations of structural LC volumes with 

physiological data. There are indications that there is a functional relationship of the 

LC and the PDR in young adults. Murphy et al. (2014) assessed brain activity during 

performance of a 2-stimulus OB task by using combined pupillometry and fMRI. The 

study included 14 young participants (age range: 21-48 years) and primary focused 

the analyses of BOLD activity on the ROI containing the LC. Comparable to the 

current study, Murphy et al. (2014) localized the LC by using the standardized atlas 

mask published by Keren et al. (2009). The study revealed a strong positive 

correlation between target-induced LC activity and the PDR. Additional analyses 

excluded primary visual cortex activation from the signal and showed a largely 

preserved relationship between PDR and LC activity (Murphy et al., 2014).  

This outcome suggests that the LC nucleus plays an important role in 

controlling the PDR and therefore, structural measures of the LC may also be 

correlated with PDRs. Based on this assumption the current results are unexpected: 

in this study, smaller LC volumes were associated with larger PDR amplitudes (in 

both groups) and with longer P3 latencies (in HC). To date, no study reported the 

relationship between LC volumes/intensities and PDRs in AD patients so that the 

reliability of the current outcome cannot be proven. Hämmerer et al. (2018) 

investigated to what extent age-dependent alterations of the LC account for cognitive 

decline in ageing. Younger and older participants performed a memory task to 

activate the LC-NE system. Intensities of the LC were acquired by neuromelanin-

sensitive MRI scans. Additionally, the PDR was obtained as a potential marker of LC 

activity. It should be noted that there were no age differences in mean LC intensity or 

volume. The researchers reported two main outcomes of this study. On the one 

hand, older subjects indicated poorer memory performance, especially in response to 

emotionally salient stimuli, in correlation with smaller LC intensities. This outcome 

was not evident in young participants and showed that LC intensities might explain 
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age-dependent alterations in memory performance (Hämmerer et al., 2018). On the 

other hand, larger PDRs were observed after perceiving salient stimuli (in both 

groups) and showed, on trend level, a correlation with stronger LC intensities (in 

older participants). The missing significance of the latter result was quite unexpected 

and the authors considered small statistical power as a potential explanation 

(Hämmerer et al., 2018). This study showed that the initially assumed correlation of 

large LC volumes with increased PDRs could not be significantly demonstrated in 

older participants. In contrast, the current study indicates that smaller LC volumes 

were associated with larger PDRs in a comparable group of individuals (HC). Further 

experiments including structural MRI measurements should evaluate if these results 

are based on small statistical power, methodological weaknesses or structural 

alterations related to ageing and AD.  

In summary, the current findings show that the electrophysiological P3 

component is not associated with structural LC measures in AD patients. Additionally, 

it did not show disease-dependent alterations when comparing deflections in HC and 

in AD patients. This parameter is therefore not recommended to be used as marker 

for LC degeneration in AD patients. The obtained group differences of the PDR slope 

did not turn into significant alterations, but indicated the trend for a lower average 

value in AD patients. Although the current results revealed odd correlations between 

LC volumes and the PDR, they suggest that there is a significant link between these 

parameters. Before the slope could be used as physiological correlate in early AD 

patients, further analyses are necessary to investigate the nature of this relationship 

and indicate to what extent these correlations are specific for AD.  

4.4.2 Other correlations 

In this study, longer RTs were obtained when subjects indicated longer P3 latencies 

(both groups), longer PDR latencies (HC) and smaller PDR amplitudes (AD). This 

relationship is in line with previous findings. Nieuwenhuis, Aston-Jones, and Cohen 

(2005) proposed that the electrophysiological P3 is a result of phasic bursts of NE in 

response to stimulus evaluation and decision making. According to their theory of LC 

function, the P3 component should be correlated with behavioural parameters such 

as accuracy and RT. This theory was further investigated by Kamp and Donchin 

(2015) who obtained both the P3 component and PDR in an OB paradigm in young 
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participants. The authors reported that targets (“infrequents”) elicited P3 latencies 

that were correlated with RT, while P3 amplitudes did not show significant 

correlations with behaviour. The current study demonstrated that this finding is also 

evident in older subjects and in AD patients. While P3 latencies indicated significant 

relationships with RT in both groups, P3 amplitudes were not associated with the 

behavioural responses RT and accuracy. These outcomes suggest that the degree of 

allocated cognitive resources, measured in terms of amplitudes (van Dinteren et al., 

2014), does not affect the RT. It is rather the speed of signal processing, reflected by 

the latency (van Dinteren et al., 2014), that has direct influence on the time 

necessary for response execution.  

