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Summary  
The aim of this dissertation is to advance our knowledge of the role of the noradrenergic 

system of the locus coeruleus (LC-NE system) in memory and age-related differences in LC 

function. Additionally, the dissertation will provide a better understanding of the mechanism of 

action of transcutaneous auricular vagus nerve stimulation (taVNS) in humans, enabling a more 

precise and targeted application of taVNS in an individually altered LC-NE system. 

 In the high-resolution imaging study of the LC, I show age-related differences in the 

functional involvement of the LC during a cognitive task known to rely on noradrenergic 

function. Furthermore, I show that functional activation of the LC increased during emotional 

and task-salient events, aligning with animal studies of LC function. While there is growing 

evidence for structural degeneration of the LC with age, my findings indicated higher functional 

activation of the LC among older adults. This may suggest compensatory overactivation of the 

LC in older adults, as younger and older adults showed comparable performance in completing 

the experimental task.          

 In a second study involving younger adults, I investigate the potential effects of short 

bursts of taVNS on the noradrenergic system of the LC. I systematically investigated how 

different stimulation parameters during short bursts of taVNS affect changes in pupil size, 

which is discussed as an indirect measure of LC activation. Additionally, I investigated the 

effects of taVNS on memory performance. The results I report regarding increased pupil 

dilation following short bursts of taVNS align with animal and human studies of short bursts of 

invasive or taVNS, which, in contrast to longer-lasting taVNS impulses, consistently indicated 

modulation of the LC-NE system. Furthermore, the influence of intensity on pupil dilation 

appeared to be stronger than the influence of frequency. However, when considering the sensory 

perception of the stimulation, I show that potential changes in pupil dilation induced by taVNS 

could no longer be explained solely by the stimulation itself. I also show that memory 

performance was better with both real and sham stimulation, even when controlling for 

subjective perception of stimulation. Specifically, real taVNS improved the encoding of 

negative events compared to neutral events, which is consistent with animal studies reporting 

the involvement of ascending vagal fibers in emotional memory. Therefore, my findings on 

short bursts of taVNS may indicate arousal and/or attention-related processes during the 

stimulation process.           

 The taVNS results of this dissertation emphasize the importance of carefully controlling 

and evaluating the sensory effects of various stimulation conditions and locations while also 

considering the potential cognition-enhancing effects related to the subjective sensation of the 
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stimulation itself. Furthermore, the functional activations of the LC demonstrate that age-

related differences in LC function can be visualized using high-resolution functional MRI and 

appropriate post-processing methods for small structures in the brainstem. Therefore, future 

research can build on the findings of my dissertation: For instance, it could conduct combined 

fMRI-taVNS studies that consider the influence of the subjective sensation of stimulation to 

investigate the mechanisms of taVNS, the involvement of the LC and other neuronal structures, 

and the effects of external modulation of NE release in a more targeted manner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 DISSERTATION | MAREIKE LUDWIG  III 

German Summary (Zusammenfassung)  
Das Ziel der vorliegenden Dissertation besteht darin, unser Wissen über die Rolle des 

noradrenergen Systems des Locus Coeruleus (LC-NE System) beim Gedächtnis sowie für die 

altersbedingten Unterschiede in der LC-Funktion zu vertiefen. Zudem soll ein verbessertes 

Verständnis für den Wirkmechanismus von taVNS beim Menschen erlangt werden, um eine 

präzisere und zielgerichtetere Anwendung von taVNS in einem individuell veränderten LC-

NE-System zu ermöglichen.          

 In der hochauflösenden Bildgebungsstudie des LC zeige ich altersbedingte Unterschiede 

in der funktionellen Aktivierung des LC während einer kognitiven Aufgabe, von der bekannt 

ist, dass sie auf die noradrenerge Funktion angewiesen ist. Außerdem zeige ich, dass die 

funktionelle Aktivierung des LC während emotionaler und aufgabenbezogener Ereignisse 

erhöht war, was mit Tierstudien zur LC-Funktion übereinstimmt. Obwohl es immer mehr 

Befunde für eine strukturelle Degeneration des LC mit steigendem Alter gibt, zeigten meine 

Ergebnisse höhere funktionelle Aktivierung des LC bei älteren Erwachsenen. Dies könnte auf 

eine kompensatorische Überaktivierung des LC bei älteren Erwachsenen hindeuten, da jüngere 

und ältere Erwachsene vergleichbare Leistungen beim Absolvieren der experimentellen 

Aufgabe zeigten.          

 In einer zweiten Studie mit jüngeren Erwachsenen untersuche ich die möglichen 

Auswirkungen einer transkutanen aurikulären Vagusnervstimulation (taVNS) mit kurzen 

Stimulationsimpulsen auf das noradrenerge System des LC. Dabei untersuchte ich 

systematisch, wie sich verschiedene Stimulationsparameter während kurzer 

Stimulationsimpulse von taVNS auf Veränderungen der Pupillengröße auswirken, was als 

indirektes Maß für die Aktivierung des LC diskutiert wird. Außerdem untersuchte ich die 

Auswirkungen von taVNS auf die Gedächtnisleistung. Die von mir berichteten Ergebnisse 

hinsichtlich einer verstärkten Pupillenerweiterung nach kurzen Stimulationsimpulsen von 

taVNS stimmen mit Tier- und Humanstudien zu kurzen Stimulationsimpulsen von invasivem 

oder taVNS überein, die im Gegensatz zu länger anhaltenden taVNS-Impulsen durchweg auf 

eine Modulation des LC-NE-Systems hinwiesen. Darüber hinaus schien der Einfluss der 

Intensität auf die Pupillenerweiterung stärker zu sein als der Einfluss der Frequenz. Unter 

Berücksichtigung der subjektiven Empfindung der Stimulation zeige ich jedoch, dass die 

möglichen taVNS-induzierten Veränderungen der Pupillenerweiterung nicht mehr allein durch 

die Stimulation selbst erklärt werden konnten. Zudem berichte ich, dass die Gedächtnisleistung 

sowohl bei echter als auch bei Placebo-Stimulation besser war, selbst wenn für die subjektive 

Empfindung der Stimulation kontrolliert wurde. Insbesondere verbesserte echte taVNS die 
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Kodierung negativer Ereignisse im Vergleich zu neutralen Ereignissen, was mit Tierstudien 

übereinstimmt, die die Beteiligung aufsteigender vagaler Fasern am emotionalen Gedächtnis 

berichten. Somit könnten meine Ergebnisse zu kurzen Stimulationsimpulsen der taVNS auf 

erregungs- und/oder aufmerksamkeitsbezogene Prozesse während des Stimulationsprozesses 

hinweisen.            

 Die taVNS-Ergebnisse dieser Dissertation veranschaulichen damit die Wichtigkeit, 

nicht nur die sensorischen Wirkungen der verschiedenen Stimulationsbedingungen und -orte 

sorgfältig zu kontrollieren und zu bewerten, sondern auch die möglichen kognitionsfördernde 

Wirkungen im Zusammenhang mit der subjektiven Empfindung der Stimulationen an sich zu 

berücksichtigen. Zudem verdeutlichen die Ergebnisse zur funktionellen Aktivierung des LC, 

dass mit hochauflösendem funktionellen MRT und speziellen Nachbearbeitungsmethoden für 

kleine Strukturen im Hirnstamm altersbedingte Unterschiede in der LC-Funktion visualisiert 

werden können. Zukünftige Forschungsarbeiten können somit auf den Erkenntnissen meiner 

Dissertation aufbauen: Beispielsweise durch kombinierte fMRI-taVNS-Studien unter 

Berücksichtigung des Einflusses der subjektiven Empfindung der Stimulation, um die 

Mechanismen der taVNS, die Beteiligung vom LC und weiteren neuronalen Strukturen, sowie 

die Effekte der externen Modulation der NE-Freisetzung gezielter untersuchen zu können. 
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1 Chapter 1: General Introduction 

1.1 Introducing the Noradrenergic System of the Locus Coeruleus  
The noradrenergic system of the locus coeruleus (LC-NE) plays a critical role in regulating 

arousal, attention, and cognitive function by modulating neural plasticity and stress responses 

through widespread norepinephrine (NE) release in the brain (Sara & Bouret, 2012). Aging is 

associated with structural and functional decline in the LC, including neuronal loss and reduced 

NE levels (Manaye et al., 1995; Van Egroo et al., 2023; Zucca et al., 2006), which contribute to 

impaired cognitive flexibility and increased vulnerability to neurodegenerative diseases (ND) 

(Mather & Harley, 2016). Post-mortem data indicate that tau pathology, a hallmark of ND like 

Alzheimer’s disease (AD), emerges in the LC during early stages, before cortical spread, and 

prior to the onset of clinically noticeable cognitive symptoms (Braak et al., 2011; Mather & 

Harley, 2016; Theofilas et al., 2017). Concurrently, non-pathological aging-related decline in 

LC signal intensity reduces noradrenergic signaling in the brain (Liu et al., 2019; Mather & 

Harley, 2016), contributing to impaired cognition, attention, and memory in older adults 

(Berridge & Waterhouse, 2003). Therefore, researchers are investigating improved methods to 

visualize and validate the structure and function of the LC, underscoring its integrity and 

functionality as essential biomarkers for healthy aging and the early onset of ND (Betts et al., 

2019; Engels-Domínguez et al., 2023). 

1.1.1 Locus Coeruleus: Anatomy, Physiology, and Function 
The Locus Coeruleus (LC, lat. “blue spot”) is a small, symmetrical, thin, elongated 

nucleus hyperpigmented with neuromelanin (NM), located in the brainstem and is the primary 

source of norepinephrine (NE) (Sasaki et al., 2006; Zucca et al., 2006). Specifically, the LC is 

predominantly (90%) composed of noradrenergic tyrosine hydroxylase-positive neurons, with 

the remainder comprised of serotonergic and gamma-aminobutyric acid (GABA)-ergic neurons 

(Iijima, 1989). At the same time, animal studies also reported LC neurons’ corelease of 

dopamine (DA) (Devoto et al., 2001; Kempadoo et al., 2016; Lemon & Manahan-Vaughan, 

2012; Smith & Greene, 2012; Takeuchi et al., 2016). The human LC (on average 14.5 mm long 

and 2-2.5 mm thick) is located 1 mm below the fourth ventricle, 3 mm from the midline, and 

centered 14-21 mm above the pontomedullary junction (Fernandes et al., 2012). The LC 

contains an average of 48,900 neurons per hemisphere in the human brain (~ 3.000 neurons in 

the rodent brain) (Beardmore et al., 2021; German et al., 1988; Poe et al., 2020). The LC’s lower 

middle portion is the most densely populated with cells, which results in a thinner appearance 

due to the neurons’ more compact cylindrical shape (Baker et al., 1989; Fernandes et al., 2012; 
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German et al., 1988). Moreover, the LC synthesizes several significant peptides (e.g., 

vasopressin, somatostatin, neuropeptide Y), enhancing the LC system’s intricacy and its 

projection regions (Olpe & Steinmann, 1991). The LC’s non-myelinated projections can 

communicate monosynaptically (neuron to neuron) and by volume transmission 

(neurotransmitter release from varicosities along the axon), with NE diffusing into the 

surrounding space to act on many neurons, glial cells, and circulating blood (Feinstein et al., 

2016). Notably, the LC exhibits spatial differentiation along its rostral-caudal axis, with rostral 

LC cell clusters primarily targeting frontal and limbic regions (e.g., amygdala, medial temporal 

lobe), while caudal LC cell clusters project to posterior cortical areas, cerebellum, and spinal 

cord (Dahl et al., 2019; Dutt et al., 2024; Veréb et al., 2023). Animal studies indicate that the 

rostral and middle portions of the LC regulate attention and circadian cycles, whereas the caudal 

regions of the LC influence respiratory, cardiovascular, and gastrointestinal functions (for 

review, see Beardmore et al., 2021). 

1.1.1.1 More than just Norepinephrine? Catecholamine Synthesis and LC-NE Function 
NE belongs to the catecholamine group and is the most important neurotransmitter that 

modulates the activity of the sympathetic nervous system, while most NE in the brain comes 

from the LC (Breton-Provencher et al., 2021; Eschenko et al., 2012). In particular, NE exerts 

its effects on neuronal cells (including LC neurons, microglia, astrocytes, and blood vessel 

endothelial cells) via G-protein-coupled α1-, α2-, and β-adrenoreceptors, with α1- and β-

adrenoreceptors having excitatory effects, while α2-adrenoreceptors have an inhibitory effect 

on the neuron (Samuels & Szabadi, 2008; Szabadi, 2013). In a multi-stage process, NE is 

produced in vesicles at the axon terminal via the catecholamine synthesis pathway: 

Phenylalanine is converted to tyrosine (Tyr) by phenylalanine hydroxylase (PAH). Tyr is then 

converted into the precursor L-3,4-dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine 

hydroxylase (TH), which is then converted into DA by aromatic amino acid decarboxylase 

(AADC) (Eisenhofer et al., 2004; Molinoff & Axelrod, 1971). DA is encapsulated within 

storage vesicles, a subset of which harbor DA-β-hydroxylase, an enzyme responsible for 

converting DA into NE. Finally, NE is methylated to epinephrine by phenylethanolamine N-

methyltransferase. After the release of NE, it is transported back into the presynaptic neuron 

via the norepinephrine transporter (NET), which is expressed on the dendrites and axon 

terminals of the LC and also facilitates DA uptake. In the cytoplasm, NE is either repackaged 

into synaptic vesicles by VMAT2 or degraded to metabolite 3-methoxy-4-hydroxyphenylglycol 

(MHPG) by monoamine oxidase A (MAO-A) and catechol-O-methyltransferase (COMT), a 

process that is important for neuronal health, as free catecholamine metabolites are highly 
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reactive and can potentially lead to oxidative stress and toxicity (Beardmore et al., 2021; 

Daubner et al., 2011; Eisenhofer et al., 2004; Goldstein, 2021; Kang et al., 2020; Molinoff & 

Axelrod, 1971). Importantly, DA has been proposed as a precursor of NE and a co-transmitter 

of NE (Devoto & Flore, 2006). In fact, lesion and optogenetic stimulation studies in animals 

demonstrated DA release from the LC (noradrenergic neurons store DA and co-release it 

together with NE) into the hippocampus (Devoto & Flore, 2006; Duszkiewicz et al., 2019; 

Kempadoo et al., 2016; Takeuchi et al., 2016; Uematsu et al., 2015; Wagatsuma et al., 2018), 

which underpins the important role of the LC in memory acquisition and consolidation. Indeed, 

animal studies showed that increased NE levels improved cognitive function (Luo et al., 2015). 

Furthermore, NE has the potential to reduce neuroinflammatory processes throughout the CNS 

through suppression of, e.g., IL-1, TNFα among other pro-inflammatory cytokines in astrocytes 

and microglia (Feinstein et al., 2002; Heneka et al., 2015; Mercan & Heneka, 2022) and 

increases the production of brain-derived neurotrophic factor (BDNF), which is crucial for 

neuronal survival, neuroplasticity, and neurogenesis (Liu et al., 2015). Therefore, the targeted 

modulation of NE levels represents a promising therapeutic approach for treating neurological 

and psychiatric disorders.    

1.1.1.2 Neuromelanin: Unveiling the “blue spot”  
The LC contains large amounts of the pigmented polymer NM, a by-product of NE 

synthesis (Zucca et al., 2006), but which is also present in the dopaminergic substantia nigra 

pars compacta (SNpc) (Zecca et al., 2004b). Names like “blue spot” and “black substance” are 

derived from the intense pigmentation of catecholamine neurons in the LC and SNpc, 

respectively (Fedorow et al., 2005, 2006; Vicq-d’Azyr, 1786), which affects its color in post-

mortem brains. Importantly, this neuronal pigmentation is predominantly present in the brains 

of humans and non-human primates, whereas in rodents, there is little to no pigmentation 

(DeMattei et al., 1986; Marsden, 1961). The oxidation of NE or DA by iron and/or copper, 

abundantly found in SN or LC neurons, initiates the NM synthesis process (Monzani et al., 

2019; Zecca et al., 2004b). Specifically, iron catalysts facilitate the oxidation of surplus 

cytosolic NE and DA, resulting in the formation of dopaquinones, with NE and DA quinones 

being converted into pheomelanin and eumelanin via different pathways (Bush et al., 2006; 

Krainc et al., 2023; Nagatsu et al., 2023). These quinones are then converted into NM and stored 

in autophagic organelles (Sulzer et al., 2000; Zucca et al., 2017). It is assumed that neuronal 

pigmentation is auto-oxidative (Sulzer et al., 2000). Importantly, NM granules also bind metal 

cations such as iron, zinc, and copper (Bridelli et al., 1999; Zecca et al., 2004a, 2008; Zucca et 

al., 2017) and catecholamine metabolites such as 3,4-Dihydroxyphenylacetic (DOPAC) and 
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3,4-Dihydroxyphenylethylene glycol (DOPEG) (Wakamatsu et al., 2015). Additionally, a 

substantial proportion of the isolated pigment’s mass comprises NM's lipid component, 

particularly dolichols (Zucca et al., 2018). NM increases in the LC during aging, starting at 

about 3 years of age (Cowen, 1986; Zecca et al., 2004b), and may have a neuroprotective or 

neurotoxic role (Zucca et al., 2006, 2017). Specifically, NM’s presence can confer cell-

protective features, such as its ability to bind metal ions to reduce toxicity. Still, an 

overabundance of NM might harm cells and perhaps lead to cell death by impeding the 

synthesis of proteins within the cells, while accumulated NM is released into the extracellular 

space, causing chronic inflammation processes (Vila, 2019; Zucca et al., 2017). Thus, the NM 

content in the LC can serve as a potential biomarker for aging processes and ND. Furthermore, 

NM in the LC is thought to act as an endogenous magnetic resonance contrast agent, with its 

relaxivity significantly enhanced by the binding of metal ions like iron and copper, which leads 

to improved visibility of the LC region (Enochs et al., 1989, 1997; Trujillo et al., 2017; Zucca 

et al., 2006). Therefore, this has led to the development of the so-called neuromelanin-sensitive 

MRI technique to visualize the LC in the human brain in vivo (Betts et al., 2019; Sasaki et al., 

2006). However, the exact signal source is debated (see section 1.1.4.1). 

1.1.2 Mapping the Locus Coeruleus: Efferent and Afferent Pathways  
Understanding the efferent and afferent pathways of the LC is essential for 

comprehending its functionality, as the unique projection patterns of individual LC neurons 

may modulate a wide range of behavioral and cognitive processes. Research to optimize the 

methods for the precise specification of the different pathways of LC is ongoing, and only the 

main pathways are presented here (for a comprehensive review, see Poe et al., 2020; Szabadi, 

2013).            

 The efferent pathway can be subdivided into three pathways: (1) the ascending, (2) the 

cerebellar, and (3) the descending pathway (Szabadi, 2013). The (1) ascending pathway 

provides innervation to many structures within the midbrain (e.g., ventral tegmental area, 

substantia nigra) (Mejias-Aponte, 2016; Rommelfanger & Weinshenker, 2007) and the limbic 

system (e.g., amygdala, hippocampus, cingulate and parahippocampal gyri), which represents 

important brain structures for formation, consolidation and retrieval of emotional memories 

(Sara & Devauges, 1988; Takeuchi et al., 2016). Furthermore, the presence of excitatory 

noradrenergic receptors (α1 and β) on excitatory neurons and inhibitory receptors (κ2) on 

GABAergic neurons enable the LC to regulate cortical arousal and cognitive processes via the 

neocortex and forebrain (Berridge & Abercrombie, 1999; McBurney-Lin et al., 2019; Schwarz 

et al., 2015; Szabadi, 2013). Additionally, LC-efferent projections, bundled in a fiber tract that 
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anatomically corresponds to the central tegmental tract (CTT) (Langley et al., 2022), also 

innervate the thalamus and modulate sensory processing, wakefulness, stress, and pain (Beas et 

al., 2018; Langley et al., 2022; Rodenkirch et al., 2019; Szabadi, 2013). The (2) cerebellar 

pathway supplies innervation to the cerebellar nuclei and cerebellar cortex through the superior 

cerebellar peduncle (Dietrichs, 1988), and it has been observed that a lack of NE in the 

cerebellum led to motor impairments (Watson & McElligott, 1984). At present, LC cerebellar 

pathways have not yet been thoroughly investigated. The (3) descending pathway sends 

collaterals to the motor nuclei in the lower brainstem, such as the Edinger-Westphal-nucleus 

(EWN), which is involved in pupil dilation, and the dorsal vagus nucleus (VN) (Szabadi, 2013). 

Regarding VN, the LC has connections to the dorsal motor nucleus of the vagus (DMV) and 

the nucleus ambiguus, which are both involved in controlling the vagus nerve (Jones & Yang, 

1985; Ter Horst et al., 1991; Westlund & Coulter, 1980). In particular, NE released from the LC 

can activate α2-adrenoceptors in the DMV (Robertson & Leslie, 1985). These receptors have 

an inhibitory effect on the DMV, which in turn can reduce the activity of the vagus nerve. In 

addition, LC and the vagal nuclei are involved in cardiac control (Szabadi, 2013). Subsequently, 

the LC descends into the spinal cord through the coeruleo-spinal pathway, providing 

innervation to all three neuron populations of the spinal cord: sensory neurons in the dorsal 

horn, motor neurons in the ventral horn, and preganglionic sympathetic neurons in the 

intermediolateral cell column (IML), which are involved in sensory processing, maintenance of 

muscle tone and control of pelvic reflexes, respectively (Szabadi, 2013).   