 Kamp and Donchin (2015) revealed inconsistent findings regarding PDR 

parameters since both amplitude and latency were significantly related to RTs. The 

outcome of the present study shows that this relationship differs in aged and 

diseased individuals. Older subjects associated longer latencies with longer RTs, 

while in AD patients smaller amplitudes correlated with longer RTs. A possible 

explanation is that older subjects show longer RTs because they need more time to 

recruit relevant neural resources. This delay could be an adaptation to maintain 

behavioural accuracies on an almost perfect level (99.58 %, SD = 1.59). This 

correlation was not found in AD patients which might contribute to the significant 

decrease of accuracy (94.79 %, SD = 12.62, p < 0.05) in this group. Patients with AD 

potentially possess reduced neural resources which resulted in smaller PDR 

amplitudes and eventually longer RTs. 

To summarize, the outcomes of this study show that behavioural parameters 

obtained during performance of a visual OB paradigm indicated restricted 

relationships with the LC-NE system. The parameter “accuracy” lacks any link with 

structural MRI data or physiological parameters. Although correlation analyses did 

not reveal a direct association of RTs with LC volumes/intensities in AD patients and 

in HC, the current results revealed that this behavioural parameter is strongly linked 

to physiological responses that are controlled by the LC-NE system (e.g. de Gee et 

al., 2017; Murphy et al., 2014; reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 

2005).  
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4.5 Correlation analyses: parameters obtained during 

performance of the attentional blink paradigms 

4.5.1 Correlations with LC volumes/intensities 

In the AB2 paradigm, HC were likely to achieve better task performances at lag 2 (on 

trend level) and lag 5 (significant) when they had higher LC intensities. The patient 

group showed a similar correlation at lag 2 when they had higher accuracy rates in 

association with larger LC volumes. Performance of the AB1 paradigm revealed that 

accuracies in HC were significantly better when the LC intensity was higher and the 

LC volume was larger. No correlation between LC measures and AB1 performance 

was found in the AD group.  

These correlations of behavioural accuracies in the AB1 and AB2 paradigms 

were in accordance with previous findings. Human studies (Gilzenrat et al., 2010; 

reviewed by Nieuwenhuis, Aston-Jones, & Cohen, 2005) and those with monkeys 

(Aston-Jones et al., 1994; Clayton et al., 2004) reported a correlation of high 

performance levels with phasic activation of LC neurons. During task performance 

NE is released from the LC nucleus and increases the neuronal sensitivity for 

relevant information (e.g. target stimuli). At the same time, irrelevant information 

processing appears to be inhibited. These findings can be translated to the here 

presented visual stimulus detection tasks that also recruited the LC-NE system. 

Larger LC volumes indicate a larger storage of NE (Aston-Jones & Cohen, 2005b; 

Heneka et al., 2010). Thus, participants benefited from a NE-mediated facilitation of 

the local “signal-to-noise” ratio, resulting in improved stimulus discrimination (Sara, 

2009). Based on these assumptions, the present outcome of positive relationships 

between task performance and LC volumes/intensities is a consistent finding. This 

study shows that an equivalent correlation is also evident in AD patients performing 

the AB2 paradigm. Patients had better behavioural performances when they 

indicated larger LC volumes. This outcome suggests that AD patients take advantage 

of the functionality of the LC-NE system. Statistical analyses revealed that in both 

groups the NE-mediated improvement of target detection was particularly relevant at 

lag 2 respectively 240 ms after target presentation. This time point corresponds well 

with the occurrence of the AB effect. The phenomenon was previously observed 
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when both targets were presented with a temporal distance in the range of 200-500 

ms (Jolicoeur, 1999a). Within the group of HC, an additional positive correlation 

between LC intensities and task performance was found at lag 5 or 600 ms after 

target occurrence. Thus, the potentially task-improving effects of NE occurred after 

the temporal frame of the AB when the performance of T2 identification typically 

recovers. However, in the present study the task performance at lag 5 was not 

significantly improved towards the performance at lag 2. Here, the described 

attentional deficit period appeared elongated compared to a similar experiment 

(Peters et al., 2012). It should be taken into consideration that the presented AB2 

paradigm indicated a level of task difficulty that was too high to reveal NE-mediated 

improved stimulus detection rates at lag 5. 

Furthermore, there were no significant relationships between LC volumes and 

PDRs obtained during performance of the AB1 paradigm. Up to date, no studies 

investigated correlations between structural LC measures and PDRs in AD patients. 

Comparable approaches focused their research on the activity of the brain region 

containing the LC nucleus. The maximum pupil amplitude represents the proportion 

of NE release (reviewed by Beatty & Lucero-Wagoner, 2000), while the baseline pupil 

diameter is associated with tonic LC activity (Gilzenrat et al., 2010; Rajkowski, 1993). 

This suggests that the LC nucleus plays an important role in controlling the PDR and 

therefore, it stands to reason that there should be a correlation between both 

parameters. Based on this assumption, the present finding of not any relationship 

between LC volumes and PDRs was unexpected. It is noteworthy that previous 

studies based their conclusions on data from OB paradigms (Gilzenrat et al., 2010; 

Murphy et al., 2014) and memory tasks (Hämmerer et al., 2018) rather than AB1 

paradigms, and none of these studies investigated AD patients. Therefore, it remains 

unclear if the present result represents a reliable outcome.  

In summary, the investigated correlation analyses showed that it is mainly the 

AB2 paradigm that produced behavioural data significantly related to structural LC 

measures. These behavioural data were also sensitive to disease-related changes of 

the LC nucleus, but floor effects in AD patients give rise to justified doubts about the 

validity of the test results. Based on the current study, this parameter is therefore not 

suggested as correlate for degeneration of the NE system. The AB1 paradigm 

produced behavioural data that were associated with the LC nucleus in HC, but not in 

early AD patients. Because of the importance of the LC-NE system for task 
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performance and the detected group differences, it is concluded that the accuracy in 

an AB1 paradigm represents a reliable marker for norepinephrine deficiency. In 

contrast, PDR parameters obtained from this paradigm are not appropriate 

candidates as correlates for LC degeneration.  

4.5.2 Other correlations 

Data obtained in HC did not show significant correlations beyond the previously 

described relationships with structural LC measures. Within the group of AD patients, 

lower accuracies in both the AB1 paradigm and the AB2 paradigm were significantly 

associated with larger amplitudes and longer latencies of the PDR.  

The described relationship points to an inefficient, delayed allocation of neural 

resources in AD patients. This correlation was quite unexpected since increased 

pupil diameters were proposed to be associated with enhanced activity of the LC-NE 

system (Minzenberg et al., 2008) and therefore, with good behavioural performances 

(Kamp & Donchin, 2015). Reduced LC-NE system activity, as found in AD patients, 

typically results in decreased PDRs (Hou et al., 2005) and poor behavioural 

performances (Tsolaki et al., 2017). A supposable explanation for the current finding 

is the theory that PDRs modulated by mental effort represent an indicator for 

cognitive decline (Ahern & Beatty, 1979; Beatty, 1982; Granholm et al., 1996; van 

Der Meer et al., 2010). Increasing pupil diameters are linked to increasing cognitive 

demands and inversely related to individual cognitive abilities. Patients with impaired 

cognitive abilities show larger PDRs to maintain behavioural performances 

(Granholm et al., 1996; Granholm et al., 2017). But the here investigated patients 

were not able to compensate the disease-related impaired cognition which 

manifested in bad task performances. In case compensation mechanisms fail, the 

PDR typically decreases in AD patients (Dragan et al., 2017; Granholm et al., 2017). 