 The afferent pathway is characterized by the observation that most structures to which 

the LC projects also send outputs to the LC (Aston-Jones et al., 1991; Schwarz et al., 2015; 

Uematsu et al., 2017). The LC receives, for example, afferent connections from the neocortex, 

including the prefrontal cortex (PFC) (Arnsten & Goldman-Rakic, 1985; Jodo & Aston-Jones, 

1997), the fear and anxiety processing amygdala (Cedarbaum & Aghajanian, 1978; Charney et 

al., 1998), from the wakefulness-promoting ventral tegmental area (VTA) (Deutch et al., 1986), 

and the arousal-modulating hypothalamus (Sara & Bouret, 2012), among other structures. 

Furthermore, the vagus nerve transmits information to LC via the nucleus tractus solitarius 

(NTS), which projects directly into the LC’s dendritic region (Van Bockstaele et al., 1993). The 

illustration of the efferent and afferent pathways to and from the LC highlights its complexity 

and importance for the entire brain. 

1.1.3 Various Firing Patterns of the Locus Coeruleus: Phasic vs. Tonic LC Mode  
The activation of the LC can be either in a “tonic” (continuous activity) or “phasic” 

mode (rapid bursts), which is linked to distinct levels of NE release (Aston-Jones & Bloom, 
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1981; Aston-Jones & Cohen, 2005; Berridge & Waterhouse, 2003; Clayton et al., 2004; Florin-

Lechner et al., 1996; Joshi et al., 2016). While the global increase in NE transmission in tonic 

mode is related to exploratory and novelty-seeking behavior, the upregulation of NE 

transmission in phasic mode increases task engagement and exploitative behavior (Aston-Jones 

& Cohen, 2005; Usher et al., 1999).        

 Tonic discharge of the LC neurons is characterized by relatively slow discharge rates 

(~ 0.1-5.0 Hz) to maintain arousal and attention (Berridge & Waterhouse, 2003; Bouret & Sara, 

2004). Increased tonic activity is associated with arousal levels during the sleep-wake cycle 

(Aston-Jones & Bloom, 1981; Berridge & Waterhouse, 2003; Foote et al., 1980), while during 

wakefulness, it is more associated with goal-directed flexibility in tasks (Aston-Jones et al., 

1997; Aston-Jones & Cohen, 2005).        

 Phasic discharge of the LC neurons is characterized by brief discharge rates (~2-4 

spikes at ~10–20 Hz) and associated brief changes in attention and arousal, often followed by 

prolonged inhibition of spontaneous activity lasting 200-500 ms (Akaike, 1982; Aston-Jones & 

Bloom, 1981; Clayton et al., 2004). Phasic LC responses occur due to salient or novel stimuli 

and also by top-down decision and response signals from prefrontal regions (Aston-Jones & 

Bloom, 1981; Berridge & Waterhouse, 2003; Bouret & Sara, 2004; Foote et al., 1980; Sara & 

Bouret, 2012). Optogenetic stimulation of the phasic activity of the LC using low-intensity 

sensory inputs can enhance its salience and encoding, hence reproducing the effects of the LC 

on salient stimuli (Vazey et al., 2018). Importantly, it has been shown that phasic stimulation 

leads to a higher NE release than tonic stimulation (Berridge & Abercrombie, 1999; Devoto et 

al., 2005; Florin-Lechner et al., 1996) and enables a more fine-grained coding of sensory 

information (Devilbiss & Waterhouse, 2011). Therefore, phasic stimulation seems to be a 

promising approach to investigate the potential modulation of the LC-NE system. 

Consequently, the shift and balance between phasic and tonic modes of LC activity are 

important for the modulation of arousal (Aston-Jones & Cohen, 2005; Chen & Sara, 2007) and 

different forms of learning, such as memory encoding (Aston-Jones & Cohen, 2005; Mather et 

al., 2016b; Sara, 2009). 

1.1.4 Methods of Assessing Locus Coeruleus in Humans  
In recent years, there have been a growing focus on developing and enhancing in vivo 

measurement methods for longitudinal assessment of the structural and functional decline of 

the neuromodulatory nucleus of the LC in the human brainstem, to gain a deeper understanding 

of its specific susceptibility to aging. There are various methods, whereby the dissertation 

focuses only on structural, functional MRI with a high spatial resolution (typically 1-2 mm), 
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which is necessary to capture the structure of the LC accurately, and indirect methods, such as 

pupillometry.  

1.1.4.1 Structural Magnetic Resonance Imaging (sMRI) of the Locus Coeruleus 
In vivo, structural MRI assessment in humans has improved in recent years, while 

studies using T1-weighted Turbo Spin Echo (TSE)/Fast Spin Echo (FSE) imaging (García-

Lorenzo et al., 2013; Keren et al., 2009; Sasaki et al., 2006; Takahashi et al., 2015), improved 

protocols such as 3D high-resolution T1-weighted Fast Low Angle Shot (FLASH) MRI for 3T 

(Betts et al., 2017) or 3D transfer-weighted Turbo Flash (MT-TFL) for 3 and 7T (Priovoulos et 

al., 2018) have been developed for better localization and visualization of the LC. The LC 

contrast serves as a proxy measure of LC integrity and shows up as local hyperintensity on 

those specialized structural MRI sequences (Berger et al., 2023; Keren et al., 2015). It is 

discussed as an indicator of cell density; however, the exact source of LC contrast extracted 

with specific MRI sequences remains controversial (Betts et al., 2019; Galgani et al., 2021). 

The possibilities include the density of neuromelanin-containing noradrenergic neurons within 

the LC (Betts et al., 2019; Liu et al., 2019; Sasaki et al., 2006) and the high water content and 

large cell bodies of LC neurons (Priovoulos et al., 2020; Trujillo et al., 2017; Watanabe et al., 

2019), and seems to be influenced by lipid accumulation and inflammation (Priovoulos et al., 

2020). To ensure that NM-MRI is a suitable measurement of LC integrity, Iannitelli & 

Weinshenker (Iannitelli & Weinshenker, 2023) suggested that the presence of NM should be 

associated with living neurons since previous research is predominantly based on post-mortem 

samples and imaging. It is unclear whether and how long NM persists in the extracellular space 

after the disappearance of its host cells (Iannitelli & Weinshenker, 2023). The LC contrast may 

be an early marker of LC-NE dysfunction in neurodegenerative disorders (Betts et al., 2019; 

Engels-Domínguez et al., 2023). Consistent with previous post-mortem studies, a decrease in 

LC contrast has been found in AD and Parkinson’s disease (PD) (Betts et al., 2019; Keren et 

al., 2015; Sasaki et al., 2006), whereas higher LC contrast is associated with better memory and 

cognition (Clewett et al., 2016; Dahl et al., 2019). 

1.1.4.2 Functional Magnetic Resonance Imaging (fMRI) of the Locus Coeruleus  
Functional magnetic resonance imaging (fMRI) measures changes in blood flow in the 

region of the LC, which serves as a proxy for LC activation. Advancements in high-resolution 

recording and processing techniques enable better quantification of functional activations in the 

brainstem using MRI (Sclocco et al., 2018). FMRI studies in humans at 3 and 7T showed that 

the LC has both negative and positive functional connections to the cingulate cortex, thalamus, 

cerebellum, frontal, parietal, and temporal regions in healthy individuals at rest (Jacobs et al., 
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2018; Liebe et al., 2020), which emphasizes the significant impact of the LC. Recently, 

enhanced LC responses to emotionally salient events have been reported in humans (Ludwig et 

al., 2024b), which is in line with animal studies showing its preferential firing to negative events 

such as foot shocks (Bouret & Sara, 2004; Sara, 2009) and in vivo findings linking increased 

LC integrity and better memory performance for negative events in older adults (Clewett et al., 

2018; Hämmerer et al., 2018; Liu et al., 2020), However, the variety of s/fMRI methods 

investigating the small brain structure of the LC poses challenges when comparing results from 

different studies (Liu et al., 2017a). Therefore, standardization and quality control, particularly 

concerning spatial precision in the analysis of functional brainstem data, are essential (Yi et al., 

2023). 

1.1.4.3 Pupillometry: Indirect Measurement of the Locus Coeruleus Activity  
Pupillometry is measured with an infrared eye-tracking camera that can capture 

variations in pupil dilation with millisecond-level precision. Briefly, changes in pupil size are 

controlled by a parasympathetic constriction pathway via the iris sphincter muscle and a 

sympathetic dilation pathway via the iris dilator muscle (Mathot, 2018). For the pupil to 

contract, information from the pretectal nucleus (PN) is transmitted to the EWN through the 

oculomotor nerve (III) to the ciliary ganglion (CG), which is located directly behind the eye 

and transmits information to the sphincter muscle of the iris. For the pupil to dilate, information 

is transmitted via subcortical pathways to the hypothalamus and LC, reaching the iris dilator 

muscle. In addition, the activity of the EWN can be inhibited by the activation of α2-

adrenoceptors, which occurs through the release of NE from the LC, reducing the 

parasympathetic constriction of the pupil. This inhibition favors activating the sympathetically 

innervated dilator muscle, which can lead to pupil dilation even when light conditions remain 

constant (Hall & Chilcott, 2018; Samuels & Szabadi, 2008). Recently, it was outlined that the 

LC may modulate pupil size not only through its inhibition of the parasympathetic limb via the 

EWN but also by sending excitatory signals to the sympathetic limb through the 

intermediolateral cell column (Huang & Clewett, 2024; Joshi & Gold, 2020; Liu et al., 2017b). 

Importantly, changes in pupil dilation are non-exclusively related to LC activity, as other brain 

structures (e.g., hypothalamus, superior colliculus), neurotransmitters such as acetylcholine 

(ACh) and DA in rats (Collins et al., 2021; Manta et al., 2013, p. 201; Mridha et al., 2021) and 

noradrenergic and cholinergic axons (Hall & Chilcott, 2018; Reimer et al., 2016; Samuels & 

Szabadi, 2008) can also cause pupil dilation (Joshi et al., 2016; Mathot, 2018).  

 The potential of changes in pupil dilation as an indirect measure of LC-NE activity was 

motivated by animal studies showing that the firing rate of LC neurons is closely linked to 
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fluctuations in pupil diameter (Aston-Jones & Cohen, 2005; Rajkowski et al., 1994) and that 

phasic LC stimulation resulted in an increase in pupil dilation (Aston-Jones & Cohen, 2005; 

Joshi et al., 2016; Murphy et al., 2014; Reimer et al., 2016). Additionally, animal and human 

studies have shown that pupil dilation was associated with both spontaneous LC activity and 

temporary increases in LC activity, such as those related to task-relevant or salient factors 

(Breton-Provencher & Sur, 2019; de Gee et al., 2017; Gilzenrat et al., 2010; Varazzani et al., 

2015). Furthermore, larger pupil diameters were observed during emotionally negative events 

(Hämmerer et al., 2017, 2018), consistent with the involvement of the LC-NE system in animals 

and humans during emotionally negative events (Bouret & Sara, 2004; Hämmerer et al., 2018; 

Ludwig et al., 2024b; Luo et al., 2015; Sara, 2009). Thus, pupil dilation may serve as a proxy 

for LC activation. 

1.1.5 Theories of the LC-NE System in Behavior and Cognition 
Several leading theories explain the LC-NE system's broader role in behavior and 

cognition, which are provided here as a synopsis.      

 The adaptive gain theory states that the LC regulates neural reinforcement to maximize 

benefit in a given context by alternating between tonic and phasic activity. The phasic mode 

promotes exploitative behavior by facilitating the processing of relevant information and 

filtering out irrelevant stimuli, keeping the focus on the task at hand. The tonic mode, on the 

other hand, promotes distraction and exploration, which facilitates the search for new behaviors. 

Therefore, changes in LC activity mode adapt behavior to environmental demands to optimize 

benefits (Aston-Jones & Cohen, 2005; Usher et al., 1999).     

 The network reset theory states that the LC-NE system resets the brain’s neural 

networks to optimize processing in response to environmental changes, such as new or 

unexpected events. The idea emphasizes the LC’s function in cognitive flexibility and new 

stimulus responsiveness. This “reset” function may help the brain avoid getting “stuck” in 

irrelevant patterns and maintain cognitive efficiency (Bouret & Sara, 2005; Sara, 2009; Sara & 

Bouret, 2012).           

 The unexpected uncertainty theory states that the LC-NE system processes 

unpredictable or uncertain events, especially those that differ from expectations. The LC 

releases NE in response to unexpected events, which may improve attention and memory 

encoding, facilitating faster learning from unexpected events. This theory supports the idea that 

the LC-NE system is crucial to adapting to uncertainty (Yu & Dayan, 2005).  

 The “glutamate enhances noradrenergic effects” (GANE) model proposed by Mather 

et al. (2016a) explains the mechanism in the brain of how arousal itself enhances and 
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simultaneously impairs the processing of stimuli depending on different factors like saliency 

and priority. GANE predicts that situations accompanied by arousal and prioritizing our 

attention for a certain moment for any stimuli will activate local glutamate-NE interaction 

(Mather et al., 2016a). Under arousal, glutamate, the brain’s main excitatory neurotransmitter, 

increases with high-priority or salient stimuli followed by greater NE release, which in turn 

stimulates further glutamate via ß-adrenergic receptors (Mather et al., 2016a; Sakaki et al., 

2019). The resulting increased GABAergic activation leads to suppression of low-priority or 

inconspicuous stimuli. Moreover, long-term potentiation (LTP) results from high NE levels near 

high-priority stimuli associated with ß-adrenergic receptor activation, whereas low NE levels 

elsewhere facilitate long-term depression (LDP) due to alpha one adrenergic receptor activation 

(Sakaki et al., 2019).          

 These theories extend the theory of adaptive gain theory and are primarily 

complementary. They concur that the LC-NE system facilitates behavioral adaptation to the 

environment, although they emphasize distinct processes by which NE regulates these 

behavioral adjustments. 

1.1.6 The Impact of the LC-NE System with a Focus on Emotional Memory 
In addition to the functions of the LC-NE system explained above, based on its anatomy 

and physiology description, I will now summarize the most important LC-NE functions and 

give an overview of how the LC-NE system is involved in emotional memory. In general, 

noradrenergic neuromodulation of the LC is associated with various cognitive processes such 

as episodic and working memory (Bouret & Sara, 2005; Corbetta et al., 2008; Hämmerer et al., 

2018; Sara, 2009; Uematsu et al., 2015) and attention (Berridge & Waterhouse, 2003; Eldar et 

al., 2013) and has a complex role in regulating arousal (Aston-Jones & Cohen, 2005; Samuels 

& Szabadi, 2008), which is also linked to the sleep-wake cycle (Osorio-Forero et al., 2022). 

Regarding emotional memory, electrophysiological studies in rodents and monkeys and 

physiological studies in humans indicate that the LC-NE system is involved in processing and 

encoding salient events such as emotionally negative events (Chen & Sara, 2007; Hämmerer et 

al., 2018; Manaye et al., 1995) or the identification of change points in reward association 

learning (Hämmerer et al., 2018; Sara & Segal, 1991; Wittmann et al., 2011). In animals, 

arousal-related NE release from the LC during such tasks has been shown to facilitate memory 

encoding in the hippocampus (HPC) through ß-adrenoceptors (Luo et al., 2015), which regulate 

LTP and LTD (Hansen & Manahan-Vaughan, 2015; Mather et al., 2016b). Higher levels of NE 

release can be achieved by phasic stimulation of the LC (Florin-Lechner et al., 1996). 

Consistent with this, human studies have demonstrated higher activation in the LC during the 
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encoding of emotionally salient events (Sterpenich et al., 2006) as well as a better memory for 

emotionally salient events in individuals with higher LC integrity (Clewett et al., 2018; 

Hämmerer et al., 2018; Shibata et al., 2006). Chapter two of this dissertation will focus 

specifically on age-related differences in functional LC activation during emotionally negative 

events. 

1.1.7 The Changing LC-NE System in Aging and Alzheimer's Disease 
The LC-NE system may be particularly vulnerable as post-mortem studies indicate that 

the LC, along with other brain structures and neuromodulatory nuclei of the brainstem, appears 

to be notably affected by age-related neurophysiological decline (Manaye et al., 1995; Van 

Egroo et al., 2023). During aging, changes occur in the LC, such as NM accumulation, 

neuronal cell loss, and altered NE modulation, which can lead to AD in the case of more 

severe pathological changes. The precise interaction of the individual factors and which of them 

serve as driving forces in the development of AD is still under investigation.  

 NM accumulation is a normal aspect of aging; however, excessive accumulation of 

NM (see section 1.1.1.2) can lead to increased oxidative stress and neurotoxicity, which can 

damage neuronal structures and exacerbate neuronal loss (Zucca et al., 2006, 2017) and has 

been associated with pathological neurodegenerative changes affecting cognition and memory 

(Vila, 2019; Zucca et al., 2017). A structurally intact LC seems to be a better predictor of a more 

advantageous cognitive development in aging than more intact serotonergic or dopaminergic 

nuclei (Wilson et al., 2013). Several studies have shown that aging individuals with more 

structurally intact LC show less cognitive decline (Clewett et al., 2018; Dahl et al., 2019; 

Hämmerer et al., 2018; Liu et al., 2019; Sara, 2009). Concurrently with aging, the mean LC 

signal intensity values (contrast ratios, CRs) decline in the rostral parts (Liu et al., 2019), which 

leads to decreased noradrenergic signaling in the brain (Mather & Harley, 2016) and has been 

associated with a decline in cognitive function, attention, and memory in older adults (Berridge 

& Waterhouse, 2003). Lower signal intensity is correspondingly associated with mild cognitive 

impairment and AD (Dahl et al., 2022; Jacobs et al., 2021, 2023). However, it is not clear 

whether there is an age-related LC neuron decline by ~ 20 – 40 (Mather & Harley, 2016), as 

some of these studies were based on too small sample size and did not exclude pathology at 

other brain regions (Chan-Palay & Asan, 1989; German et al., 1989), while studies that 

controlled for this found no age differences (Mouton et al., 1994; Ohm et al., 1997). 

 In contrast, there is unequivocal evidence that the LC tau pathology, which is, besides 

amyloid pathology, a typical feature of ND like AD, increases with age (Braak et al., 2011). Tau 

pathology can be detected in the LC during the earliest stages of AD before it spreads to the 
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cortex and prior to the onset of clinically noticeable cognitive symptoms (Braak et al., 2011; 

Mather & Harley, 2016; Theofilas et al., 2017). In AD, the extent of LC cell loss in the rostral 

region is higher compared to the caudal third (German et al., 1992; Theofilas et al., 2017). This 

is in line with recent ultra-high-field imaging LC data, demonstrating a rostral vulnerability to 

early phosphorylated tau species (Van Egroo et al., 2023). In particular, the authors discovered 

that higher ptau231 concentrations were linked to lower integrity in bilateral dorso-rostral 

clusters of the LC (at age ~55), and smaller right dorso-rostral clusters were linked to lower LC 

integrity when ptau217 and ptau181 levels were higher (at age 60) (Van Egroo et al., 2023). 

Additionally, pre-death cognitive deficits are tightly linked to the post-mortem existence of 

neocortical neurofibrillary tangles (Nelson et al., 2012). Currently, the exact underlying factors 

of this specific susceptibility of the LC and its role in disease progression remain unknown. 

Interactions between β-amyloid and NE are pivotal in affecting the advancement of AD via the 

LC-NE pathway. Impaired NE function diminishes protective mechanisms against β-amyloid 

deposition, facilitating the production of deleterious oligomers that may contribute to the 

propagation of neuropathology (Feinstein et al., 2002, 2016; Jagust & Mormino, 2011). This is 

consistent with the earliest reports of Aß plaque density and an associated decrease in LC 

neurons, which have also been linked to tau pathology in the LC (Bondareff et al., 1987). 

Increased Aß or tau depositions with a decrease in functional LC responses resulting in reduced 

NE levels may be associated with the degeneration of the LC in aging or the early stages of 

dementia (Braak et al., 2011; Heneka et al., 2010; Mann et al., 1980; Matthews et al., 2002). 

Consequently, the question arises whether the degeneration of LC neurons is a typical sign of 

healthy aging or can be regarded as a biomarker for mild cognitive impairment (MCI) and, thus, 

also for AD (Clewett et al., 2016; Shibata et al., 2006).     

 There are potential explanations for the selective vulnerability of the LC, in addition to 

the protective and toxic roles of NM (Zucca et al., 2006, 2017). The activity of LC neurons can 

be maintained independently of external excitatory or inhibitory inputs, which is associated 

with increased energy expenditure and oxidative stress (Sanchez-Padilla et al., 2014). 

Furthermore, LC neurons are characterized by an extended projection pattern, with axon 

bifurcations allowing both thalamic and cortical sensory areas to be reached simultaneously 

(Berridge & Waterhouse, 2003). Compared to related species, humans have a significantly less 

favorable ratio of LC neurons to the size of the supplied cortex, suggesting that the LC of 

humans is more heavily used (Sharma et al., 2010). Additionally, with a decrease in the blood-

brain barrier with age and due to the proximity to the fourth ventricle, neurons of the LC are 



 DISSERTATION | MAREIKE LUDWIG  22 

increasingly exposed to toxins. Indeed, tau pathologies first appear in the axons of the LC before 

they are found in the nucleus, which may indicate retrograde spread (Braak et al., 2011). 

1.1.8 Intervention Methods for Modulating the LC-NE System  
Animal studies suggest that increasing brain NE levels may improve memory 

performance, while blocking adrenergic receptors impairs it (McGaugh, 2004; McGaugh et al., 

1993; Van Stegeren, 2008), indicating the potential of NE modulation intervention. Given the 

alterations in NE function associated with aging and neurodegenerative disorders, it is pertinent 

to examine the degree to which interventions can affect NE levels in humans. Alpha2 agonists 

(e.g., clonidine, guanfacine) or reuptake inhibitors (e.g., reboxetine, atomoxetine) are 

commonly used to increase NE by pharmaceutical techniques, with the drugs either reducing 

the release of NE or increasing the concentration of NE in the synaptic cleft, respectively, which 

may support to regulate and stabilize NE activity (Chamberlain & Robbins, 2013). While some 

studies indicate enhancements in working memory, emotional memory, and attention (Campbell 

et al., 2008; Coull et al., 1995; Jäkälä et al., 1999; Oei et al., 2010), others report no 

improvement in memory performance (Chamberlain et al., 2006; Rammsayer et al., 2001; 

Wanke et al., 2020). However, an elevation in NE modulation appears beneficial, particularly 

in tasks demanding additional resources (Chamberlain & Robbins, 2013) and in populations 

with reduced NE levels (Arnsten & Goldman-Rakic, 1985). Current studies indicate that 

cognitive enhancements associated with pharmacologically increased NE levels in older adults 

or those with dementia yield inconsistent outcomes; however, the studies imply that apathy, the 

severity of tau pathologies, and overall inflammation may be ameliorated through NE 

modulation (David et al., 2022; Levey et al., 2022). The disadvantage of pharmacological 

interventions is the lack of anatomical specificity, which increases the likelihood of generating 

side effects that may have a negative impact on quality of life. Research in rodents demonstrated 

increased LC firing linked to NE release in the hippocampus and cortical target regions over 

minutes to hours through iVNS techniques (Follesa et al., 2007; Hulsey et al., 2017; Hulsey, 

2019; Manta et al., 2013). For this reason, transcutaneous auricular vagus nerve stimulation 

(taVNS) in humans has been discussed in recent years as a promising non-invasive method that 

offers a more anatomically precise and potentially rehabilitative NE therapy compared to 

pharmacological interventions (Ludwig et al., 2021).     

 The review of the LC has emphasized its pivotal role in brain function, such as arousal, 

attention, and memory, attributed to its wide-ranging connections and primary NE release 

throughout the whole brain (Fig. 1). The LC-NE system is generally involved in processing and 

encoding of salient events such as emotionally negative events. Phasic stimulation of the LC 
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can result in higher levels of NE release (Florin-Lechner et al., 1996), which supports cognition 

and memory. Due to the LC’s small size, standardization and quality control, particularly for 

spatial precision in the analysis of functional brainstem data, are crucial (Yi et al., 2023). A 

structurally intact LC is a better predictor of more advantageous cognitive development in 

aging. Post-mortem data indicate that tau pathology, a typical feature of ND like AD, can be 

detected in the LC during the earliest stages of AD before it spreads to the cortex and prior to 

the onset of clinically noticeable cognitive symptoms (Braak et al., 2003, 2011). The LC is also 

connected to the VN via other neuronal brain structures (e.g., DMV, NTS), and interventions 

targeting the LC-NE system may hold promise for mitigating age-related and AD-related 

deficits. Therefore, taVNS seems to be a promising non-invasive stimulation approach. 

Importantly, individual vulnerability and changes in the LC-NE system must be carefully 

considered in taVNS, along with the appropriate application of stimulation design and 

parameters. For this reason, the current state of taVNS research is presented in more detail in 

the next section. 
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Figure 1. Overview covering the key aspects of the noradrenergic system of the locus coeruleus 
(LC-NE system). The blue mask (right) indicates the LC meta mask (Dahl et al., 2022). The image of 
the head was created with BioRender.com.
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1.2 Introducing Transcutaneous Vagus Nerve Stimulation 
A version of this section, with minor modifications,  

has been published in Autonomic Neuroscience (Ludwig et al., 2021).  

Vagus nerve stimulation (VNS) is a neuromodulation therapy that aims to modulate the 

function of the autonomic nervous system and neuronal excitability, thereby influencing 

numerous physiological and neurological processes in the human body (Burger et al., 2020; 

Butt et al., 2020; Farmer et al., 2021; Vonck et al., 2014). Invasive implantable vagus nerve 

stimulation (iVNS), conceived by Jake Zabara in the 1980s for its antiepileptic properties in 

animal studies (Zabara, 1985; Zabara, 1992), received approval from the Food and Drug 

Administration (FDA) in 1997 for the management of pharmacoresistant epilepsy following 

comprehensive clinical trials (Morris et al., 2013; Penry & Dean, 1990; Uthman et al., 1993) 

and subsequently for pharmacoresistant depression in 2005 (Cristancho et al., 2011; 

Desbeaumes Jodoin et al., 2018). Simultaneously, non-invasive transcutaneous vagus nerve 

stimulation (tVNS) methods have been established as more economical, patient-friendly, and 

adaptable alternatives (Ventureyra, 2000), with transcutaneous cervical VNS (tcVNS) already 

receiving FDA approval and being specifically utilized for migraine and cluster headaches 

(Goadsby et al., 2014; Nesbitt et al., 2015). TaVNS was developed to provide an alternative to 

iVNS used in humans as an adjunctive therapy for the treatment of refractory epilepsy and 

depression (Englot et al., 2011; Farmer et al., 2021; Panebianco et al., 2016). TaVNS was first 

proposed by Ventureya (Ventureyra, 2000) to avoid the surgical procedure required to implant 

the iVNS devices, which can pose certain risks to patients, such as nerve damage and post-

operative infections (Butt et al., 2020). Although taVNS has not yet been approved by the FDA, 

it is being intensively researched for various clinical applications. It is available in Europe with 

CE certification, such as the NEMOS® device (Farmer et al., 2021), which has been optimized 

in recent years for individualized therapy and is now designated as a tVNS® device (tVNS R, 

tVNS Technologies GmbH). 

1.2.1 Anatomical Basis of the Vagus Nerve  
The vagus nerve (VN; 10th cranial nerve) consists of a left (nervus vagus sinister) and 

right (nervus vagus dexter) branch and is the longest cranial nerve, as it courses from the 

brainstem to the distal third of the colon (Bonaz et al., 2017; Butt et al., 2020). The VN 

originates from the medulla oblongata and exits the cranial cavity through the jugular foramen, 

whereby there are four core regions of the brainstem: the nucleus ambiguus (NA) and nucleus 

dorsalis nervi vagi (DNV), which are responsible for the parasympathetic and efferent fibers of 

the vagus nerve, and the NTS and nucleus spinalis nervi trigemini (SpV N), which receive 
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afferent information (Berthoud & Neuhuber, 2000; Butt et al., 2020).   

 The VN is a major part of the parasympathetic nervous system and consists mainly of 

afferent (80%) but also efferent (20%) pathways (Butt et al., 2020). While efferent vagus nerve 

fibers innervate the voluntary muscles of the larynx and pharynx, afferent vagus nerve fibers 

carry visceral information from the lungs, heart, gastrointestinal tract, taste information, and 

sensory information from the concha of the outer ear through the auricular branch of the vagus 

nerve (ABVN) (Berthoud & Neuhuber, 2000; Butt et al., 2020). Furthermore, VN consists of 

different types of fibers (A, B, C) that vary in myelination, size, and conduction velocity 

(Ruffoli et al., 2011). Approximately 65-80% of the vagal fibers are unmyelinated C-fibers, 

which are responsible for transmitting visceral information from various organs in the body 

(Noller et al., 2019; Ruffoli et al., 2011). As the VN is part of a complex neuronal network, VN 

has a vital role in maintaining homeostasis (Butt et al., 2020). 

1.2.2 Transcutaneous Vagus Nerve Stimulation  
The anatomical location of the vagus nerve, specifically its trajectory in the cervical and 

auricular regions, facilitates stimulation that can affect several functions regulated by the 

parasympathetic nervous system. Unlike iVNS, which involves surgically wrapping a 

stimulation electrode around the vagus nerve in the neck, and cervical tVNS, which uses 

external electrodes on the neck (Farmer et al., 2021), taVNS can be applied to various sites in 

the outer ear controlled by the ABVN (Peuker & Filler, 2002; Yakunina et al., 2017).

 Specifically, taVNS is mainly applied to the cymba conchae (depression in the upper 

part of the auricle), which is solely innervated by ABVN, or to the tragus (rounded protrusion 

located lateral and rostral to the concha auricularis), which is largely innervated by ABVN but 

also by the Great Auricular Nerve and the Auricolutemporal Nerve (Peuker & Filler, 2002). 

Small surface electrodes in taVNS are attached to the cymba concha or the tragus, primarily on 

the left auricle. Although the left auricle is usually used to avoid potential cardiac side effects, 

more systematic research is required to ascertain the degree to which cardiac side effects 

genuinely exist following stimulation of the left or right ear (Farmer et al., 2021). In general, 

taVNS is modulated by the transmission of excitation from the ABVN through the remaining 

nerve fiber bundles of the vagus nerve to the brainstem at the nucleus tractus solitarius (NTS), 

which has prominent projections to the LC-NE system (Butt et al., 2020; Ruffoli et al., 2011).

 TaVNS is characterized by the combination of different stimulation parameters (see 

section 1.2.5.1). As stimulation at the auricular has been shown to potentially activate structures 

such as NTS and LC along the vagal afferent pathway in humans (Badran et al., 2018; Sclocco, 

2020; Yakunina et al., 2017), the efficacy of taVNS as a non-invasive method for modulating 
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the LC-NE system is increasingly being discussed (D’Agostini et al., 2023; Farmer et al., 2021; 

Ludwig et al., 2021; Sharon et al., 2021; Yakunina et al., 2017). 

1.2.3 Central Nervous Working Mechanism of I/TaVNS 
While more direct neurophysiological studies in animals have provided insights into 

potential mechanisms of VNS, the exact working mechanisms of taVNS in humans are still not 

completely understood (Farmer et al., 2021). Therefore, animal iVNS studies offer suggestions 

for possible taVNS-related physiological mechanisms in humans. The underlying working 

mechanism of VNS is primarily discussed based on the altered release of neurotransmitters such 

as NE, GABA, and ACh in the central nervous system (for review, see Bonaz et al., 2017; 

Colzato & Beste, 2020). However, the evidence for the proposed GABAergic and 

parasympathetic-cholinergic pathways of the iVNS is sparse and indirect. At the same time, 

there is ample evidence for the role of the LC-NE system in the mechanisms of action of iVNS.

 Since the LC containing NE is a downstream projection region of the NTS, which is one 

of the brain projection regions of the afferent vagus nerve fibers (Aston-Jones & Cohen, 2005; 

Berthoud & Neuhuber, 2000), the LC-NE system may modulate potential i/taVN-induced 

effects. Indeed, iVNS in rodents showed increased concentration of extracellular NE in 

prefrontal areas, hippocampus (Manta et al., 2009, 2013; Roosevelt et al., 2006), in the 

basolateral amygdala (BLA) (Hassert et al., 2004), and subsequently that of 5-HT neurons 

(Manta et al., 2009), while there may also be increased extracellular DA levels despite 

decreased VTA-DA neuron activity due to iVNS (Manta et al., 2013). Similarly, increased levels 

of NE in combination with increased BDNF in the hippocampus were shown after iVNS in 

rodents (Follesa et al., 2007). Regarding LC activation, increased LC firing was observed in 

rats due to dose-dependent iVNS (e.g., higher intensity led to increased LC firing) (Collins et 

al., 2021; Dorr & Debonnel, 2006; Hulsey et al., 2017). In humans, only one iVNS study 

directly investigated NE and MHPG in depressed patients but found no effects on NE and 

MHPG concentrations in CSF from lumbar punctures (Carpenter et al., 2004). Non-invasive 

indicators of NEergic activity in humans, including the P300 component of the event-related 

potential and pupil size, have shown contradictory results (D’Agostini et al., 2023; De Taeye et 

al., 2014; Keute et al., 2019; Schevernels et al., 2016; Sharon et al., 2021). However, promising 

results from taVNS fMRI studies in humans showed increased LC activation due to short bursts 

of taVNS (Sclocco, 2020; Yakunina et al., 2017). Additionally, the inhibitory GABA may also 

be implicated in the mechanism of action of taVNS, as iVNS studies in patients indicated that 

prolonged use may increase the concentration of GABA in the cerebrospinal fluid (CSF) and 

increase the density of GABA receptors (Ben-Menachem et al., 1995; Marrosu et al., 2003). 
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Furthermore, ACh and NE modulate cortical activity and excitability; hence, ACh may be 

implicated in VNS-induced cortical activity alterations (Collins et al., 2021; Rho et al., 2018), 

although the evidence for this involvement is currently limited. IVNS studies in rats, for 

example, showed that shortly after the onset of iVNS, there was an increase in the activity of 

ACh in the cortical axons (Collins et al., 2021). Comparable findings have been demonstrated 

in anesthetized rats, wherein VNS disrupts ongoing brain activity via cholinergic muscarinic 

receptors (Nichols et al., 2011). Moreover, iVNS studies in rats showed the involvement of 

basal forebrain cholinergic axon activity in the neocortex in pupil dilation, while cholinergic 

axon activation correlated with VNS stimulation intensity (Mridha et al., 2021). Nevertheless, 

the specific neural pathway that links the VNS to cortical ACh remains uncertain. The insights 

gained from iVNS animal studies pave the way for translational research to validate these 

mechanisms and explore their therapeutic applications in humans.    

 In sum, there is solid evidence that i/taVNS may increase NE release by activating the 

LC. However, compared to iVNS in animal models, there is little evidence that the LC is 

effectively targeted with taVNS in humans. This is also attributable to the fact that the LC is 

known to release both NE and DA (Takeuchi et al., 2016). Therefore, the technique is not yet 

suitable as a reliable method for modifying noradrenergic modulation in humans (Ludwig et 

al., 2021), and further taVNS research in humans with appropriate outcome measurements for 

the LC-NE system is required (Fig. 2).



  
 

Challenges in investigating taVNS effects on the LC-NE system 

Figure 2. Challenges in investigating taVNS effects on the LC-NE System. Center: TaVNS is applied to regions in the left ear innervated by the Auricular Branch of the Vagus Nerve (ABVN). The stimulation is relayed via the 
ABVN to the Nucleus tractus solitarius (NTS) which projects to the Locus Coeruleus (LC) from where norepinephrine (NE) is released into various projection areas. Top right: Currently, taVNS in humans is characterized by 
heterogeneous stimulation protocols. Short burst (phasic) and longer lasting bursts (tonic) of mono- or biphasic stimulation approaches are based on different stimulation parameters (intensity, frequency, pulse width, cycle, 
duration), which are tested on different stimulation locations.  Bottom right: Cross-species translational approaches can be used to investigate new taVNS applications in humans and improve current stimulation methods. Middle 
left: Suitable outcome measures for taVNS are needed to study taVNS effects on the LC-NE system in an optimal manner. Top left: Alterations in brain physiology, such as the integrity of the LC and adaptation to an altered LC-
NE system might account for heterogeneous outcomes and need to be considered especially in clinical populations to adjust the stimulation parameters accordingly. Bottom left: The sensory effects of the different stimulation 
conditions and locations must be carefully controlled and evaluated to distinguish between pure stimulation effects and attention and/or arousal-related effects of taVNS. The image was created with BioRender.com. 29 
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1.2.4 Indirect Outcome Measurements of TaVNS 
Most human taVNS studies lack adequately validated physiological and cognitive 

outcome markers necessary to assess the temporal and spatial precision of taVNS intervention 

effects on the LC-NE system. This refers to the challenge of measuring LC activation directly 

in humans, which is why indirect measures of LC activity, such as pupil dilation, P300 event-

related potential (ERP), and salivary alpha-amylase, have been proposed in terms of their 

respective usefulness in indicating potential activation of the LC-NE resulting from taVNS 

(Burger et al., 2020; Ludwig et al., 2021) (Fig. 2). In addition, taVNS-related improvements in 

memory performance are being investigated (Jacobs et al., 2015; Ventura-Bort et al., 2021).

 Regarding changes in pupil dilation due to i/taVNS, it is discussed that vagal afferent 

projections modulate the LC-NE system via projections from the NTS in the brainstem (Dorr 

& Debonnel, 2006; Hulsey et al., 2017; Yakunina et al., 2017). As previously outlined in section 

1.1.4.3, pupil dilation has been shown to be a promising indirect measure of LC-NE activity, as 

animal studies indicate that phasic LC stimulation leads to an increase in pupil dilation (Joshi 

et al., 2016; Reimer et al., 2016), and both animal and human studies revealed that pupil dilation 

is related to LC activity (Breton-Provencher & Sur, 2019; de Gee et al., 2017; Joshi & Gold, 

2020; Murphy et al., 2014; Varazzani et al., 2015). At the same time, VNS in rodents led to 

increased LC activity (Hulsey et al., 2017) and pupil dilation (Bianca & Komisaruk, 2007; 

Mridha et al., 2021). Changes in pupil dilation can thus be considered as an indirect outcome 

measure to investigate the effects of taVNS. However, there is currently no reliable evidence 

for a potential pupil modulation due to tAVNS (D’Agostini et al., 2023; Keute et al., 2019; 

Ludwig et al., 2021; Pervaz et al., 2025; Sharon et al., 2021).   

 FMRI is as a more direct outcome measurement than pupillometry for visualizing LC 

activation in humans. However, fMRI reflects changes in blood flow in the region of the LC, 

which serves as a proxy for LC activation (Jacobs et al., 2020; Yi et al., 2023). Combined taVNS 

fMRI studies in humans showed promising taVNS-induced functional activation of NTS in LC-

NE projection areas such as the amygdala and hippocampus (Sclocco et al., 2019; Yakunina et 

al., 2017). Importantly, several methodological considerations should be considered, especially 

because target regions such as NTS and LC span only a few millimeters. Consideration should 

be given to ultra-high-resolution fMRI in the 1-2 mm voxel size range, even at higher field 

strengths, and customized high-precision spatial post-processing approaches optimized for the 

LC-NE system (Liu et al., 2017a). Furthermore, combined taVNS fMRI studies should 

incorporate structural measurements of the LC-NE system, such as LC-sensitive magnetic 

resonance imaging (MRI), to anatomically identify the LC in vivo (Betts et al., 2017, 2019; 
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Hämmerer et al., 2018; Liu et al., 2019; Priovoulos et al., 2018; Sasaki et al., 2006; Trujillo et 

al., 2019; Ye et al., 2021). Lastly, as the brainstem fMRI is more prone to poor signal-to-noise 

ratio (SNR) and high physiological noise (Sclocco et al., 2018), suitable imaging paradigms 

and employing denoising or noise control techniques should be incorporated (Brooks et al., 

2013; Sclocco et al., 2018).         

 In addition, memory performance is being studied to determine the effectiveness of 

taVNS in improving cognitive function. While the VN and LC seem to be involved in the 

processing of emotional memories (Hämmerer et al., 2017, 2018; Sterpenich et al., 2006; 

Uematsu et al., 2015; Vonck et al., 2014) the underlying mechanism involved in the possible 

improvement of emotional memory by taVNS appears complex. According to Vonck et al. 

(2014), VNS may increase hippocampal synaptic plasticity by influencing the trisynaptic circuit 

through adrenergic signaling mediated by the LC. Indeed, electrophysiological studies in 

rodents showed that phasic stimulation increased LC-released NE, which could support 

memory encoding via ß-adrenoceptors in the hippocampus (Dorr & Debonnel, 2006; Florin-

Lechner et al., 1996; Luo et al., 2015; Raedt et al., 2011; Roosevelt et al., 2006), thus improving 

memory storage after avoidance learning (Clark et al., 1998) and increasing NE levels in the 

amygdala after stimulation (Hassert et al., 2004). The most promising indirect outcome 

measurements are thus pupillometry and fMRI for taVNS-induced LC-NE modulation (Ludwig 

et al., 2021) (Fig. 2). 

1.2.5 Methodological Challenges and Considerations of TaVNS on LC-NE System 
The effectiveness of taVNS studies to date has been characterized by high heterogeneity 

and low reliability of stimulation effects (Farmer et al., 2021; Ludwig et al., 2021). Furthermore, 

only a limited number of human studies have investigated the effects of taVNS on the LC-NE 

system (Sclocco, 2020; Sharon et al., 2021; Yakunina et al., 2017). This is due to inadequately 

validated stimulation protocols and a deficiency of appropriately validated methods to assess 

the physiological and cognitive outcomes of an individually altered LC-NE system (Fig. 2). 