At this juncture it cannot be explained why the present study did not replicate this 

finding. 
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4.6 Limitations and future directions 

As statistical analyses revealed, there were no significant differences in LC volumes 

or intensities between AD patients and HC. This finding possibly weakened the 

conclusions regarding differential effects of LC volumes. The consequences of LC 

degeneration on the investigated behavioural and physiological correlates would 

have become more evident if the group differences between LC volumes were 

significant. In spite of this limitation, this study showed that behavioural performances 

obtained in OB and AB1 paradigms as well as the PDR during performance of the 

OB paradigm were reliably decreased in early AD patients. Previous studies revealed 

that these parameters are mainly controlled by the functioning of the NE system (for 

instance: R. M. Krebs et al., 2018; Murphy et al., 2014). This suggests that alterations 

in these parameters reflect disease-related changes of the LC nucleus. However, this 

conclusion is based on theoretical assumptions since the LC activity is measured 

rather indirectly in form of these parameters. Unequivocal evidence for a causal 

relationship between LC degeneration and alterations of LC parameters can be 

provided by fMRI.  

The applied AB2 paradigm needs to be revised in three respects. In the first 

place, the task difficulty appears to be too high when target and standard stimuli were 

presented in the same colour. This resulted in floor effects and considerably reduced 

the amount of evaluable trials especially in the AD group. A reliable group 

comparison with sound conclusions about the usability of the AB2 paradigm as 

marker for LC-NE degeneration was not possible. Future studies investigating AD 

patients are supposed to ease target selection by highlighting target stimuli in 

contrast colours. Second, the presented number of lags was not sufficient to evoke 

the complete recovery of task performance. The group of HC failed to produce 

accuracies that were significantly higher at longer lags compared to those at shorter 

lags. But according to the criteria postulated by MacLean and Arnell (2012), 

evaluation of the AB effect requires a complete recovery of the AB. Further 

experiments with older participants should therefore present a longer maximum 

temporal distance between T1 and T2 than 840 ms. And third, the number of 20 trials 

per lag category was too low to ensure reliable analyses of physiological parameters 

obtained during performance of the AB2 paradigm. This fact, though, had been 

considered already prior to the start of this study and it had been accepted to keep 
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the experimental procedure feasible for AD patients. Participation in all experiments 

took between five and six hours per subject (incl. preparing of EEG acquisition) and 

increasing the number of trials would have exhausted the patients too much.  

To ensure a high quality standard, strict inclusion criteria were applied for the 

selection of all participants. The intake of any medication affecting the NE system 

resulted in exclusion from this study but patients did not stop taking AD-related 

medication, such as acetylcholinesterase inhibitors (AChEI). This manipulation of the 

cholinergic system might have had effects on the investigated parameters. Improved 

visual selective attention (Foldi, White, & Schaefer, 2005) and reduced P3 

components (Chang et al., 2014; Katada et al., 2003; Werber et al., 2003) were 

previously observed in response to cholinergic treatment. Thus, including AD patients 

taking AChEIs might lead to conclusions that reflect the cognitive-behavioral effects 

of the medication. As proofed by the established literature, there is no consistent 

solution how to deal with this issue. Many studies do not provide any information 

about the participants‟ AD-related medication (for instance: Cecchi et al., 2015; 

Dragan et al., 2017; Granholm et al., 2017). Other cohorts (for instance: Peters et al., 

2012; Tsolaki et al., 2017) as well as the present AD patients continued the intake of 

AChEIs. This decision was based on the consideration that a sudden discontinuation 

of medication intake could affect the patients‟ well-being.  

Eventually, it cannot be excluded that small statistical power could have 

contributed to unexpected outcomes of this study. The group sizes of 26 respectively 

24 subjects was possibly not sufficient to reveal significant disease-dependent 

alterations in all parameters.  

Potential effects of the cholinergic system are not unequivocally excluded. To 

proof conclusive evidence for a noradrenergic regulation of the investigated 

parameters, prospective studies should repeat the experiments after the intake of a 

selective β-receptor antagonist like propranolol. A randomized and placebo-

controlled within-subject design with healthy, older participants is expected to reveal 

changes of behavioural and physiological parameters that are similar to the 

described alterations in AD patients. In young subjects, a manipulation with 

propranolol significantly modulated correlates of the LC-NE system like the 

electrophysiological P3 component (de Rover et al., 2015) and the performance 

obtained in an AB2 paradigm (de Martino, Strange, & Dolan, 2008). Currently, effects 

of these noradrenergic manipulations have not been reported in healthy, older 
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participants with sufficient sample sizes. Findings from these studies could provide 

an important requirement for further pharmacological interventions that are based on 

β-receptor agonists. In this way, those parameters that were sensitive for LC-NE 

system degeneration in the present study could serve as correlates proving the 

effectiveness of new drugs for treating AD.   
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Appendix 

 
 
Appendix-list 1. 