1.2.5.1 Inadequately verified Stimulation Protocols 
Regarding the stimulation protocols, the applied stimulation parameters to be set differ 

greatly between taVNS studies, which makes it difficult to compare the studies with each other 

and to gain insightful knowledge about potential taVNS-induced effects on the LC-NE system 

based on certain stimulation parameters. TaVNS is characterized by the combination of the 

following stimulation parameters: waveform of weak electrical pulses (rectangular, mono- or 

biphasic pulses), temporal dynamics of stimulation (short bursts (phasic) vs. longer lasting 

bursts (tonic) stimulation), stimulation intensity (in milliamperes (mA); the amplitude of each 
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pulse), stimulation frequency (in Hertz (Hz); the number of pulses per second), pulse width (in 

microseconds (μs); duration between leading and trailing edges of single pulse), duty cycle 

(time where stimulation is on vs. off) and total duration of stimulation (Farmer et al., 2021). 

The most commonly applied stimulation frequency is 25 Hz with a duty cycle of 30 s on and 

30 s off, while pulse width is between 200 – 300 μs, and stimulation intensity is applied based 

on individual needs (Ludwig et al., 2021; Yap et al., 2020). This is mainly because many studies 

in the past used a commercially available taVNS device that did not allow flexible adjustment 

of stimulation parameters, which limits possible taVNS study designs. Conversely, iVNS 

studies in rats have already used customized stimulation protocols and tested different 

stimulation parameters, revealing that, e.g., higher intensities resulted in increased LC firing 

and NE release (Collins et al., 2021; Hulsey et al., 2017; Mridha et al., 2021).   

 At present, systematic human research examining the impact of varying stimulation 

intensities for taVNS is absent. Two methodologies are employed: (i) fixed stimulation 

intensities for all subjects and (ii) personalized intensities that may be either beneath or over 

the perceptual threshold. The initial method guarantees consistent parameters, but the 

subsequent one prevents unpleasant or painful stimulation. Both approaches are feasible, 

provided that the intensity reaches the threshold necessary to activate myelinated A-fibers of 

the ABVN ( ≥ 0.75 mA, (Safi et al., 2016)). Using cervical VN, computer models predicted 

effective intensities ranging from 0.75 to 1.75 mA with 200 – 500 μs pulse widths (Helmers et 

al., 2012). In real life, electrical stimulation levels are likely higher since skin impedance and 

subcutaneous tissues affect the current flow (Keller & Kuhn, 2009). Therefore, skin cleaning 

can diminish impedance and enhance the efficacy of electrical stimulation (Burger et al., 2020).

 The predominant frequency for taVNS in humans is 25 Hz (Farmer et al., 2021); 

however, evidence supporting its efficacy is insufficient. Research on rats indicated that 

elevated frequencies (0, 7.5, 15, 30, 60, 120 Hz) increased short-term discharge rates in the LC 

without impacting overall activity (Hulsey et al., 2017). In humans, Sclocco et al. (2020) tested 

a first more systematic stimulation protocol and discovered that perceptual ratings were 

consistent when higher intensities were paired with lower frequencies (7.18 ± 0.95 mA (2 Hz) 

> 6.46 ± 1.30 mA (10 Hz) > 5.93 ± 1.21 mA (25 Hz) > 5.57 ± 1.18 mA (100 Hz)). Moreover, 

respiratory-gated taVNS (RAVANS) at 100 Hz produced more extensive activation patterns in 

serotonergic and noradrenergic regions compared to 2 Hz (Sclocco, 2020).  

 Pulse width also influences iVNS effectiveness in a dose-dependent fashion. In rodent 

iVNS studies, elevated pulse widths resulted in enhanced LC firing rates (0, 30, 100, 500 μs 

(Hulsey et al., 2017)), pupil dilation (100, 200, 400, or 800 μs (Mridha et al., 2021)), and 
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increased behavioral as well as cortical arousal states (100, 500, or 800 μs (Collins et al., 2021)). 

In human taVNS studies, pulse width generally ranges from 200 to 1000 μs (Farmer et al., 

2021), while a recently published paper showed increased pupil dilation during higher pulse 

width paired with lower intensity (D’Agostini et al., 2023).    

 The total duration of taVNS depends on the specific intervention and its application, 

particularly in therapeutic settings where stimulation occurs over days to weeks, or in 

experimental settings where stimulation lasts from minutes to hours (Farmer et al., 2021). 

Consequently, it is essential to carefully investigate and evaluate the appropriate stimulation 

duration, as the optimal time range for taVNS studies in humans and its potential effects on the 

LC-NE system remain uncertain.        

 Another often neglected aspect is the stimulation side of the ear, i.e., left vs. right. The 

right vagus nerve strongly innervates the sinus node (Ardell & Randall, 1986; Guiraud et al., 

2016; Kaniusas et al., 2019), and right-sided iVNS in animals led to increased heart rate 

variability (HRV), while left-sided stimulation yields mixed effects (Lee et al., 2018a; Martlé 

et al., 2014; Samniang et al., 2016; Yoshida et al., 2018). In humans, only the left side is 

typically stimulated due to concerns about cardiac side effects (Borges et al., 2021; Burger et 

al., 2020), which is currently under debate (e.g., stronger HRV indices for right-sided taVNS 

reported by De Couck et al.  (2017)). Accordingly, studies in animals indicate that the right 

nodose ganglia (NG) have better access to dopaminergic regions such as the SN (Han et al., 

2018), while in humans, stimulation of the left ear has a greater impact on invigoration when 

food reward is included (Neuser et al., 2020). These findings advocate for a more 

comprehensive investigation in this domain, while according to HRV indicators (Keute et al., 

2021) and mood variations (Ferstl et al., 2022), it is likely that the stimulation side does not 

exert a systematic influence on taVNS effects at the present moment.   

 One non-trivial open question is the systematic assessment of real vs. sham stimulation 

location. Electrical stimulation over the sensory threshold produces an identifiable 

somatosensory percept that may explain stimulation effects. Thus, an appropriate sham 

stimulation is needed to ensure that reported effects are due to LC stimulation, not 

somatosensory perception. The decision for a specific taVNS stimulation location is mostly 

based on the results of Peuker & Filler (Peuker & Filler, 2002). In humans, different real 

stimulation locations using taVNS-fMRI were already tested (Yakunina et al., 2017), but 

different sham stimulation locations have not been extensively investigated. Since the earlobe 

is generally regarded as being relatively free of ABVN fibers (Peuker & Filler, 2002), it is 

commonly used as the location for sham stimulation (Burger et al., 2020; Butt et al., 2020). 
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However, due to the inhomogeneous density of sympathetic nerves in the human ear, this 

location has been questioned as a suitable target for sham stimulation (Borges et al., 2021; 

Cakmak, 2019; Rangon, 2018). As perivascular, sympathetic neurotransmitters are richer in the 

higher auricular areas close to the cymba concha for real stimulation than in the lower auricular 

areas, Cakmak et al. (2018) recommended using the upper parts of the ear rather than the earlobe 

for sham stimulation. Another potential control strategy is using real taVNS locations without 

stimulation (Garcia et al., 2017) or with a very low stimulation frequency (1 Hz) (Bauer et al., 

2016; Garcia et al., 2017; Sclocco, 2020). However, these methods are infrequently utilized and 

need validation.           

 These findings indicate that further investigation is required to identify appropriate 

targets for active sham stimulation. The comparison of real and sham stimulation should also 

consider placebo or expectancy-related confounding when using stimulation protocols that 

differ in (subjective) intensity or stimulation patterns between real and sham control (Farmer et 

al., 2021). Currently, no sham stimulation fulfills the criteria proposed by Butt et al. (2020), i.e., 

there is no innervation of ABNV fibers, which cannot be distinguished from real taVNS.  

1.2.5.2 Leveraging Short Bursts of Stimulation to Elucidate the Link between TaVNS and 
LC-NE Activation 

LC neurons are characterized by two distinct firing modes: phasic and tonic activity (see 

section 1.1.3), which differ in their discharge patterns and NE releasing properties (Aston-Jones 

& Bloom, 1981; Berridge & Waterhouse, 2003; Clayton et al., 2004; Florin-Lechner et al., 

1996), with phasic stimulation of the LC in rats promoting greater NE release compared to tonic 

stimulation, which enhances memory and inhibitory control (Aston-Jones & Cohen, 2005; 

Berridge & Waterhouse, 2003; Florin-Lechner et al., 1996; Luo et al., 2015). Additionally, 

animal and human research has already demonstrated that an increased pupil dilation is 

associated with phasic LC activation (Aston-Jones & Cohen, 2005; Eckstein et al., 2017; 

Gilzenrat et al., 2010; Joshi et al., 2016; Murphy et al., 2014; Samuels & Szabadi, 2008). 

Therefore, it remains to be determined to what extent short bursts (“phasic”) rather than longer-

lasting bursts (“tonic”) of electrical vagus nerve stimulation may have a beneficial effect on the 

LC-NE system. Notably, short bursts of externally applied stimuli must be distinguished from 

the natural phasic activity of the LC, which involves much shorter, rapid bursts of NE release, 

typically lasting a few tens of milliseconds (Aston-Jones & Cohen, 2005).  

 The effects of various stimulation settings, particularly phasic stimulation, on the LC-

NE system have been more thoroughly investigated in animal studies. An iVNS in monkeys 

revealed that phasic bursts exceeding 30 to 50 Hz produce larger vagus-evoked potentials than 
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low-frequency bursts of 5 Hz (Rembado et al., 2021). Even at 0.2 mA, it was confirmed that 

iVNS bursts of 0.5 s generate phasic LC activity and that greater VNS amplitude causes an 

increase in LC firing (Hulsey et al., 2017). The strongest effects of iVNS in mice on pupil 

dilation were observed at 0.9 mA, 20 Hz, and 800 μs with brief bursts of 10 s (Mridha et al., 

2021). A dose-dependent effect of iVNS on the LC-NE system was confirmed by Collins et al. 

(Collins et al., 2021), who found that more pupil dilatation was elicited by higher stimulation 

intensity and longer stimulation duration (0.8 mA and 5 s as opposed to 0.5 s of short bursts). 

In addition, another iVNS study showed an association between the degree of cholinergic axon 

activation and the strength of iVNS stimulation (Mridha et al., 2021). The specific timing of 

cortical activation in response to VNS showed that NE and ACh activation occurred after the 

onset of VNS, followed by purring and locomotion about 1 s later and pupil dilation about 1.5 

s later in awake and anesthetized rats (Collins et al., 2021). Furthermore, Hulsey et al. (2019) 

demonstrated that the motor cortex was involved in brief bursts of iVNS stimulation (0.8 mA, 

brief bursts of 0.5 s). Brief bursts of 0.5 s of iVNS at 0.8 mA effectively eliminated previously 

induced tinnitus pathology in the rat auditory cortex, demonstrating the effects of phasic iVNS 

on stimulus-specific plasticity (Engineer et al., 2011).     

 In human research, Sharon et al. (2021) showed a robust pupil dilation based on short 

bursts of 3.4 s taVNS (2.20 ± 0.24 mA), results was also replicated (Lloyd et al., 2023). 

Likewise, short taVNS bursts (5 s) enhanced the evoked pupil dilation with increased 

stimulation intensity (0.2 mA, 0.5 mA, calibration intensity) and pulse width (200, 400 μs) as 

compared to sham stimulation (D’Agostini et al., 2023). Short bursts of 4 s taVNS (2 mA) 

(Keute et al., 2021) or 1 s taVNS (Sclocco et al., 2019) also affected HR and HRV indices 

(Keute et al., 2021) and changed HRV indices during the exhalation phase of the respiratory 

cycle (eRAVANS) (Sclocco et al., 2019). Moreover, increased LC activation was observed 

during short bursts of 1.5 s taVNS (Sclocco, 2020). However, it should be noted that those 

studies did not choose an active sham control stimulation location (no current at all) (Keute et 

al., 2021; Sclocco, 2020; Sclocco et al., 2019). Studies with more prolonged stimulation bursts 

found no immediate effects of taVNS, neither regarding pupil dilation (e.g., 60 s of taVNS 

(Keute et al., 2019)) or HRV indices (e.g., 30 s of taVNS (Borges et al., 2019; De Couck et al., 

2017). However, a recent study suggested that both short and longer stimulation bursts of 

taVNS in humans led to an evoked pupil dilation (Skora et al., 2024), while further, more 

systematic research is needed. Considering those i/taVNS studies, short bursts of stimulation 

may presently be a promising approach for examining the effects of different stimulation 
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parameters and may serve as a valuable method for elucidating the impact of i/taVNS on the 

LC-NE system. 

1.2.6 The LC-NE System as a Target for TaVNS: Addressing Interindividual 
Variability 

Interindividual variability in the LC-NE system and the ABVN may contribute to the 

heterogeneous results of taVNS interventions in humans. The integrity of the LC is particularly 

crucial when taVNS is contemplated as an additional therapy in clinical populations potentially 

impacted by diminished NE regulation, such as those with depression or neurodegenerative 

disorders. Currently, the ABVN has been the subject of only one study conducted by Safi et al. 

(2016), which quantified the number of myelinated nerve fibers in the ABVN and noted 

significant variability among subjects (Yap et al., 2020). It is important to acknowledge that the 

subjects of this study had varying histories of medical conditions. Consequently, healthy 

populations may exhibit less variability (Safi et al., 2016). Additionally, the density of nerve 

fibers in the cavum conchae (recess auricle), a component of the ABVN, fluctuates (Bermejo 

et al., 2017). This variability may already be a significant factor in elucidating why certain 

individuals experience benefits from taVNS while others do not (Butt et al., 2020).

 Furthermore, a decrease or alteration in LC-NE function occurs in various conditions 

where taVNS may be applied. For example, in AD and PD, changes in LC function occur prior 

to the onset of clinical symptoms (Braak et al., 2003, 2011). Post-mortem investigations of AD 

indicate that specific NE metabolites remain unchanged despite a reduction in the number of 

NE neurons. This served as evidence for compensatory upregulation in NE production in 

response to the loss of LC-NE neurons, whereby the remaining LC neurons augment their firing 

rate (Hermann, 1992). In the early phases of LC decline, increased adrenoreceptor density in 

the hippocampus and amygdala may compensate for decreased LC-NE signaling (Andrés-

Benito et al., 2017; Szot et al., 2006). Thus, adaptive brain processes that compensate for altered 

LC function may improve the response of individual LC neurons or target area sensitivity 

through receptor levels to impact externally applied stimuli. Likewise, a post-mortem analysis 

of signaling genes and growth factors found a reduction in LC function in depressed people 

(Bernard et al., 2011), which may explain the use of selective norepinephrine reuptake 

inhibitors (sNRIs) to treat depression. A meta-analysis found that i/taVNS therapy for 

depression had stronger effects in seriously affected patients after controlling for severity 

(Martin & Martín-Sánchez, 2012). Similarly, Ferstl et al. (2022) found that healthy volunteers 

with lower baseline positive mood had larger taVNS-induced motivation improvements. The 

extent to which clinical and cognitive assessments of disease severity are associated with a 
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greater decline in the LC-NE system is currently unclear. However, current research indicates 

that cognitively normal groups also exhibit diversity in taVNS effects. Major depression and 

some clinical populations, including PD and AD, have been shown to have reduced LC integrity 

(for a comprehensive review, see (Liu et al., 2017a). Thus, improvements in our knowledge of 

the significance of a changed LC-NE system functionality (Betts et al., 2017; Hämmerer et al., 

2018; Liu et al., 2019) can motivate diverse interventional approaches utilizing stimulation 

strategies that remain inadequately explored. Particularly, high-frequency stimulation may 

inhibit overcompensated (overactive) LC neurons, which may cause chronic pain (Bernard et 

al., 2011) and aggressive behavior in conditions of declining LC-NE integrity due to excessive 

LC activity (Liu et al., 2018). Nevertheless, interactions among brain regions should be 

considered while examining different stimulation protocols. For instance, high-frequency (100 

Hz) optogenetic stimulation of basolateral amygdala (BLA) neurons decreased excitatory 

activity in the medial prefrontal cortex (Klavir et al., 2017), but excessive activation of the LC-

BLA pathway induced pain and anxiety, which were mitigated by pathway inhibition (Llorca-

Torralba et al., 2019). Consequently, high-frequency stimulation may have the capacity to 

suppress hyperactive LC neurons, which are believed to contribute to chronic pain, while 

excessive LC activity linked to declining LC-NE integrity may underlie aggressive behavior 

(Liu et al., 2018). Owing to a long-standing lack of appropriate imaging measures for the LC-

NE system and a still-developing understanding of its role in higher cognitive functions (Sara 

& Bouret, 2012), current commercially available taVNS devices may not fully exploit their 

therapeutic potential. However, some companies are working to tailor these devices to 

individual needs.          

 The review of taVNS has emphasized that taVNS may represent a more precise 

alternative compared to pharmacological approaches (e.g., sNRIs) for a dysregulated LC-NE 

system in neurodegenerative and psychiatric diseases, such as AD, PD, and depression. 

Nonetheless, taVNS research in humans encounters challenges in identifying appropriate 

biomarkers and refining stimulation protocols for addressing an individual-altered LC-NE 

system. Consequently, short bursts of i/taVNS have demonstrated consistent modulation of LC-

NE activity in both animal and human studies (Collins et al., 2021; D’Agostini et al., 2023; 

Hulsey et al., 2017; Mridha et al., 2021; Sharon et al., 2021), while longer bursts of stimulation 

have yielded less reliable results. Moreover, the precise impact of the mere sensation of 

stimulation remains inadequately elucidated (Fig. 3). 
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Figure 3. Overview covering the key aspects of transcutaneous vagus nerve stimulation (taVNS). 
The image was created with BioRender.com.
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1.3 Aims and Outline of the Dissertation 
The overall objective of this dissertation is to advance our knowledge of the 

involvement of the LC-NE system in memory and age-related differences in LC function and 

gain a better understanding of the mechanism of action of taVNS in humans for a more precise 

and targeted application in an individually altered LC-NE system. Based on the above literature 

review, I will address this with two distinct questions: 

1. Can the assessment of LC function serve as a measure of cognitive aging?  

Although there is growing evidence of in vivo structural LC decline in aging, there is 

little evidence of age-related changes in LC function. This is especially because of the 

challenge of reliably imaging the small structure of the LC. In chapter two, I will 

empirically investigate age-related differences in LC function. I provide new findings 

from a high-resolution fMRI study using a reversal reinforcement learning task and 

specific post-processing methods to visualize age differences in LC function (N = 50 

(28 younger adults; 22 older adults)). In particular, I assess whether  (1) (emotionally) 

salient events such as negative feedback (loss feedback > gain feedback) are associated 

with increased LC activation, (2) whether task-related salient events, such as condition 

reversals (reversal feedback > no reversal feedback), are associated with increased LC 

activation, and whether (3-4) LC activation during such events contributes to memory 

performance (remembered > not remembered) for salient events (remembered before 

loss feedback > not remembered before loss feedback). Moreover, I investigate (5) age 

differences in LC reactivity in these instances by comparing younger and older adults. 

I hypothesize: 

1. There is higher functional LC activation during (1) emotionally salient, (2) task-

related salient events, and (3-4) for memory performance of such salient events. 

2. There is higher functional LC activation for (5) younger adults compared to older 

adults. 

 

2. How do short bursts of taVNS affect pupil dilation and memory performance?  

IVNS animal studies and some taVNS human studies have already shown more reliable 

effects regarding short bursts of stimulation and modulation of the LC-NE system 

compared to longer bursts of stimulation. However, as current taVNS studies in humans 

indicate, the challenges of establishing a suitable stimulation protocol with appropriate 

outcome measures to investigate potential taVNS effects on an individually altered LC-

NE system have not yet been fully addressed. It is still unclear which combination of 
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stimulation parameters is required and whether higher stimulation parameters are 

important for the stimulation process in humans. In chapter three, I empirically assess 

short bursts of event-related taVNS as a potential non-invasive stimulation approach to 

modulate the LC-NE system. I provide new taVNS findings of an experimental setup 

that I established to allow systematic testing of different stimulation parameters with a 

time-synchronous recording of pupil dilation by comparing real (cymba conchae) and 

sham (earlobe) stimulation within healthy younger adults (N = 24) on a single day. 

Specifically, I present behavioral and pupillometry-related taVNS results on an 

emotional memory task with negative events involving the LC-NE system and on a 

resting-state task, both combined with short bursts of event-related taVNS (3 sec). 

Importantly, I will also investigate the effects of subjective perception of taVNS on 

changes in pupil dilation and memory performance. 

   I hypothesize: 

3. Short bursts of taVNS lead to increased pupil dilation and better memory 

performance. 

4. Higher stimulation parameters during short bursts of taVNS lead to increased pupil 

dilation. 

5. The subjective perception of stimulation contributes to the variability of taVNS-

induced effects on pupil dilation and memory performance. 

 In the General Discussion, chapter four, I will discuss the empirical findings regarding 

age-related differences in functional LC activation and short bursts of tAVNS on pupil dilation 

and memory performance. I will focus on and advance our current understanding of the LC-NE 

system and taVNS research, emphasizing the merits of prospective study directions. 
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2 Chapter 2: High-Resolution Functional Locus Coeruleus Imaging Study  
A version of this chapter, with minor modifications,  

has been published in Communication Biology (Ludwig et al., 2024b) 

. 

2.1 Brief Introduction 
The LC, our main source of NE in the brain, declines with age and is a potential 

epicenter of protein pathologies in ND (Braak et al., 2011; Mather & Harley, 2016; Theofilas 

et al., 2017). Although the LC-NE system may be particularly vulnerable, studies indicate that 

individuals with more structurally intact LC show less cognitive decline (Clewett et al., 2016; 

Dahl et al., 2019; Hämmerer et al., 2018; Liu et al., 2019; Sara, 2009). Indeed, there is growing 

evidence that LC integrity and function serve as important biomarkers of both healthy aging 

and early development of ND (Engels-Domínguez et al., 2023). Despite the increasing evidence 

of in vivo structural decrease of LC with age, less evidence indicates age-related changes in LC 

function, which presumably should be associated with structural decline. Considering that 

neuronal function loss likely precedes cell death (Giguère et al., 2018), it is essential to evaluate 

functional indicators of LC decline in aging carefully. However, assessing LC function in 

humans is a major methodological challenge due to its small size (about 14.5 mm long and 2-

2.5 mm thick (Fernandes et al., 2012)), which requires specialized imaging sequences and 

advanced data analysis techniques.         

 In chapter two, I present high-resolution fMRI (1.5 mm) in combination with a newly 

developed MR data analysis pipeline, which facilitates sufficient spatial precision in the 

analyses of brainstem activations through a rigorous post-processing procedure (Liu et al., 

2019; Yi et al., 2023). Specifically, I assess whether  (1) emotionally salient events such as 

negative feedback (loss feedback > gain feedback) are associated with increased LC activation, 

(2) whether task-related salient events, such as condition reversals (reversal feedback > no 

reversal feedback), are associated with increased LC activation, and whether (3-4) LC 

activation during such events contributes to memory performance (remembered > not 

remembered) for salient events (remembered before loss feedback > not remembered before 

loss feedback; see Table 1). Moreover, by comparing younger and older adults (N = 50; 28 

younger and 22 older adults), I investigate (5) age differences in LC reactivity in these instances. 
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2.2 Methods 
The data reported in this chapter are part of a study that included structural and 

functional brainstem imaging, pupillometric recording, and a reversal reinforcement learning 

task (Hämmerer et al., 2018). The present chapter focuses on functional brain imaging and 

behavioral data during the reversal reinforcement learning task. 

2.2.1 Subjects 
A total of 50 English speaking people, 28 healthy younger adults (16 females) with a 

mean age of 23.14 (range: 20 to 31 yrs., SD = 3.18) and 22 healthy older adults (12 females) 

with a mean age of 67.68 (range: 65 to 84 yrs., SD = 5.68) participated in the study (for sample 

description see Supplementary Table S1). Suitability for the study was assessed using a 

telephone questionnaire administered by research assistants during recruitment and again in 

person by radiographers before the experimental examination. Specifically, subjects who were 

unsuitable for scanning (e.g., metallic implants, claustrophobia) and subjects with a history of 

neurological (e.g., neurodegenerative diseases) or psychiatric disorders were excluded. Subjects 

were right-handed (Oldfield questionnaire lateralization quotient > 80) (Oldfield, 1971). The 

study was approved by the local ethics committee (University College London ethics reference 

no. 5506/001), and written informed consent was obtained from each subject prior to 

participation. All ethical regulations relevant to human research participants were followed. 

Subjects received a payment of £50 for their participation, including a bonus payment of £6 

based on task performance (all subjects performed at a high level and received the bonus 

payment). An abbreviated version of the Raven's Progressive Matrices (Raven, J. C., & Court, 

J. H., 1998) was used to examine whether subjects matched known markers of age differences 

in adult fluid intelligence (Li et al., 2004). Performance was assessed as the number of correctly 

solved matrices of the 18 given matrices within 20 minutes. Due to changes in the test design, 

only 19 younger adults completed the fluid intelligence tasks. The younger adults performed 

better than older adults [t(39) = 3.45, p < 0.001], indicating that subjects were consistent with 

the known age differences in fluid intelligence.  

2.2.2 Procedure 
The study was conducted as a between-subject design (younger vs. older adults) 

including structural and functional MRI combined with pupillometric recording during reversal 

reinforcement learning task as well as early and delayed memory tests, which were performed 

on the same day. At the beginning of the experiment, subjects first completed a practice session 

to get familiar with the use of the button box. After that, subjects were positioned in the MR 

scanner and performed the reversal reinforcement learning task while pupillometric recording 
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and brain imaging acquisition were proceeding simultaneously. After the scanning session, 

subjects underwent an unannounced immediate (60 min after encoding) and delayed (4 - 6 h 

after encoding) memory test (each test lasting approximately 35 min) to assess whether memory 

for scene stimuli before loss vs. gain feedback and reversal vs. no reversal points differed. 

2.2.3 Reversal Reinforcement Learning Task 
Subjects performed a reversal reinforcement learning task (Fig. 4) to assess the impact 

of salient events on memory while undergoing fMRI recording (57 – 61 min). Each trial began 

with a grey fixation cross (jitter between 0.5 - 6.5 s), followed by an image (2.5 s) showing 

either indoor or outdoor scenes. This was followed by another grey fixation cross (jitter between 

0.5 - 6.5 s) and then a positive or negative feedback (2.5 s).  

Reversal reinforcement learning task 

 

 

 

 

 

 

Figure 4. Reversal reinforcement learning task (adapted from Hämmerer et al., 2018). Each trial 
began with a grey fixation cross (jitter between 0.5 - 6.5 s), followed by an image (2.5 s) showing either 
indoor or outdoor scenes. This was followed by another grey fixation cross (jitter between 0.5 - 6.5 s) 
and then a positive or negative feedback (2.5 s). 

Specifically, subjects learned through positive (smiling face, two-point gain) and 

negative (sad face, two-point loss) feedback on both forced (one image) and free choice (two 

images) trials whether indoor or outdoor scenes were rewarded or not, as well as whether a 

reversal in the rewarded scene category has occurred (forced trials: 66.26 loss trials and 60.64 

gain trials on average; free choice trials: 13.08 loss trials and 120.04 gain trials on average; 303 

trials in total; 6 runs × 9.62 min).  The rewarded stimulus category changed every ~ 20 trials 

without warning. Missed responses resulted in a 2-point loss. To incentivize performance, 

subjects had to score 20 points per scanner run to receive a bonus payment of £6, with feedback 

on scores given after each run. Crucially, because subjects are typically loss-averse when faced 

with tasks that involve both gains and losses, rewards were larger than losses (McGraw et al., 

2010). Importantly, using forced choice trials, the task design allowed for examining two 
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different types of saliences in processing choice feedback (loss vs. gain and reversal vs. no 

reversal) by balancing loss and gain feedback, in particular, on reversal trials. The reversal 

reinforcement learning task was followed by an unannounced immediate (60 min after 

encoding) and delayed (4 – 6 h after encoding) memory test to assess whether memory for scene 

stimuli before loss vs. gain feedback and reversal vs. no reversal points differed, each taking 

∼35 min. The memory test (either in forced trials or free-choice trials) only comprised stimuli 

selected by the subjects in the reversal learning task. Subjects were instructed to categorize the 

stimuli as “old” or “new”.  For “old” stimuli, the subjects were asked to indicate whether they 

“remembered” (episodic memory trace accessible) or whether they “knew” (feeling of 

familiarity) the stimuli, a concept with which they were familiarized in advance. On average, 

each recognition test consisted of 50 new and 150 familiar stimuli, evenly distributed between 

indoor and outdoor situations. Additionally, subjects were asked to indicate on a 6-point scale 

how certain they were in their respective responses. The memory tests had no set time limit for 

response, although subjects were advised to rely on their initial impression and avoid 

overthinking of their responses. 

2.2.4 Materials and Stimuli 
The stimuli for the reversal reinforcement learning task were taken from the 

International Affective Picture System Datenbank (IAPS (J, 1995)). Stimuli presentation, 

button press response and pupillometry (EyeLink 1000 Plus; SR Research, 2010) were 

controlled by custom-made scripts in MATLAB version 2015a (The MathWorks, 

www.mathworks.com) using the Cogent 2000 toolbox (www.vislab.ucl.ac. uk/cogent.php). 

Backgrounds and images brightness variations were luminance controlled to prevent 

interference of luminance changes with pupillometric recordings. Responses were recorded 

with MR scanner-compatible button boxes (fiber optic response pad HHSC-1X4-CL; Current 

Designs). 

2.2.5 s/fMRI Data Acquisition 
MRI data were acquired on a 3T Tim Trio System (Siemens Healthineers, Erlangen, 

Germany) with a standard 32-channel radiofrequency (RF) coil. Structural and functional 

imaging sequences were optimised for LC imaging. 3D multi-echo FLASH structural images 

were acquired as part of a modified multiparameter mapping protocol (Weiskopf et al., 2013). 

Anisotropic voxel sizes (0.4 × 0.4 x 3 mm3) aiming to match the stick-like shape of the LC were 

acquired in a slab oriented parallel to the back of the brainstem aiming to have the longer voxel 

dimension coincide with that of the LC (Sasaki et al., 2006). In addition, a whole-brain isotropic 

T1-weighted FLASH image (voxel sizes: 0.75 isotropic, FOV 240 × 240 × 64 3 mm3) was 

http://www.mathworks.com/
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acquired as an anatomical scan for image registration. Further details on the structural MRI data 

acquisition can be found in Hämmerer et al. (2018). Resolution and coverage of the fMRI data 

were optimized both to measure the small LC (which is only about 14.5 mm long and 2-2.5 mm 

thick (Fernandes et al., 2012)) with sufficient resolution and to have a field of view (FoV) that 

allows assessment of the HPC and amygdala along with other brainstem nuclei (Fig. 5). For 

this purpose, a 6 cm wide angulated 3D T2*-weighted EPI (TE = 37.3 ms, TR = 76 ms, FA 15 

° water-selective excitation, parallel imaging with GRAPPA factor 2 in the phase-encoded EPI 

direction, Bandwidth 1395 Hz/Px, FOV 192 mm x 192 mm x 48 mm, with a 1.5 mm isotropic 

voxel size, 32 partitions plus 25% oversampling) was positioned as described above. The 

volume acquisition time was 3.04 s. During the reversal reinforcement learning task each 

subject had a total of 1140 measurements spaced across 6 runs of 190 measurements each, 

resulting in 6 runs of about 9.62 min per subject (first 5 measurements of each run were 

discarded). The full sample also comprises 5 pilot subjects with a slightly different run 

separation of a total of 1200 measurements, spaced across 5 runs of 240 measurements each, 

resulting in 5 runs of about 12.16 min. 

 

 

 

 

 

 

Figure 5. MNI image with an applied partial volume mask. Montreal Neurological Institute (MNI) 
image with an applied partial volume mask (light grey) in a) axial, b) sagittal, c) coronal view. 

 

2.2.6 LC Segmentation 
The left and right LC were each manually segmented by two raters in the anatomical 

MRI images using ITK-Snap (Yushkevich et al., 2016). LC integrity was assessed as signal 

intensity within segmentations averaged across left and right LC, normalised with respect to a 

nearby area in the brainstem. Note that due to poor LC visibility in two subjects (older [right 

LC] and younger [left LC]), segmentations for only one side of the LC were included (see 

Hämmerer et al., 2018 including Supplementary Figure 4 for more details on LC segmentations 

and contrast analyses). 
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2.2.7 fMRI Data Pre-processing and Dedicated Post-Processing Pipeline for Spatially 
Precise Brainstem Imaging 
FMRI data preprocessing and statistical modelling was done using Statistical Parametric 

Modelling 12 (SPM12; Wellcome Centre for Human Neuroimaging, University College, 

London, UK, 2012) as well as Advanced Normalization Tools (ANTs) v.2.1.0 software package 

(http://stnava.github.io/ANTs/). The raw DICOM data were converted to NIfTI images, while 

preserving the original image parameters. The pre-processing of the functional data was 

performed in SPM12 and included realignment, unwarping, and smoothing (2mm FWHM). 

Without registering or normalising pre-processed data, first level contrasts were calculated in 

native space (see below for more details). Also, all whole-brain T1w images were used to 

generate a study-specific template, using the antsMultivariateTemplateConstruction2.sh 

function in ANTs with default parameters except the rigid-body registration option on.

 Registration and normalisation of functional and structural data to MNI space (ICBM 

152 nonlinear asymmetric template T1w, 1 mm resolution 

[mni_icbm152_t1_tal_nlin_asym_09c.nii] (Fonov et al., 2011)) followed a pipeline developed 

for assuring sufficient spatial transformation precision in the brainstem area (see Yi et al., 2023, 

Fig. 2 for an overview). Specifically, after correcting for B0 field inhomogeneity of the partial-

volume brain T1w images (N4BiasFieldCorrection from ANTs (Tustison et al., 2010), the 

following steps were carried out: To match the above-mentioned MNI space resolution, 

neuromelanin-sensitive structural images (FLASH) were re-sampled to 1-mm isotropic voxel 

size using the mri_convert function in FreeSurfer (Version 7.1; 

http://surfer.nmr.mgh.harvard.edu/, Martinos Center for Biomedical Imaging, Charlestown, 

Massachusetts; see Yi et al., 2023, Fig. 2f). Using antsRegistrationSyN.sh, the whole-brain T1w 

images in the native space were non-linearly registered to the study specific template before 

being non-linearly registered to the MNI space. Concatenated transformation matrices and 

deformation fields from these steps, using antsApplyTransforms.sh, the whole-brain T1w 

images were transformed onto the MNI space. Afterwards, the whole-brain T1w images were 

rigidly registered to the individual mean EPI images (see Yi et al., 2023, Fig. 2d). Additionally, 

the structural T1w slab and manually drawn individual LC segmentation in the space of the 

T1w slab was rigidly registered to the partial volume brain T1w images (using 

antsRegistrationSyN.sh). To align the individual LC segmentation to the whole-brain T1w 

images rigidly, the same transformation matrix from this registration step was applied to the 

LC mask. Finally, combinations of the above-described transformations were applied to the 

mean EPI images and the first-level statistical contrast images as well as the LC masks in each 

of their respective native space in a single step and were transformed to the MNI space (see Yi 

http://stnava.github.io/ANTs/
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et al., 2023, Fig. 5-1, 5-2) non-linearly (using antsApplyTransforms.sh). Therefore, group level 

analyses in MNI space were possible while assuring high precision of spatial transformations 

and reducing bias due to multiple interpolations. All structural and mean EPI images were 

transformed using the fourth-order B-Spline interpolation, while the statistical contrast data 

were transformed using linear interpolation, and individual LC segmentations were transformed 

by using nearest neighbour interpolation.  

2.2.8 Quality Checks for Assuring Sufficient Spatial Transformation Precision of 
Structural and Functional LC Imaging Data 
To evaluate the quality of spatial transformation of structural and functional LC imaging 

data across subjects, guidelines following Yi et al. (2023) were used. For assessing the precision 

of functional LC imaging data, eight different landmarks were placed by two independent raters 

on individual mean functional images in MNI space in the brainstem area (see Yi et al., 2023 

for more details) (cf. Fig. 7). To ensure a similar approach to setting the landmarks, raters were 

first trained together on an independent training dataset. Afterwards, to ensure independent 

ratings, raters worked separately on the present dataset, while balancing across the two raters 

which part of the data was rated first to account for possible training effects. Both raters had 

experience with rating several different datasets. Sørensen–Dice coefficient (DSC) score was 

calculated to assess the consistency across the two raters (0 indicates no spatial overlap, while 

1 indicates a complete overlap). The following DSC scores resulted for the eight landmarks: 

nucleus ruber (l) = 0.70, nucleus ruber (r) = 0.70, periaqueductal grey = 0.62, perifastigial sulcus 

= 0.53, outline brainstem (l) = 0.34, outline brainstem (r) = 0.33, 4th ventricle border (l) = 0.72, 

4th ventricle border (r) = 0.64, representing a good overlap of the two raters (for age-related 

differences in 8 brainstem landmarks' mean functional images in MNI space see Supplementary 

Methods 1.2). Note that overlap in landmarks for the brainstem outline is generally lower as 

more degrees of freedom exist in the anterior-posterior direction (Yi et al., 2023). As can be 

seen in Figure 7, quality checks suggest a good spatial precision in transforming functional LC 

data into MNI space, with deviations as assessed in landmarks not exceeding 2.5 mm in the LC 

(blue bar graphs in Fig. 7), which is the assumed average width of the LC based on post-mortem 

data (Fernandes et al., 2012). Segmentations delineating the LC in multi-parameter mapping 

scans for structural LC imaging were performed by two independent raters in native space (see 

(Hämmerer et al., 2018) for more details), where the DSC score was 0.72, indicating the overlap 

between the two raters in identifying voxels belonging to the LC (see (Hämmerer et al., 2018)). 

An overlay of the binary LC segmentations after transformation to MNI space is shown as a 

heatmap in Figure 6.   
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Heatmap of transformed LC segmentations 

 

 

 

 

Figure 6. Heatmap of transformed individual LC segmentations. Heatmap of transformed individual 
LC segmentations in the group space (from left to right: axial, sagittal, coronal view). The blue line 
indicates the LC meta mask created by Dahl et al. (2022). The maximum overlap across segmentations 
within the LC meta mask is at 62 % and the minimum overlap at 1.6 %. 

 In addition, to assess the precision of the alignment of LC segmentations in MNI space 

across subjects, distances across subjects for the left and right LC centroid voxels were 

calculated for each slice of the LC segmentation (Fig. 7). Deviations assessed across subjects 

and averaged across slices within subjects did not exceed 2 mm overall, the median slice-wise 

distance on the left side was 0.80 mm (Mdn ± MAD: 0.80 ± 0.16) (younger adults: 0.80 mm 

[Mdn ± MAD: 0.80 ± 0.14], older adults: 0.73 mm [Mdn ± MAD: 0.73 ± 0.19]), and on the 

right side 0.82 mm (Mdn ± MAD: 0.82 ± 0.21) (younger adults: 0.89 mm [Mdn ± MAD: 0.88 

± 0.26], older adults: 0.76 mm [Mdn ± MAD: 0.76 ± 0.18]). Deviations did not differ between 

left and right side (F(1,95) = 0.005, p = 0.94) and only showed a trend for being larger in 

younger adults (F(1,95) =  3.4, p = 0.07). Note that deviations in LC positions between subjects 

likely do not solely stem from imprecisions in spatial transformations, as LC positions in native 

space also differ between subjects by on average about 1.45 mm (left LC) and 0.96 mm (right 

LC) (see Yi et al., 2023, Fig. 5), as evident in post-mortem and structural LC imaging data 

(Fernandes et al., 2012). Spatial deviations across subjects after transformation thus likely 

represent a mixture of biological variations in LC position and imprecision in spatial 

transformations.



  
 

Figure 7. Quality checks of structural and functional LC imaging data. a) The distribution of inter-subject distances for the left and right LC centroid voxels of the 
aggregated LC meta mask (Dahl et al., 2022) and the MNI-transformed LC segmentations for individual subjects are shown in violin plots. Boxplots within the violin plot 
show error bars with 95% confidence interval. In-plane distance is calculated separately for the left and right LC, slice by slice, and averaged across slices to obtain a value 
per subject and left or right LC segmentation (right: M ± SD: 0.81 ± 0.19, IQR=0.28; left: M ± SD: 0.81 ± 0.27, IQR=0.21). b)  Histograms of in-plane distances between 
single-subject landmarks and landmarks defined on the MNI template. The dashed red line indicates the typical width of the LC (2.5mm (Fernandes et al., 2012) below 
which deviations should fall (Yi et al., 2023), in fact median deviations all fell below 1 mm.  
 49 
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2.2.9 Anatomical Masks for Second-Level Analyses 
Anatomical masks of study-relevant brain regions (see Supplementary Figure S1) were 

used in region of interest (ROI) - specific analyses for precise delineations of functional 

activation patterns with small-volume correction (SVC). For nuclei in the brainstem and 

midbrain, substantia nigra pars reticulata (SNr, label 9), substantia nigra pars compacta (SNc, 

label 7), ventral tegmental area (VTA, label 11) and red nucleus (label 8) masks were extracted 

from a high-resolution probabilistic in vivo atlas by Pauli et al. (2018) 

(https://identifiers.org/neurovault.collection:3145). Anatomical templates were already in the 

MNI template space adopted in our study (Fonov et al., 2011) and only needed to be binarized 

for use of ROI - specific analyses (using mni_binarize). The binarized masks were thresholded 

at 0.20 to combine the different templates into a mask that matched the anatomical definition 

of the SN substructures (“SNredVTA mask” - from now on, this nomenclature will refer to these 

structures: SNr, SNc, VTA, red nucleus) (using SPM image calculator). For the LC, the LC 

meta mask (https://osf.io/sf2ky/) by Dahl et al. (2022) was used, which is a combination of 

several already existing individual LC masks (Betts et al., 2017; Keren et al., 2009; Liu et al., 

2019; Tona et al., 2017; Ye et al., 2021) and also consistent with LC dimensions reported in 

post-mortem studies (Fernandes et al., 2012) (for more details see Dahl et al., 2022). The LC 

meta mask (Dahl et al., 2022) was non-linearly co-registered to the MNI template space adopted 

in our study (using antsRegistration) with nearest neighbour interpolation (using 

antsApplyTransforms). As can be seen in Figure 7, the LC meta mask (Dahl et al., 2022) shows 

good agreement with LC segmentations in our study. In addition, as the study also focuses on 

salience and memory-related functional activations, a combined bilateral mask including the 

hippocampus, para-hippocampus and amygdala referred to as “hippocampus-amygdala mask” 

was created based on the Cerebrum Atlas (CerebrA) by Manera et al. (2020), since it provides 

non-linear registration of Mindboogle atlas (Klein & Tourville, 2012) to high resolution MNI-

ICBM 2009c (Fonov et al., 2011) space of cortical and subcortical regions (Manera et al., 2020). 