Intake of the following active substances affecting the NE system was considered as 

exclusion criterion for this study. 

 

 Amphetamine  Fenoterol  Phenylephrine 

 Atenolol  Formoterol  Prazosin 

 Atomoxetine  Guanfacine  Propranolol 

 Bambuterol  Indacaterol  Quetiapine 

 Befunolol  Indoramin  Reproterol 

 Betaxolol  Levobunolol  Risperidone 

 Bisoprolol  Methyldopa  Salbutamol 

 Brimonidine  Methylphenidate  Salmeterol 

 Bunazosin  Metipranolol  Sertindole 

 Carteolol  Metoprolol  Sotalol 

 Carvedilol  Mianserin  Terazosin 

 Celiprolol  Mirtazapine  Terbutaline 

 Chlorprothixen  Moclobemide  Tetryzoline 

 Clenbuterol  Modafinil  Thioridazin 

 Clozapine  Naphazoline  Timolol 

 Dobutamine  Olanzapine  Tramazoline 

 Doxazosin  Olodaterol  Tranylcypromine 

 Duloxetine  Orciprenaline  Trimazosin 

 Ephedrine  Paliperidone  Urapidil 

 Epinephrine  Perazine  Venlafaxine 

 Ergotamine  Phenoxybenzamine  Vilanterol 

 Esmolol  Phentolamine  Ziprasidone 

 Etilefrine  Phenylephrine  
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Appendix-figure 1. Behavioral results of the AB2 task acquired 

within the preceding pilot study. The accuracy of correct T2 

identification (with SEM) is represented in relation to the distance 

between T1 and T2. 
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Appendix-figure 2. Electroencephalographic montage indicating the applied electrode 

positions. Electrodes were placed according to the international 10-20 localization system. 

The red rectangle highlights the 3 centroparietal electrodes that were averaged and 

statistically analysed in this study.  

 

The figure was modified from Brain Products GmbH, Germany, September 2017. 
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Appendix-figure 3. Histogram showing the time values of the most 

positive EEG deflections after stimulus presentation within the OB 

paradigm. Data were summed for both groups and both conditions. 

The red curve indicates the probability distribution. 

Based on this bimodal distribution pattern, the analysis window for 

parameterization of ERP components was set to 300-800 ms.  
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Appendix-table 1. 
Average data that were assumed to calculate inverse transformations of the target 
accuracy. 

Group Age Education Gender Left LC 
intensity 

Right LC 
intensity 

Left LC 
volume 

Right LC 
volume 

HC 70 15 male 1.15 1.15 10 10 
AD 70 15 male 1.15 1.15 10 10 

 

 

Appendix-equation 1. 
The following inverse transformation accounts for a subject‟s regression coefficient 
and target accuracy in the HC group. 
 
Regression equation: 
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Appendix-equation 2. 
This inverse transformation accounts for a subject‟s regression coefficient and target 
accuracy in the AD group. 
 
Regression equation:  
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Regression coefficient: 
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Appendix-figure 4. Centroparietal EEG waveforms acquired during performance of the OB 

paradigm. Data from the presented electrodes CPz, Pz and POz were averaged for both 

contrasts, target vs. standard, and target vs. distractor. Thereby the multiple comparison 

problem was reduced.  