Besides left (label 99) and right (label 48) hippocampus as well as left (label 70) and right (label 

19) amygdala, left (label 69) and right (label 18) para hippocampal regions were extracted 

(using fslmaths). Individual templates were binarized (using mri_binarize) and combined (using 

SPM image calculator) to create a final bilateral mask. Anatomical templates were already in 

the MNI template space adopted in our study (Fonov et al., 2011) and only needed to be 

binarized for use of ROI - specific analyses (using mni_binarize).    

 Finally, a “grey matter mask” based on the MNI template adopted in our study (Fonov 

et al., 2011) and a “brainstem mask” based on CerebrA (Manera et al., 2020) were used as an 

https://identifiers.org/neurovault.collection:3145
https://osf.io/sf2ky//
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implicit mask in second-level analyses. The grey matter mask was created by segmenting the 

MNI template (Fonov et al., 2011) (using SPM segment, Bias FWHM 30 mm cut-off). For 

creating this brainstem mask, left (label 62) and right (label 11) brainstem as well as left (label 

77) and right (label 26) ventral diencephalon were extracted from the CerebrA (Manera et al., 

2020) (using fslmaths), were binarized (using mri_binarize) and combined (using SPM image 

calculator) to one mask representing brainstem and midbrain regions. 

2.2.10 Statistical Analyses 
2.2.10.1 Behavioral Analyses  

Using repeated measures ANOVA and paired-samples t-tests across both age groups, 

analyses of behavioral data were conducted to compare memory performance and (reaction 

times) RTs of both age groups for single and double scene stimuli that occurred on trials before 

and after loss vs. gain feedback, and on trials before and after a reversal. Memory performance 

was measured as the mean of the hit-FA (false alarms) rate across both recognition tests. These 

analyses were carried out using Statistical Package for the Social Sciences (SPSS) version 

28.0.0.1 (IBM; https://www.ibm.com/analytics/de/de/technology/spss) (SPSS Software, 2023) 

and MATLAB version R2020b (The MathWorks, www.mathworks.com). Correlation analyses 

between significant LC, MTG activations, LC integrity and memory performance in the elderly 

were carried out in R version 4.2.2 (R Core Team, 2022, https://www.r-project.org) using 

RStudio (RStudio Team, 2022) using cor() function for Spearman ́s Rank correlation, corr.test() 

function ({psych} package (Revelle, 2023)) to adjust with Bonferroni correction for multiple 

comparisons and corrplot() function ({corrplot} package (Wei & Simko, 2010) for 

visualisation. Graphs were created using the package ggplot2 (Wickham et al., 2023). 

2.2.10.2 fMRI Data First-Level and Second-Level Analyses 
As the focus of the study was to investigate the processing of salient events in a reinforcement 

learning task, the main contrasts of interest were (1) loss feedback > gain feedback as an 

indicator of emotional salience and (2) reversal feedback > no-reversal feedback as an indicator 

of task-related salience. Furthermore, to investigate memory effects, the contrasts (3) 

remembered stimuli > not remembered stimuli as an indicator of memory performance and (4) 

remembered stimuli before loss feedback > not remembered stimuli before loss feedback as an 

indicator of emotional memory performance were investigated. To address these questions, four 

event-related General Linear Models (GLMs) were implemented, which allowed investigation 

of these contrasts in younger adults, older adults, and age group differences in these contrasts. 

Specifically, GLM 1 assessing emotional salience included loss and gain feedback timepoints 

while controlling for reversal feedback timepoints. GLM 2 assessing effects of task-related 

https://www.ibm.com/analytics/de/de/technology/spss
http://www.mathworks.com/
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salience included regressors for reversal and no reversal feedback while controlling for 

timepoints of loss feedback. GLM 3 assessing memory performance included timepoints of 

remembered and not remembered stimuli during stimulus presentation, and GLM 4 assessing 

emotional memory performance included regressors of remembered or not remembered stimuli 

before gain or loss feedback during stimulus presentations. To account for irrelevant task-

related effects, GLMs included regressors indicating where stimuli or feedback (depending on 

the GLM) were part of a free or forced choice trial (one or two stimuli to choose from), as well 

as the onset of the fixation cross between stimulus and feedback presentations and left and right 

response time points. For an overview of all regressors included in the respective GLMS, see 

Table 1, while the time course of the effect size is shown in Supplementary Figure S2. For an 

overview of the main fMRI results, see Supplementary Table S2. 

 

Types of event-related GLMs 

Types of  

event-related GLMs 

 

regressors  

 

contrast of interest 

(1)  

emotional salience 

forced choice, free choice, 

reversal, gain, loss, fixation, 

response left, response right 

loss feedback  

>  

gain feedback 

(2)  

task-related salience 

forced choice, free choice, 

reversal, no reversal, loss, 

fixation, response left, response 

right 

reversal feedback 

> 

 no reversal feedback 

(3)  

memory performance 

forced choice, reversal, gain, loss, 

response left, response right, 

remembered, not remembered  

remembered 

 >  

not remembered 

(4)  

emotional memory 

performance 

forced choice, reversal, gain, loss, 

response left, response right, 

remembered loss, remembered 

gain, not remembered before loss, 

not remembered before gain 

remembered before loss 

feedback 

 >  

not remembered before loss 

feedback 

Table 1. Four types of event-related GLMs with corresponding regressors as well as contrasts of interest. 
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All sets of GLMs also contained regressors of no interest (6 regressors for movement, 14 

regressors for physiological data like breathing and pulse). Finally, because high resolution 

functional images are more susceptible to movement artefacts during recording, individual 

volumes with movement exceeding a pre-set threshold were excluded from the statistical 

analyses by modelling them with an individual volume regressor in the first level GLM. 

Movement artefacts during recording did not differ between healthy younger and older healthy 

subjects as assessed by mean distance and degree in displacement; t(47) = 1.17, p = 0.25 (two 

healthy older adults did not have volumes exceeding exclusion criteria). The first 5 (dummy) 

volumes were not included in the GLM analyses. First level contrasts effects were then included 

in second level analyses which assessed contrasts of interest within as well as between age 

groups using one sample t-tests and two sample t-tests, respectively. Given the small size of our 

target structures in the brainstem and midbrain, significant activations were assessed using 

anatomical masks of the LC and a combined mask of SNc, SNr, VTA and red nucleus for small 

volume corrections. Activations in cortical and subcortical areas were examined using an 

inclusive grey matter mask. For the confirmatory small volume corrected analyses, significance 

assessments were corrected for multiple comparisons using family wise error correction (FWE), 

which is a more conservative measure assessing the ratio of falsely rejected tests to all tests 

performed. For the more exploratory assessments of significant clusters in cortical and 

subcortical areas, multiple comparisons were corrected using the false discovery rate correction 

(FDRc), which is based on the ratio of falsely rejected tests to all rejected tests and more 

sensitive in detecting clusters of activation. Given the comparatively smaller voxel sizes (1.5 

mm isotropic) and the relatively lower SNR per voxel, less conservative voxel cut-offs of p < 

0.005 were used for cortical and subcortical areas to increase sensitivity. Furthermore, for target 

structures in the brainstem and midbrain, a more conservative voxel cut-off of p < 0.003 in 

addition to p < 0.005 was used to indicate the contribution of more reliably activated areas in 

the brainstem and midbrain (cf. white lines in Figure 9-11). The analysis procedure described 

above partially resulted in no suprathreshold clusters for brainstem, midbrain, cortical, and 

subcortical areas. 
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2.3 Results 

2.3.1 Behavioral Results 
Regarding memory effects of (1) emotional salience, a statistically significant 

interaction between trials before vs. trials after feedback and loss vs. gain feedback was 

observed, F(1,48) = 5.82, p = 0.02, partial η² = 0.11. Specifically, higher memory performance 

was observed for stimuli before loss feedback (M ± SD: 0.21 ± 0.85) as compared to stimuli 

before gain feedback (M ± SD: 0.18 ± 0.81); t(49) = 3.55, p < 0.001. The same effect was not 

observed for memory performance on trials after loss feedback (M ± SD: 0.19 ± 0.89) compared 

with trials after gain feedback (M ± SD: 0.18 ± 0.07); t(49) = 0.97, p = 0.34 (Fig. 8). There was 

no significant main effect of age, F(1,48) = 0.37, p = 0.55 and no interactions between loss vs. 

gain feedback and age group (F(1,48) = 0.013, p = 0.911) and trials before vs. trials after 

feedback and age group (F(1,48) = 0.18, p = 0.693) (Supplementary Results 2.1). 

 

Figure 8. Memory performance (hit-FA (false alarms)) of the reversal reinforcement learning task. 
Hit-FA (false alarm) rate on trials before loss vs. gain feedback and on trials after loss vs. gain feedback 
for older (brighter blue) and younger (darker blue) adults. The asterisk highlights the statistically 
significant difference between higher memory performance for stimuli before loss feedback (M ± SD: 
0.21 ± 0.85) as compared to stimuli before gain feedback (M ± SD: 0.18 ± 0.81) across age groups, t(49) 
= 3.55, p < 0.001 (reproduced Hämmerer et al., 2018, Fig. 2a). Boxplots contain the median (horizontal 
black line), with the lower and upper parts of the boxes indicating the 25th and 75th percentiles of the 
underlying hit-FA rate, respectively. 
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RTs related to emotional salience as well as task-related salience were analysed to gain 

further insight into behavioral adaptations to salient events. Regarding RTs to (1) emotional 

salience there was a significant interaction between the before vs. after trials with loss vs. gain 

feedback, F(1,48) = 19.40, p < 0.001, partial η² = .29: Specifically, RTs slowed down after gain 

feedback, but sped up after loss feedback (loss feedback: before trials (M ± SD: 1.10 ± 0.03), 

after trials (M ± SD: 1.07 ± 0.02), gain feedback: before trials (M ± SD: 1.04 ± 0.02), after trials 

(M ± SD: 1.06 ± 0.02)) (Supplementary Figure S3). Given that, in the current decorrelated 

design, loss and gain feedback were comparably informative for response correctness, this 

interaction effect might suggest a behaviorally invigorating effect of emotionally salient events 

in line with animal work, showing that LC activity is linked to effortful responding (Bouret & 

Sara, 2004). Effects of (2) task-related saliency on RTs on trials with reversals of the reinforced 

stimulus category (40 trials in total) were assessed by averaging RTs on three trials before and 

after reversals, respectively. RTs after reversals were slower (M ± SD: 1.05 ± 0.02) as compared 

to RTs before the reversal (M ± SD: 1.03 ± 0.03), F(1,48) = 5.57, p = 0.02, partial η²  = 0.10, in 

both younger as well as older adults, indicating more controlled response behaviour on the first 

trials of a new reinforced stimulus category. For a complete overview of RT effects related to 

(1) emotional salience and (2) task-related salience, see Supplementary Results 2.2. 

2.3.2 fMRI Results 
Since the aim of this chapter is to investigate age differences in functional activations 

of the LC, only functional brainstem and midbrain activations are reported here. Analyses on 

fMRI data were conducted to assess the LC and substantia nigra / ventral tegmental area 

(SN/VTA) response to (1) emotional salience: loss > gain feedback, (2) task-related salience: 

reversal > no reversal feedback, (3) memory performance: remembered > not remembered and 

(4) emotional memory performance: remembered before loss feedback > not remembered 

before loss feedback in younger and older adults, as well as age differences (N = 50) therein 

(Table 1). Activations in the brainstem and midbrain were investigated using an inclusive 

brainstem mask (see section 2.2.9). 

2.3.2.1 Higher LC Activation in Older Adults during Encoding of Salient and Negative 
Events 

In line with the hypothesis, stronger activations in noradrenergic structures were 

observed during the processing of salient events, and additionally also in GABAergic (SNr) 

structures. Unexpectedly, this effect was generally more pronounced in older adults (Fig. 9-11). 

While younger adults did not show significant activations in the LC, older adults showed a 

higher activation of the left LC during (1) loss > gain feedback (Fig. 9a, Supplementary Table 
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S3; T = 4.11, pFWE = 0.04 (voxel cut-off p < 0.005); pFWE = 0.02 (voxel cut-off p < 0.003)). 

Additionally, older adults also showed higher activation of the right LC (Fig. 9b) and right SNr 

(Fig. 10) during (2) reversal > no reversal feedback categories (Supplementary Table S6; LC: 

T = 3.37, pFWE = 0.08 (voxel cut-off p < 0.005); pFWE = 0.05 (voxel cut-off p < 0.003); SNr: 

T = 4.77, pFWE = 0.02 (voxel cut-off p < 0.005); pFWE = 0.02 (voxel cut-off p < 0.003)). This 

dovetails findings from electrophysiological recordings in monkeys showing that the LC 

responds to relevant or unexpected task events (Dayan & Yu, 2005). Age group comparisons 

confirmed the stronger engagement of LC in older adults, showing more engagement of the 

bilateral LC during (1) loss > gain feedback for older as compared to younger adults (Fig. 11a, 

Supplementary Table S4; left LC: T = 3.4, pFWE = 0.06 (voxel cut-off p < 0.005); pFWE = 

0.04 (voxel cut-off p < 0.003); right LC: T = 3.14, pFWE = 0.08 (voxel cut-off p < 0.005); 

pFWE = 0.05 (voxel cut-off p < 0.003)). There was a trend for higher right LC activation during 

(2) reversal > no reversal feedback for older as compared to younger adults (Fig. 11b, 

Supplementary Table S7; T = 3.02, pFWE = 0.07 (voxel cut-off p < 0.005); pFWE = 0.06 (voxel 

cut-off p < 0.003)). No significant emotional and task-related activations in the brainstem were 

observed in younger adults (Supplementary Table S5 & S8). 



  
 

Figure 9. Higher locus coeruleus (LC) activation in older adults. Higher LC activation in older adults for a) (1) emotional salience: loss > gain feedback (red-yellow), b) (2) 
task-related salience: reversal > no reversal feedback (green-yellow), c) (3) memory performance: remembered > not remembered (purple-blue) and d) (4) emotional memory 
performance: remembered before loss feedback > not remembered before loss feedback (blue-green). Significant activations (a-d) shown in each colour with a threshold of p < 
0.005 (threshold of p < 0.003 outlined in white) are in sagittal (first row), coronal (middle row), and axial (bottom row) views, within the LC meta mask (grey) created by Dahl et 
al., 2022. 57 
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Figure 10. Higher substantia nigra pars reticulata (SNr) activation in older adults. Higher SNr 
activation in older adults for a) (2) task-related salience: reversal > no reversal feedback (green-yellow). 
Activations shown in colour with a threshold of p < 0.005 (threshold of p < 0.003 outlined in white) are 
in sagittal (first), coronal (middle), and axial (right) views, within the “SNrSNcVTA mask” (see 
Supplementary Figure S1: SNr: dark blue; SNc: middle blue; VTA: brighter blue; red nucleus: red). The 
black asterisk indicates the significant activation within SNr. 

 

2.3.2.2 Higher LC Activation in Older Adults for Remembering Negative Events 
Older adults additionally exhibited increased LC engagement during later remembered 

stimuli, particularly if those were associated with negative feedback. Specifically, older adults 

showed higher activation of the right LC during encoding of later (3) remembered > not 

remembered stimuli (Fig. 9c, Supplementary Table S9; T = 3.64, pFWE = 0.07 (voxel cut-off 

p < 0.005); pFWE = 0.05 (voxel cut-off p < 0.003)) and a trend for higher right LC activation 

during (4) later remembered stimuli followed by loss as compared to not remembered stimuli 

followed by loss feedback (Fig. 9d, Supplementary Table S13; T = 4.38, pFWE = 0.07 (voxel 

cut-off p < 0.005); pFWE = 0.06 (voxel cut-off p < 0.003)). Age group comparisons confirmed 

greater engagement of the right LC for (3) remembered > not remembered stimuli (Fig. 11c, 

Supplementary Table S10; T = 3.42, pFWE = 0.08 (p < 0.005); pFWE = 0.05 (p < 0.003)), and 

for (4) later remembered stimuli followed by loss as compared to not remembered stimuli 

followed by loss feedback (Fig. 11d, Supplementary Table S14; T = 3.46, pFWE = 0.09 (p < 

0.005); pFWE = 0.05 (p < 0.003)) for older adults as compared to younger adults. No significant 

memory-related activations in the brainstem were observed in younger adults (Supplementary 

Table S11-S12 & S15-S16). Neither for (1) emotional salience, (3) memory, nor (4) emotional 

memory performance, a correlation between the behavioral performance indicators and LC 

activations was observed (Supplementary Figure S7, S9-S10). 



  
 

Figure 11. Higher locus coeruleus (LC) activation in older > younger adults. Higher LC activation in older > younger adults for a) (1) emotional salience: loss > gain feedback 
(red-yellow), b) (2) task-related salience: reversal > no reversal feedback (green-yellow), c) (3) memory performance: remembered > not remembered (purple-blue) and d) (4) 
emotional memory performance: remembered before loss feedback > not remembered before loss feedback (blue-green). Significant activations (a-d) shown in each colour with a 
threshold of p < 0.005 (threshold of p < 0.003 outlined in white) are in sagittal (first row), coronal (middle row), and axial (bottom row) views, within the LC meta mask (grey) 
Dahl et al., 2022. 59 
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2.3.2.3 Cortical Area Activations 
The focus of the LC fMRI study was to examine the brainstem and adjacent areas at 

higher resolution, which allowed me to investigate only cortical and subcortical activations in 

limited regions, including parts of the temporal and parietal lobes, amygdala, and HPC, due to 

the smaller FoV (Fig. 5). Specifically, during (1) loss > gain feedback (see Supplementary 

Figure S4; Table S17-S19), younger and older adults showed stronger functional activation in 

the right MTG (younger adults: T = 5.32, pFDR < 0.001; older adults: T = 7.74, pFDR < 0.001). 

Only older adults showed stronger activation for the left MTG (T = 4.79, pFDR < 0.001). In 

line with the age group differences in brainstem activations, age group comparisons showed 

greater engagement of the bilateral MTG (right MTG: T = 4.29, pFDR < 0.04; left MTG: T = 

4.54, pFDR < 0.004) for older adults. Similarly, older adults showed a stronger engagement of 

bilateral MTG (right MTG: T = 8.14, pFDR < 0.001; left MTG: T = 5.70, pFDR = 0.001) during 

(2) reversal > no reversal feedback category (see Supplementary Figure S5; Table S20-S21) 

while younger adults also showed higher activation in left MTG (T = 5.28, pFDR = 0.02), as 

well as bilateral STG (right STG: T = 6.61, pFDR < 0.001; left STG: T = 5.54, pFDR < 0.001). 

No age group differences in MTG or STG activations during reversal > no reversal feedback 

were observed. In addition to MTG and STG activations, areas supporting visual processing 

were more activated during salient events in both age groups, including the calcarine cortex 

(CAL), fusiform gyrus (FuG) and lingual gyrus (LiG) (see Supplementary Results 2.4). Finally, 

areas known to support memory consolidation and memory-related stimulus processing were 

preferentially engaged during (2) reversal > no reversal feedback (see Supplementary Figure 

S5; Table S20-S22): Younger adults showed higher activation in left entorhinal cortex (EC) (T 

= 4.58, pFDR = 0.05) and older adults showed higher activation in the right precuneus (PCUN) 

(T = 6.59, pFDR < 0.001). Age group comparison showed more engagement of the left PCUN 

(older > younger adults: T = 4.44, pFDR < 0.001) for older adults. For (2) task-related salience, 

no correlation was found between the behavioral performance indicators and a) LC activation 

but for b) MTG activation (r (16) = .62, p = 0.009; Supplementary Figure S8). 
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2.3.2.4 Higher Hippocampus Activation in Older Adults  
As salience and memory-related LC activations have been known to modulate HPC 

(Luo et al., 2015) as well as amygdala function (Cahill et al., 1995), exploratory analyses in 

these regions using small volume corrections in anatomical masks were added. During (1) loss 

> gain feedback (Fig. 12; see Supplementary Table S18), older adults showed stronger 

functional activations in the left HPC (T = 3.94, pFWE = 0.008) as compared to younger adults. 

This is in line with the observed stronger LC activation in older adults during loss compared to 

gain feedback and the better memory for stimuli before loss as compared to gain feedback in 

both age groups.  

 
Figure 12. Higher middle temporal gyrus (MTG) and hippocampus (HPC) activation in older > 
younger adults. Higher (a,b) MTG (threshold of p < 0.005) and (c) HPC (threshold of p < 0.05) 
activation in older > younger adults for (1) emotional salience: loss > gain feedback (red-yellow). HPC 
activations shown within “hippocampus-amygdala mask” (see Supplementary Figure S1: amygdalae: 
rose; hippocampi: middle rose; parahippocampi: dark rose). Turquoise circles highlight the 
corresponding significant activations. 
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2.4 Interim Discussion 
In vivo measurements of LC integrity and function are potentially important biomarkers 

for healthy aging and early ND onset. In this chapter, I used high-resolution fMRI, a reversal 

reinforcement learning task, and dedicated post-processing approaches to visualize age-related 

differences in LC function (N = 50). The results showed increased LC responses during 

emotionally and task-related salient events, with subsequent accelerations and decelerations in 

reaction times, respectively, indicating context-specific adaptive engagement of the LC. This 

aligns with animal studies indicating preferential LC activation during negative events (e.g., 

foot shocks) (Bouret & Sara, 2004; Sara, 2009) and in vivo findings linking LC integrity to 

memory of negative events in older adults (Clewett et al., 2018; Hämmerer et al., 2018; Liu et 

al., 2020), as further discussed in the General Discussion. Moreover, older adults exhibited 

increased LC activation compared to younger adults, indicating possible 1) compensatory 

overactivation of a structurally declining LC in aging. These results (Fig. 13) and their 

implications are discussed in more detail in the General Discussion, also with respect to 2) that 

stronger functional responses of the LC might also be related to cell loss in the LC and 3) that 

age-related differences in task performance might contribute to differences in functional 

recruitment between age groups. Therefore, the assessment of LC function serves as a 

promising biomarker of cognitive aging.
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Figure 13. Overview highlighting main results of the LC fMRI study. The image of the head was 

created with BioRender.com. 
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3 Chapter 3: Short Bursts of Transcutaneous Auricular Vagus Nerve 
Stimulation (TaVNS) Study 
 

Versions of this chapter, with minor modifications, have been published in  
Scientific Reports (Ludwig et al., 2024a) and Psychophysiology (Ludwig et al., 2025). 

 

3.1 Brief Introduction 
The decline in noradrenergic LC function in aging is thought to be implicated in episodic 

memory decline (Ehrenberg et al., 2023; Engels-Domínguez et al., 2023). The efficacy of 

taVNS as a non-invasive method to modulate physiological markers of noradrenergic activity 

of LC, such as pupil dilation, and to preserve or improve memory function in aging is 

increasingly discussed (D’Agostini et al., 2023; Jacobs et al., 2015; Sharon et al., 2021; Ventura-

Bort et al., 2021; Vonck et al., 2014). However, taVNS studies show high heterogeneity of 

stimulation effects, and it is currently unclear which taVNS-induced mechanisms lead to pupil 

dilation and whether taVNS has an effect on memory (Farmer et al., 2021; Ludwig et al., 2021).

 In chapter three, I present the results of a newly established taVNS setup that allows 

time-synchronized recording of pupil dilation during short bursts of event-related taVNS (3 s) 

in younger adults (N = 24) to gain insight into the underlying mechanisms of taVNS in a 

cognitively healthy organism. Subjects performed an emotional memory task with negative 

events involving the LC-NE system (Hämmerer et al., 2017, 2018) and a resting-state task to 

investigate different frequencies (10 Hz and 25 Hz) and intensities (3 mA and 5 mA).  I will 

investigate whether short bursts of taVNS lead to increased pupil dilation during encoding 

(emotional memory task) and resting-state task and whether higher compared to lower 

stimulation parameters (resting-state task) lead to increased pupil dilation. Furthermore, I will 

investigate possible taVNS-induced improvements in (emotional) memory performance for 

early and delayed (24 h) recognition. Importantly, I will also investigate the effects of subjective 

perception of taVNS on changes in pupil dilation and memory performance. 

3.2 Methods 
The data reported in this chapter refer to two different tasks, 1) emotional memory task 

and 2) resting-state task, performed on the same subjects (N = 24, healthy younger adults). The 

present chapter focuses on possible short bursts of taVNS-induced changes in pupil dilation 

during the encoding task of the emotional memory task and resting-state task, as well as effects 

on (emotional) memory performance in the early and delayed (24h) recognition task. 
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3.2.1 Subjects 
Twenty-four younger healthy subjects (12 females; 22.96 ± 2.24 years; see 

Supplementary Methods 3.1 & 3.2) were recruited through advertisements via the university’s 

mailing list and flyer distributions in Magdeburg. Subjects were included if they were between 

20 and 30 years old, German speaking, had a BMI < 27, with low levels of alcohol and cigarette 

consumption. In addition, subjects were stratified into sporty (more than three times a week 

sport in the last 4 weeks) vs. non-sporty (less than two times a week sport in the last four weeks) 

as the whole experiment also included the acquisition of heart-rate variability (HRV) which 

varies in athletes compared to no athletes (Kiss et al., 2016). Exclusion criteria included cold 

symptoms, neurological (stroke, epilepsy, traumatic brain injury, syncope) as well as psychiatric 

(eating disorder, major depressive disorder, schizophrenia, bipolar disorder, any anxiety 

disorder, posttraumatic stress disorder) and other disorders (e.g., diabetes, alcohol dependence 

and/or drug use) as well as heart and eye diseases. Telephone screenings were conducted to 

verify the eligibility of those interested in the study. Subjects were asked to eat a light, healthy 

breakfast (no industrial sugar), not to drink caffeine, and not to smoke on the day of the 

experiment, as well as not to drink alcohol on the day of the experiment and the day before. The 

study was approved by the Ethics Committee of medical faculty at the Otto von Guericke 

University of Magdeburg (reference no. 107/20) and was carried out in accordance with the 

ethical standards of Helsinki. A written informed consent was obtained from each subject before 

participation, and subjects received 90 Euro reimbursement.
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3.2.2 Procedure 
The study was conducted as a sham-controlled, single-blind, within-subject, 

counterbalanced, randomized design using a one-day stimulation protocol. At the beginning of 

each session subjects underwent a HRV baseline measurement, which was repeated halfway 

through the whole and at the end of the experiment (Fig. 14). Subsequently, the subjects were 

able to try out the taVNS themselves to become familiar with the device and to adjust the highest 

stimulation intensity (see section 3.2.3), which was accompanied by a subjective evaluation of 

the perception using a visual analog scale (VAS) (see section 3.2.7). Regarding the stimulation, 

it was instructed at the beginning that the stimulation of the ear can be perceived as a harmless 

tingling sensation in various areas. In addition, the entire ear was cleaned and not just a specific 

stimulation area and the repositioning of the electrodes was covered up with the story that the 

cream dries on the electrode after a certain time. This procedure ensured that subjects did not 

question why the electrodes were being reapplied for real and sham stimulation. The study 

consisted of two parts: 1) emotional memory task and 2) resting-state task. During the 

performance of the emotional memory task as well as during the presentation of the fixation-

cross during the resting-state task, subjects received real and sham stimulation while changes 

in pupil dilation were recorded in parallel. Immediately after the encoding sessions of the 

emotional memory test, an early recognition test was performed on the same day, and 24 hours 

later, a delayed recognition test was performed, both without stimulation (Fig. 14). Importantly, 

subjective perceptions of sensations (VAS rating) as well as query of the state of health 

(potential side effects) were systematically recorded after each stimulation session. 

3.2.3 Transcutaneous Auricular Vagus Nerve Stimulation (TaVNS) 
TaVNS was delivered using tVNS Technologies nextGen research device (tVNS R, tVNS 

Technologies GmbH), which is connected via Bluetooth Low Energy (BLE) connection with 

an android-based application (BOLZIT, Software development and IT Services) to individually 

set stimulation parameters (tVNS Research App) and check the applied stimulation intensity 

and duration (tVNS Patient App). Furthermore, BLE connection enables a connection between 

the stimulator and a “tVNS Manager” (BOLZIT) console application for Windows 10, which 

allows time-synchronous stimulation with the required design experiment via an HTTP request. 

Thus, messages about stimulation on and offset were forwarded via the “tVNS Manager”, which 

were integrated within the MATLAB code of the experiment, so that the stimulation (without 

ramp-up) was either switched on or off per trial event within a loop. Precise control of all BLE-

capable devices was important: In the first step, parameters were set using the tVNS Research 

app, the BLE connection was then removed so that the BLE connection to the taVNS Manager 
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could be guaranteed. Successful stimulation throughout the experiment could be guaranteed as 

the “taVNS Manager” sends messages when the stimulation is on and off according to the set 

duration, which is additionally accompanied by a continuous light of the tVNS R device while 

the stimulation is on. The ear electrode “legacy” (tVNS Technologies GmbH) was used, as the 

size of the electrode holder frame can be adjusted individually. The electrodes were placed on 

the left ear (Fig. 14): At the cymba conchae for real taVNS, which seems to be innervated 

exclusively by the auricular branch of the vagus nerve (ABVN) (Peuker & Filler, 2002) and at 

the earlobe for sham taVNS, which is not innervated by the ABVN (Burger et al., 2020; Butt 

et al., 2020; Peuker & Filler, 2002) and seems to not induce functional activation in the target 

brain areas, like LC and NTS, following taVNS (Yakunina et al., 2017). For real and sham 

stimulation, the anode was placed more rostrally. Prior to the electrode placement, the ear was 

cleaned with disinfectant alcohol and afterwards a small amount of EC2+, Grass electrode 

conductive cream (https://www.cnsac-medshop.com/de/ec2-elektrodenleitcreme/) on the 

electrodes was used to assure optimal conductance. Subsequently, the subjects were able to test 

the taVNS themselves with a frequency of 25 Hz, a pulse width of 250 μs and a stimulation 

cycle of 5 s on vs. off stimulation. The intensity started at 1 mA and subjects were allowed to 

go as high as possible at a reasonable pace. At the highest level, subjects rated the subjective 

intensity on a VAS (see section 3.2.7). A priori, it was determined that subjects who did not 

reach 5 mA as the highest intensity would receive 3 mA as highest and 1.5 mA as lowest 

intensity, which in the end applied to 7 out of 24 subjects (see Supplementary Methods 3.2).

 Regarding the stimulation parameters, a biphasic square-wave pulse with a stimulus 

phase pulse width of 250 μs and a recovery phase at half the amplitude and double the duration, 

delivered at a frequency of 25 Hz was applied for short bursts of electrical stimulation of 3 s on 

and 15 s off stimulation. For 1) emotional memory task, intensity of 5 mA (N = 17) or 3 mA 

(N = 7) and a frequency of 25 Hz were applied and for the 2) resting-state task low and high 

intensities (3 mA vs. 5 mA (N = 17) or 1.5 mA vs. 3 mA (N = 7)) as well as frequencies (10 Hz 

vs. 25 Hz) were systematically tested within subjects.



  
 

Study procedure and experimental set-up 
 

Figure 14. TaVNS study procedure and experimental set-up. The study was conducted as a sham-controlled, single-blind, within-subject, counterbalanced, randomized design with a one-day stimulation 
protocol (N = 24). The study procedure shows (upper panel), that during the emotional memory task real or sham stimulation was applied with highest stimulation parameters (5 mA, 25 Hz), while during the 
resting-state task 4 different stimulation parameter combinations were systematically tested (3 mA and 5 mA with 10 Hz and 25 Hz) in block 1 compared to block 2 (real or sham stimulation). Additionally, heart-
rate variability (HRV; belt, left) and changes in pupil dilation (eyetracker camera, left) during taVNS were recorded. The experimental set-up (lower panel) enabled a time-synchronous short bursts stimulation 
during the resting-state task, while changes in HRV and pupil dilation were recorded in parallel on one computer (red laptop, right). This computer was connected to an extended screen (left) on which the task was 
presented. Additionally, the computer received stimulation inputs via an HTTP request that turned on or off the taVNS R stimulator (red square, left) in sections programmed for the task. In addition, a second 
screen (right) facilitated the control of the pupil recordings. The electrodes were placed on the left ear: At the cymba conchae for real taVNS (red dots) and at the earlobe for sham taVNS (black dots). For all 
subjects, the same constant ambient light continued to be applied throughout the whole experiment, and background brightness variations were controlled with a greyish background image to prevent interference 
of luminance changes with pupillometric recordings. 68 
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3.2.4 Emotional Memory Task 
The emotional memory task consisted of an encoding task during which real and sham 

stimulation was applied and an early and delayed recognition task without stimulation. 

Emotional memory task  

Figure 15. Emotional memory task procedure. In the emotional memory task, each trial of the a) 
encoding task began with a grey fixation cross (jitter between 3.5 - 6.5 s), followed by an image (3 s) 
showing either indoor or outdoor scene with a negative or neutral valence, while changes in the pupil 
were recorded in parallel, and stimulation was applied for 2/3 of the images (see section 3.2.4.1). 
Afterwards a grey fixation cross was presented (5 s) and subsequently subjects were asked to classify 
the image as outdoor (by pressing key A) or indoor (by pressing key L) as quickly but also as precisely 
as possible (time limitation of 5 s). The stimulation protocol (blue box) shows the applied stimulation 
parameters. During the b) recognition task (144 trials) no stimulation was applied. Each trial began 
with a grey fixation cross (2.5 s) followed by an image presentation (2.5 s) with a subsequent question 
(time limit of 3 s) to classify the image as known (by pressing the A key) or new (by pressing the L key). 
This was followed by a question (time limit of 3 s) about how certain or uncertain the subjects were in 
their recognition. For all subjects, the same constant ambient light continued to be applied throughout 
the whole experiment, and background and image brightness variations were controlled with a greyish 
background image to prevent interference of luminance changes with pupillometric recordings.  

3.2.4.1 Encoding Task 
The emotional memory task was based on the task published by Hämmerer et al. (2017) 

but differed in the following aspects: The encoding task was divided into two sessions for real 

and sham stimulation, each with 72 trials, and electrodes were repositioned between sessions. 

As a cover task to ensure attentive processing of stimuli, subjects had to indicate whether the 

stimuli depicted indoor or outdoor scenes. Each trial began with a grey fixation cross (jitter 

between 3.5 - 6.5 s), followed by an image (3 s) showing either indoor or outdoor scene with a 

a) 

b) 
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negative or neutral valence. During the image presentation, the stimulation was on for 48 trials 

and off for 24 trials. The number of images for outdoor versus indoor and negative versus 

neutral as well as real stimulation and sham stimulation condition was balanced for on and off 

stimulation and resulted in 12 stimulation on trials and 6 stimulation off trials across the four 

conditions (that is, outdoor neutral, outdoor negative, indoor neutral and indoor negative). After 

the image a grey fixation cross was presented again (5 s) and subsequently subjects were asked 

to classify the image as outdoor (by pressing key A) or indoor (by pressing key L) as quickly 

but also as precise as possible (time limitation of 5 s) as a cover task to ensure attentional 

processing of the stimuli (Fig. 15a). During the encoding task changes in pupil dilation were 

measured in parallel. In total, subjects performed 72 trials of 18 s duration, resulting in a total 

task duration of ~ 22 min per session, with the stimulation lasting a total of 2.4 min (3 s × 48 

trials) during each session. 

3.2.4.2 Early and Delayed Recognition Task 
The recognition tasks consisted of 144 trials each. Each task consisted of 72 old images 

(from the encoding task) and 72 completely new images balanced for outdoor, indoor, negative, 

neutral scenes and real stimulation, sham stimulation as well as on and off stimulation. The 

presentation of a grey fixation cross (2.5 s) was followed by an image presentation (2.5 s) with 

a subsequent question (time limit of 3 s) to classify the image as known (by pressing the A key) 

or new (by pressing the L key) (Fig. 15b). This was followed by a question (time limit of 3 s) 

about how certain (1) or uncertain (0) the subjects were in their recognition. Thus, subjects saw 

images that were either associated with stimulation during encoding or completely new images. 

Both the question and the certainty had to be completed as quickly but also as precisely as 

possible. The total task duration per recognition task was 26.40 min (11 s × 144 trials). 
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3.2.5 Resting-State Task 
The resting-state task consisted of two blocks (randomisation and counterbalancing of 

real and sham stimulation between subjects) of four sessions, each with 60 trials. The subjects 

were instructed to focus their gaze on a grey fixation cross throughout the task (Fig. 16). 

Resting-state task 

Figure 16. Resting-state task procedure. In the resting-state task, each trial began with a grey fixation 
cross during which stimulation was turned on for 3 s (red box), followed by another grey fixation cross 
during which stimulation was turned off for 15 s on average (13 – 17 s). The stimulation protocol (blue 
box) shows the applied stimulation parameters. For all subjects, the same constant ambient light 
continued to be applied throughout the whole experiment, and background brightness variations were 
controlled with a greyish background image to prevent interference of luminance changes with 
pupillometric recordings. 

 

Each trial began with a grey fixation cross during which stimulation was turned on for 

3 s, followed by another grey fixation cross during which stimulation was turned off for 15 s 

on average (13 – 17 s). To prevent interference with pupillometric recordings, the background's 

brightness variations were controlled with a greyish background image (Mathot, 2018). Both 

high and low frequency and intensity were tested in the 4 sessions randomized within and 

between subjects for real and sham stimulations. Between the single sessions, parameters were 

adjusted, and subjects were able to take a break (5 – 10 min). Those who needed the longer 

break were asked to walk around in the hallway outside the lab room to ensure sufficient 

attentional focus for the next session. Between the two blocks there was a break of 20 min, if 

necessary up to 30 min. The total task duration was 2 blocks × (18 min + 10 min post HRV 

measurement × 4 conditions) 4h 10 min, with the stimulation lasting a total of 12 min (60 trials 

× 4 conditions × 3 s) during each block (3 min per condition).  

3.2.6 Materials and Stimuli 
The stimuli for the emotional memory task consisted of 288 indoor and outdoor images 

representing emotionally negative or neutral events taken from the International Affective 

Picture System database (IAPS (J, 1995)) (272 images) and Geneva affective picture (GAPED 

(Dan-Glauser & Scherer, 2011)) database (16 images) to allow for categorization of indoor and 
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outdoor stimuli as a cover task while assessing effects of emotional stimulus materials (neutral 

indoor (72), neutral outdoor (72), emotional indoor (72), emotional outdoor (72)). Stimulus 

conditions were furthermore balanced with respect to stimulation conditions and early and 

delayed recognition. This means that the same proportion of the four stimulus categories was 

present for real stimulation, sham stimulation and off stimulation trials, as well as for early and 

delayed memory task (for more details see Supplementary Table S24). This procedure not only 

ensured that the distribution of images for all conditions was randomized between subjects and 

balanced within but also allowed analyses to clearly separate memory and pupil effects related 

to stimulus types (emotional or neutral) and stimulation conditions (real, sham or no stimulation 

(off)). Importantly, in both tasks, the background’s brightness variations were controlled with 

a greyish background image and stimuli were luminance controlled to prevent interference of 

luminance changes with pupillometric recordings. 

3.2.7 Visual Analog Scale (VAS) 
Subjects were asked to rate how pleasant or unpleasant each stimulation session was 

perceived after stimulation, based on a visual analog scale (VAS) (Yeung & Wong, 2019) 

ranging from (1) very pleasant to (10) very unpleasant (Fig. 17).  

Visual Analog Scale (VAS) 

 

 

 
Figure 17. Visual analog scale (VAS). VAS rating (Yeung & Wong, 2019) ranging from (1) very 
pleasant (dark green) to (10) very unpleasant (dark red). 

 

Since it has been shown that the perception of sensations differs between real and sham 

stimulation, the VAS rating is often kept constant as a controlling factor in many studies and 

the individual intensity is allowed to vary for each subject based on e.g., a “tingling” sensation 

below the pain threshold (Farmer et al., 2021; Ferstl et al., 2022; Müller et al., 2022). However, 

because I systematically tested a fixed set of different intensities and frequencies, I could not 

hold VAS rating constant but could document effects of the different parameters on subjective 

perception of sensations.          

 For the emotional memory task, the subjective perception of sensations (VAS) was 

higher for real stimulation (M ± SD: 5.78 ± 0.41) compared to sham stimulation (M ± SD: 4.86 

± 0.35), F(1,20) = 4.31, p = 0.05) (Fig. 18a). There was no significant effect for either gender 

very pleasant very unpleasant 
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(F(1,20) = 0.03, p = 0.87), sporty (F(1,20) = 0.14, p = 0.71), or sensitivity (F(1,20) = 0.05, p = 

0.83) and no significant interaction between sensitivity and stimulation (F(1,20) = 0.19, p = 

0.66). For the resting-state task, the subjective perception of sensations (VAS) was not only 

higher for (1) real stimulation (M ± SD: 4.40 ± 0.34) compared to sham stimulation (M ± SD: 

2.97 ± 0.29) (Fig. 18b), (F(1,20) = 17.85, p < 0.001), but also for (2) high frequency (M ± SD: 

4.08 ± 0.28) compared to low frequency (M ± SD: 3.29 ± 0.28) (Fig. 18c), (F(1,20) = 19.57, p 

< 0.001), and (3) high intensity (M ± SD: 4.56 ± 0.23) compared to low intensity (M ± SD: 2.81 

± 0.23), (F(1,20) = 70.90, p < 0.001) (Fig. 18c). There was no significant effect for either gender 

(F(1,20) = 0.02, p = 0.88), sporty (F(1,20) = 0.17, p = 0.69), or sensitivity (F(1,20) = 0.07, p = 

0.79). There was a significant interaction between sensitivity and stimulation (F(1,20) = 4.86, 

p = 0.04), whereas sensitive subjects perceived higher sensations during real stimulation (M ± 

SD: 4.71 ± 0.59) than during sham stimulation (M ± SD: 2.51 ± 0.5); t (20) = 3.78, p = 0.006. 