The dashed line indicates appearance of the stimulus. The grey rectangle highlights the defined 

analysis window for the P3b component (300-800 ms). The shaded color areas show the SEM 

for each waveform. 
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Appendix-table 2. 
Correlations between behavioral and functional parameters gained from the OB paradigm. The upper diagonal displays data from HC and the lower diagonal data from the AD group.  
 EEG: 

TS-Amp 
EEG: 
TD-Amp 

EEG: 
TS-Lat 

EEG: 
TD-Lat 

EEG: 
TS-Slo 

EEG: 
TD-Slo 

PDR: 
TS-Amp 

PDR: 
TD-Amp 

PDR: 
TS-Lat 

PDR: 
TD-Lat 

PDR: 
TS-Slo 

PDR: 
TD-Slo 

Acc 
Target 

RT 
Target 

MRI: 
I-left 

MRI: 
I-right 

MRI: 
V-left 

MRI: 
V-right 

EEG: 

TS-Amp 
 0.73** 0.17 0.04 0.76** 0.71** 0.15 0.11 0.22 0.16 0.03 0.03 -0.23 0.26 -0.23 -0.08 -0.05 -0.06 

EEG: 

TD-Amp 
0.71**  0.18 0.08 0.65** 0.84** 0.18 0.14 0.27 0.21 0.06 0.06 -0.20 0.31* -0.15 -0.06 -0.05 -0.18 

EEG: 

TS-Lat 
-0.18 -0.09   0.71** -0.07 0.05 0.40* 0.39* 0.31 0.26 0.31 0.31 0.010 0.32* -0.04 -0.13 -0.34* -0.26 

EEG: 

TD-Lat 
-0.17 -0.20 0.70**  -0.15 -0.08 0.28 0.24 0.16 0.14 0.16 0.16 -0.03 0.46** -0.02 -0.19 -0.17 -0.28 

EEG: 

TS-Slo 
0.80** 0.60** -0.38* -0.30   0.74** -0.01 -0.05 0.06 0.01 -0.07 -0.07 -0.22 0.16 -0.20 -0.07 -0.01 -0.05 

EEG: 

TD-Slo 
0.58** 0.71** -0.32* -0.48** 0.66**  0.19 0.15 0.20 0.15 0.10 0.10 -0.15 0.21 -0.11 -0.04 -0.09 -0.14 

PDR: 

TS-Amp 
-0.14 -0.17 -0.20 0.03 0.01 -0.15   0.90** 0.37* 0.36* 0.78** 0.60** 0.04 0.18 0.09 -0.12 -0.38* -0.20 

PDR: 

TD-Amp 
-0.11 -0.22 -0.15 -0.04 -0.02 -0.15 0.74**  0.33* 0.32 0.76** 0.66** 0.04 0.10 0.14 -0.19 -0.43* -0.28 

PDR: 

TS-Lat 
0.06 -0.04 -0.21 -0.22 0.11 0.10 0.29 0.47**   0.72** 0.15 0.10 0.20 0.39* 0.16 -0.10 -0.06 -0.14 

PDR: 

TD-Lat 
0.04 -0.06 -0.32 -0.22 0.14 0.08 0.24 0.46** 0.84**  0.16 -0.02 0.23 0.30 0.10 -0.16 -0.20 -0.08 

PDR: 

TS-Slo 
-0.14 -0.17 -0.13 0.12 -0.04 -0.22 0.83** 0.59** 0.11 0.07   0.70** 0.01 -0.02 0.08 -0.04 -0.42* -0.14 

PDR: 

TD-Slo 
-0.16 -0.22 -0.15 0.05 -0.09 -0.22 0.83** 0.78** 0.27 0.4 0.79**  0.01 -0.12 0.18 -0.01 -0.27 -0.26 

Acc 

Target 
0.12 0.10 -0.23 -0.09 0.17 0.12 0.25 0.11 0.01 0.00 0.31 0.22   -0.14 0.13 -0.14 0.02 -0.32 

RT 

Target 
-0.02 -0.01 0.47** 0.30 -0.10 -0.09 -0.33* -0.23 0.06 0.05 -0.35* -0.28 -0.29  -0.09 -0.03 0.01 -0.02 

MRI: 

I-left 
0.00 0.03 0.00 -0.06 -0.04 0.00 -0.03 -0.13 -0.06 -0.11 -0.03 -0.09 -0.21 -0.07   

-0.14 
 

-0.13 
 

-0.31* 
 

MRI: 

I-right 
0.05 0.11 0.18 0.00 0.02 0.17 -0.04 0.12 0.22 0.21 -0.10 0.02 -0.05 0.26 -0.03  

0.22 
 

0.18 
 

MRI: 

V-left 
-0.04 -0.01 -0.03 -0.05 -0.03 0.04 -0.16 -0.11 0.07 0.12 -0.20 -0.03 -0.07 0.21 0.01 0.04   

0.17 
 

MRI: 
V-right 

0.00 0.07 -0.04 -0.05 -0.02 0.11 -0.38* -0.22 -0.18 -0.07 -0.33* -0.26 -0.12 -0.02 -0.00 0.03 0.27  

 

Note. HC = healthy controls; AD = Alzheimer‟s disease; TS = contrast target-standard; Amp = amplitude; TD = contrast target-distractor; Lat = latency; Slo = slope; Acc = accuracy; RT = reaction time; I = 
intensity; V = volume. Data indicate correlation coefficients according to Kendall‟s tau. ** significant at p ≤ 0.01; * significant at p ≤ 0.05. 
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Appendix-table 3. 
Correlations between behavioral and functional parameters gained from the AB paradigm. The upper diagonal displays data from HC and the lower diagonal 

data from the AD group.  
              

 PDR:  

Amp 

PDR: 

Lat 

PDR: 

Slope 

Acc 

AB1 

Acc 

AB2-L1 

Acc 

AB2-L2 

Acc 

AB2-L3 

Acc 

AB2-L5 

Acc 

AB2-L7 

MRI: 

I-left 

MRI: 

I-right 

MRI: 

V-left 

MRI: 

V-right 

PDR:  

Amp 
 0.30 0.85** -0.08 0.02 -0.12 -0.13 0.08 0.05 0.34 -0.27 -0.32 -0.04 

PDR: 

Lat 
0.35*  0.15 -0.06 0.03 0.04 -0.14 -0.01 -0.17 0.12 0.07 -0.35 0.01 

PDR: 

Slope 
0.73** 0.09  -0.01 -0.02 -0.09 -0.11 0.09 0.08 0.31 -0.24 -0.20 -0.07 

Acc 

AB1 
-0.44** -0.36* -0.36*  0.04 0.40** 0.25 0.36* 0.23 0.07 0.39* 0.35* 0.01 

Acc 

AB2-L1 
-0.39* -0.31 -0.31 0.50**  0.16 0.00 0.07 0.29 0.08 0.02 -0.04 -0.07 

Acc 

AB2-L2 
-0.34* -0.36* -0.28 0.62** 0.53**  0.50** 0.39* 0.35* 0.25 0.30 0.12 -0.19 

Acc 

AB2-L3 
-0.58** -0.57** -0.42* 0.72** 0.53** 0.68**  0.34* 0.26 -0.08 0.21 0.17 -0.14 

Acc 

AB2-L5 
-0.52** -0.49** -0.41* 0.61** 0.58** 0.53** 0.70**  0.40* 0.12 0.35* -0.06 -0.24 

Acc 

AB2-L7 
-0.20 -0.22 -0.11 0.43** 0.23 0.25 0.37* 0.52**  0.20 0.18 0.22 -0.26 

MRI: 

I-left 
-0.18 0.01 -0.18 -0.01 -0.06 0.02 0.06 -0.11 -0.37*  -0.13 -0.14 -0.23 

MRI: 

I-right 
0.09 -0.10 0.14 -0.24 -0.11 0.03 -0.18 -0.23 -0.19 0.07  0.19 0.12 

MRI: 

V-left 
0.04 0.05 -0.05 0.11 0.19 0.37* 0.20 0.15 -0.05 -0.02 0.00  0.11 

MRI: 

V-right 
0.07 0.12 -0.07 -0.01 0.30 0.16 0.00 0.06 -0.09 0.01 -0.05 0.05  

 

Note. AB = Attentional blink; HC = healthy controls; AD = Alzheimer‟s disease; Amp = amplitude; Lat = latency; Acc = accuracy; L1-7 = Lag 1-7; I = intensity; V = volume.  

Data indicate correlation coefficients according to Kendall‟s tau.  

** significant at p ≤ 0.01; * significant at p ≤ 0.05. 
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