Additionally there were trends for interactions between stimulation and frequency (F(1,20) = 

4.06, p = 0.06) as well as between sensitivity and frequency (F(1,20) = 3.61, p = 0.07). However, 

there was no significant interaction between in stimulation and intensity (F(1,20) = 0.20, p = 

0.66) (see Supplementary Figure S12).
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Figure 18. Subjective perception of sensations for the emotional memory and resting-state task. Subjective perception of sensations (VAS rating) for 
a) emotional memory task and b-d) resting-state task are shown here using boxplots (N = 24). VAS ratings were higher for real (dark turquoise) compared 
to sham (dark ochre) stimulation in a) emotional memory task (F(1,20) = 4.31, p = 0.05) and b) resting-state task (F(1,20) = 17.85, p < 0.001). VAS ratings 
were also higher for c) high (dark turquoise) compared to low (dark ochre) frequency (F(1,20) = 19.57, p < 0.001), and for d) high (dark turquoise) compared 
to low (dark ochre) intensity (F(1,20) = 70.90, p < 0.001) for the resting-state task. Significant differences are indicated by asterisks. 
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3.2.8 State of Health 
The state of health was queried for each subject after stimulation to control for potential 

side effects. The following items were asked: (1) headache, (2) nausea, (3) tiredness, (4) 

dizziness, (5) tingling sensation at the previously stimulated area, (6) feeling of heat at the 

previously stimulated area, (7) reddening of the skin at the previously stimulated area, (8) skin 

irritation at the previously stimulated site, (9) impaired concentration, (10) itching at the 

previously stimulated area. Subjects indicated on a 4-point scale (0 - 3 (not at all – strong)) to 

what extent they perceived potential side effects.      

 The reported sensations during emotional memory task did not differ between real (M 

± SD: 0.20 ± 0.04) and sham (M ± SD: 0.19 ± 0.04) stimulation (F(1,9) = 0.06, p = 0.81) (see 

Supplementary Table S26). The reported sensations during resting-state task also did not differ 

between real (M ± SD: 0.21 ± 0.13) and sham (M ± SD: 0.17 ± 0.10) stimulation (F(1,9) = 3.30, 

p = 0.10) and between low (M ± SD: 0.18 ± 0.12) and high (M ± SD: 0.18 ± 0.21) frequency 

(F(1,9) = 0.13, p = 0.72). There was a significant difference between low (M ± SD: 0.16 ± 0.11) 

and high (M ± SD: 0.20 ± 0.12) intensity (F(1,9) = 5.34, p = 0.05) (see Supplementary Table 

S27). Overall, it can be concluded that there were no side effects due to the stimulation and that 

the minimal impairments were rather due to the long measurement day and the monotonous 

resting-state task (e.g., item tiredness (3) and concentration (9)) than to the stimulation itself. 

Thus, the stimulation can be considered safe, which is in line with previous reports (Farmer et 

al., 2021). 

3.2.9 Pupil Data Acquisition 
Changes in pupil diameter were continuously recorded monocularly from the left eye at 

a sampling rate of 1000 Hz using a desked-mounted infrared EyeLink 1000 eyetracker (SR 

Research, www.sr-research.com) with a chin rest. The centroid measure of pupil change was 

chosen to provide more accurate estimates of changes in pupil dilation over time. The recording 

of pupillometry was controlled by custom-made scripts in MATLAB version 2020b (The 

Mathworks, www.mathworks.com) using Psychtoolbox 3 (www.psychtoolbox.org) and the 

Eyelink add-in toolbox for eyetracker control. For all subjects, the same constant ambient light 

continued to be applied throughout the whole experiment. At the start of the experiment, the 

camera was calibrated using 5-point calibration. 

3.2.10 Pupil Data Analyses  
Pupil data were pre-processed and analysed using custom-made scripts in MATLAB 

version 2020b (The MathWorks, www.mathworks.com). For the pre-processing of the pupil 

data from the emotional memory task, pupil data were segmented 200 ms before (Hämmerer et 

http://www.sr-research.com/
http://www.mathworks.com/
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al., 2017; Mathot, 2018; Mathôt & Vilotijević, 2022) and 9 s after stimulus onset. For the pre-

processing of the pupil data from the resting-state task, pupil data were segmented 200 ms 

before and 17.5 s after trial onset. To remove artefacts and blinks from the pupil data, the data 

was further processed according to Mathot’s recommendations (Mathôt, 2013). First, the signal 

was smoothed using a moving Hanning window (15 ms) average. A velocity profile was then 

created based on the smoothed signal to detect, using a threshold of mean-standard deviation, 

to identify the beginning (velocity is below a threshold) and the end of a blink (velocity is above 

a threshold) as well as closed eyes (velocity is zero). Since the blink period can be 

underestimated (Mathôt, 2013) 40 ms were additionally subtracted from the beginning time and 

added to the end time. All defined artefacts and blinks were set to NaN, summarized and then 

linearly interpolated. For the analyses, only trials whose raw signal was 70% free of blinks and 

artefacts, allowing 30% for interpolated data were included. Variations in trial numbers per 

condition were observed following artifact correction. Finally, all trials were also quality 

controlled by visual inspection. For the both tasks, more trials survived artifact correction in 

sham stimulation as compared to real stimulation (emotional memory task: sham (M ± SD: 

70.92 ± 2.43) vs. real (M ± SD:  66.54 ± 7.52), F (1,23) = 14.48, p < 0.001; resting-state task: 

sham (M ± SD: 58.5 ± 1.07) vs. real (M ± SD: 53.8 ± 1.91), F (1,23) = 15.89, p < 0.001; 

Supplementary Methods 3.8). Pupil data were baseline-corrected (200 ms before stimulation 

onset) as well as individually z-scored to allow comparison of task conditions independent of 

individual differences in pupil dilation size (Hämmerer et al., 2017, 2019). For the emotional 

memory task, the z standardized, and baseline corrected data were analyzed in a time window 

between 0.8 - 3.8 s (see Fig. 21). For the resting-state task, the z standardised, and baseline 

corrected data were analysed separately in three-time windows (see Fig. 22): (I) the 3 s during 

on stimulation (“on stimulation”), (II) the first 3 s during off stimulation (“immediate 

response”) and (III) the subsequent last 10 s during off stimulation (“delayed response”). The 

selection of the three different time windows was based on 3 s of short bursts of stimulation 

and an also equal length of an immediate response followed by a longer delayed response due 

to the trial duration. 

3.2.11 Statistical Analyses 
Statistical analyses were conducted in R version 4.2.2 (R Core Team, 2022, 

https://www.r-project.org) using the RStudio version (RStudio Team, 2022), and graphs were 

created using the package ggplot2 (Wickham et al., 2023). The mean value of the respective 

items for potential side effects (state of health) as well as the perception of sensations (VAS 

rating) for emotional memory task and for (I) “on stimulation” of the resting-state task were 
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analysed across all subjects by using aov_ez() function for repeated-measures ANOVA ({afex} 

package (Singmann et al., 2023) and lsmeans() function ({emmeans} package (Lenth, 

2017/2023)). Additionally, Pearson correlation coefficients between VAS and pupil dilation 

(averaged per subject across trials), memory performance (hit-FA) and pupil dilation (averaged 

per subject across trials), and reaction times (RTs) and pupil dilation (averaged per subject 

across trials) were calculated by using color () function ({Hmisc} package (Harrell, 2013/2025) 

and corrected for outliers based on interquartile range (1.5 × IQR).   

 In general, changes in pupil dilation were analysed using a linear mixed-effects (LMM) 

model, implemented with the {lme4} package (Bates et al., 2015) to account for repeated 

measurements and individual-level variability, including "trials" as a fixed effect to model the 

overall time-on-task effect across all subjects, following a forward model selection approach, 

by using the {lme4} package (Bates et al., 2015). Model comparisons were conducted using the 

ANOVA () function (lme4 package (Bates et al., 2015) with likelihood-ratio chi-squared tests, 

and models were fit using maximum likelihood (ML) estimation to ensure valid comparisons 

between models with different fixed effects. AIC (Akaike Information Criterion) values of the 

best model for statistical modelling and model selection were reported. In general, models with 

lower AIC values are indicative of a superior trade-off between data explanation and prevention 

of overfitting, in comparison to alternative assessed models (Vrieze, 2012). To assess the 

relevant assumptions of LMM, the check_model() function (performance package (Lüdecke et 

al., 2021)) was used to investigate linearity, homogeneity of variance, influential observations, 

collinearity, normality of residuals, and random effects (emotional memory task: 

https://osf.io/xuwsm/; resting-state task: https://osf.io/va64p/). The significance of predictors 

on the goodness of fit of the model was assessed using the ANOVA () function (car package 

(Fox et al., 2023)), which computes type-II analysis-of-variance tables for mixed-effects models 

and provides likelihood-ratio Chi-Square statistics. The significance of the deviance of 

individual groups from the intercept was assessed using the summary() function (lmerTest 

package (Kuznetsova et al., 2017)), which calculates the model’s coefficients, standard errors, 

t-values, and p-values associated with each coefficient. Moreover, emmip() and extends () 

functions (emmeans package (Lenth, 2017/2023) were utilized to analyse interaction effects, 

such as for emotional memory task interactions of VAS and stimulation conditions and for 

resting-state task VAS changes along its range with respect to categorical variables (stimulation, 

frequency, intensity). The function emmip() generates an interaction plot to see how the 

categorical variable affects the variable over its entire range. The function extends () calculates 

estimated marginal means for different levels of the categorical variable. 

https://osf.io/xuwsm/
https://osf.io/va64p/
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3.2.11.1 Statistical Analyses of the Emotional Memory Task 
For the behavioral analysis, RTs, hit rate (old images) (hits / (hits + misses)), false 

alarm (FA) rate (new images) (FA / (FA + correct rejections)), hit-FA rate were calculated for 

early and delayed recognition task, while RTs were also assessed for the encoding task, by using 

aov_ez() function for repeated-measures ANOVA ({afex} package (Singmann et al., 2023) and 

emmeans() function ({emmeans} package (Lenth, 2017/2023)). RTs ± 2 standard deviations 

from the mean were excluded from RT analyses. RT analyses during the encoding task were 

based on 4 experimental levels of stimulation ((real on stimulation (1) vs. real off stimulation 

(2) vs. sham on stimulation (3) vs. sham off stimulation (4)). Detailed behavioral and RT 

analyses for the recognition task were based on 3 levels of stimulation (real (1) vs. sham (2) vs. 

off (0) stimulation), since there was no significant difference between real off stimulation and 

sham off stimulation (Supplementary Results 4.1). Specifically, the analyses included two 

(encoding task) or three (recognition task) within-subject factors: stimulation (with levels 

indicating real vs. sham vs. off conditions), valence (representing negative and neutral valence), 

and timepoint (indicating early vs. delayed recognition).    

 Changes in pupil dilation were analysed based on a LMM model, following a forward 

model selection approach. The forward model selection approach included dummy coded 

variables identifying real and sham “stimulation” [real (1) vs. sham (2) vs. off stimulation (0)] 

and the differences in “valence” [negative (1) vs. neutral (0)] (Supplementary Table S28), after 

ruling out any significant differences in the off stimulation condition in an initial analysis across 

real and sham stimulation [real on stimulation (1) vs. real off stimulation (2) vs. sham on 

stimulation (3) vs. sham off stimulation (4)] (Supplementary Methods 3.7). Furthermore, a 

random intercept “ID” was included to account for inter-individual variations in the mean pupil 

change, and the variable "trials" was included to capture the impact of "time-on-task" on pupil 

dilations. Model comparisons were conducted (anova(m0, m1, m2, m3, m4) and revealed that 

the best model was model m_3 (AIC = 10847 (χ2 = 5.71, p = 0.02)): 

§ StimValence-LMM 

pupil dilation ~ trials + stimulation + valence + (1|ID) 

Second, based on model m_3 the following factors were added stepwise: “VAS”  ratings 

as a measure of subjective perception of sensations due to stimulation, “sensitivity” [sensitive 

(1) vs. not sensitive (0)] differentiating whether subjects received 3 and 5 mA, whether subjects 

received real stimulation first “real_first” [counterbalanced: real (1) before sham (0) 

stimulation], “gender” [female (1) vs. male (0) and “sporty” [sporty (1) vs. non-sport (0)]. 

Subsequently model comparisons were conducted again based on all models (anova(m0, m1, 
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m2, m3, m3_1, m3_2, m3_3, m3_4, m3_5, m4_6)) and the best fitting model from the second 

step for was model m3_3 (AIC = 10839 (χ2 = 8.01, p = 0.005), see Supplementary Table S28-

S29): 

§ StimValence-VAS-LMM 

pupil dilation ~ trials + stimulation + valence + VAS + sensitivity + real_first (1|ID) 

Consequently, statistical analyses regarding changes in pupil dilation are based on the 

“StimValence-VAS-LMM” model. Distinct models based on the average pupil dilation per 

session are also reported using the same criteria, but without the covariate “trial number” 

(Supplementary Table S34).        

 Additionally, two theory-driven exploratory analyses were conducted to investigate to 

what extent a) stimulation had an additional benefit to the effect of stimulus valence on pupil 

dilation and b) how sensitivity affects the subjective perception of stimulation on pupil dilation. 

Based on the best model for the pupil analysis, interactions between a) stimulation and valence, 

and b) valence and sensitivity were incorporated:  

§ a) Stim*Valence-VAS-LMM 

pupil dilation ~ trials + stimulation × valence + VAS + sensitivity + real_first + 

(1|ID)  

§ b) Sensitivity*VAS-LMM 

pupil dilation ~ trials + stimulation + valence + VAS × sensitivity + real_first + 

(1|ID) 

Finally, to explore potential effects of subjective sensory perception caused by 

stimulation on memory performance a comparable model for the behavioral data based on the 

average memory performance (averaged per subject across trials) was performed 

(Supplementary Results 4.8).  
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3.2.11.2 Statistical Analyses of the Resting-State Task 
Changes in pupil dilation were analysed based on a LMM model, following a forward 

model selection approach. Thereby, a distinct model was fitted for each time window of 

analysis, that is (I) the 3 s during “on stimulation” time window, (II) the first 3 s during off 

stimulation “immediate response” time window and (III) the subsequent last 10 s during off 

stimulation “delayed response” time window using the dummy coded variables 

(Supplementary Table S30-S33). In addition, to incorporating a random intercept “ID”, which 

accounts for interindividual variations in mean pupil change, and the inclusion of the trial 

number variable “trials” to capture the impact of “time-on-task” on pupil dilations, the forward 

model selection approach initially considered variables related to the distinction between real 

and sham “stimulation” [real (1) vs. sham (0)], as well as differences in “frequency” [high (1) 

vs. low (0)] and “intensity” [high (1) vs. low (0)] (Supplementary Table S30). It was 

furthermore investigated whether incorporating interactions between stimulation, frequency 

and intensity further improved the model (Supplementary Table S30-33; anova(m0, m1, m2, 

m3, m4, m5, m6, m7)). This did not lead to a significant improvement in the model fit for the 

time windows (I-III). Hence, it was determined that the best model from the first step (see 

results) for each distinct model at every given time (I-III) point was model m_4 (StimIntFreq-

LMM) with the following lowest AIC values in the model comparison for (I) AIC = 29404 (χ2 = 

102.95, p < 0.001), (II) AIC = 37688 (χ2 = 76.54, p < 0.001) and (III) AIC = 39305 (χ2 = 8.27, 

p = 0.004): 

§ StimIntFreq-LMM  

pupil dilation* ~ trials + stimulation + intensity + frequency + (1|ID) 

  *pupil dilation during (I) or (II) or (III) 

Second, based on model m_4 the following factors were added stepwise: “VAS” ratings 

as a measure of subjective perception of sensations due to stimulation, “sensitivity” [sensitive 

(1) vs. not sensitive (0)] differentiating whether subjects received 3 and 5 mA or 1.5 and 3 mA 

(Supplementary Figure S11), whether subjects received real stimulation first “real_first” 

[counterbalanced: real (1) before sham (0) stimulation], in which order the four stimulation 

combinations were applied “position” [randomised: low mA & low Hz (1), high mA & low Hz 

(2), low mA & high Hz (3), high mA & high Hz (4)], “gender” [female (1) vs. male (0) and 

“sporty” [sporty (1) vs. non-sport (0)]. The renewed model comparison (anova(m0, m1, m2, 

m3, m4, m4_1, m4_2, m4_3, m4_4, m4_5, m4_6) now showed that the model with VAS (model 

m_4_1: StimIntFreq-VAS-LMM) was the best model at each time window (I-III) with the 
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following lowest AIC values in the model comparison for (I) AIC = 29367 (χ2 = 38.76, p < 

0.001), (II) AIC = 37659 (χ2 = 30.81, p < 0.001):  

§ StimIntFreq-VAS-LMM  
pupil dilation* ~ trials + stimulation + intensity + frequency + VAS + (1|ID) 

           *pupil dilation during (I) or (II) or (III) 

However, for (III) “delayed response” the StimIntFreq-LMM was not significant (AIC 

= 39304 (χ2 = 3.32, p = 0.07)), but StimIntFreq-LMM was again the best model (AIC = 39305 

(χ2 = 8.27, p = 0.004)) (Supplementary Table S33).      

 Additionally, random effects for stimulation, frequency and intensity were added 

stepwise to the model “StimIntFreq-VAS-LMM”, while only the model with intensity as a 

random effect led to evaluable results (see Supplementary Results 4.11), possibly due to 

intensity variations yielding strongest stimulation effects. Based on the exploratory analysis for 

the emotional memory task, which examined how sensitivity to the subjective perception of 

stimulation affects pupil dilation, interactions between VAS and sensitivity were also 

exploratively included in the resting-state task based on the best model for pupil analysis (see 

Supplementary Results 4.12). However, there was no significant interaction between VAS 

rating and sensitivity (χ2 = 0.20, p = 0.65), likely due to the strong stimulation effects of 

intensity variations (see Supplementary Results 4.12).     

 Furthermore, for the resting-state task a theory-driven exploratory analyses (see 

Supplementary Results 4.12) were conducted to better explain the potential influence of sensory 

perception (VAS) due to stimulation on pupil dilation controlled for sensitivity. 

§ StimIntFreq*VAS-LMM 

    pupil dilation* ~ trials + stimulation × VAS + intensity × VAS + frequency × VAS 

+    sensitivity + (1|ID)    *pupil dilation during (I) or (II) or (III) 

Distinct models based on the average pupil dilation per session are also reported for 

each time window (I-III) using the same criteria, but without the covariate “trial number” 

(Supplementary Table S35-36). 
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3.3 Results 
The results of this chapter facilitate the investigation of the potential effects of short 

bursts of event-related taVNS on pupil dilation and memory performance in the emotional 

memory task. It also explores the effects of short bursts of event-related taVNS at different 

intensities and frequencies on pupil dilation during the resting-state task. Additionally, the 

influence of the subjective perception of sensations of stimulation is considered.  

3.3.1 Behavioral Results – TaVNS during Encoding Task 
During the cover task (indoor-outdoor classification) of the emotional memory task, 

subjects showed high accuracy ratings on indoor (M ± SD: 0.96 ± 0.18) and outdoor (M ± SD: 

0.98 ± 0.14) scenes, indicating that all subjects followed the instructions of the cover task 

relevant for incidental encoding. With regard to main effects of response times during the 

encoding task, subjects did not show faster reactions times (RTs) when classifying whether an 

image was "inside or outside" for negative (M ± SD: 0.79 ± 0.47) as compared to neutral (M ± 

SD: 0.79 ± 0.50) events, F(1,23) = 0.12, p = 0.73. RTs also did not differ between real (M ± SD: 

0.76 ± 0.47) as compared to sham (M ± SD: 0.82 ± 0.49) stimulation sessions (collapsed across 

on or off stimulation trials within session), F(1,23) = 2.29, p = 0.14 or during on (M ± SD: 0.81 

± 0.48) as compared to off (M ± SD: 0.77 ± 0.49) stimulation, F(1,23) = 3.02, p = 0.1. There 

was no interaction between “real vs. sham” stimulation and valence (F(1,23) = 2.05, p = 0.17), 

“real vs. sham” stimulation and “on vs. off” stimulation (F(1,23) = 0.0003, p = 0.1), valence 

and “on vs. off” stimulation (F(1,23) = 0.21, p = 0.65) for RTs during encoding task. 

3.3.2 Better Memory Performance (Hit-FA) for Negative Events: more pronounced 
during Real Stimulation 
Consistent with studies showing that negative events improve memory performance 

(Hämmerer et al., 2017, 2018) subjects showed a higher recognition accuracy (hit-FA rate) for 

negative events (M ± SD: 0.63 ± 0.26) compared to neutral events (M ± SD: 0.55 ± 0.25) (Fig. 

19c) in the emotional memory task, which underpins the impact of negative emotionality on 

memory performance, F(1,23) = 18.68, p < 0.001. Likewise, as expected, memory performance 

was decreased on the delayed (M ± SD: 0.53 ± 0.23) as compared to the early (M ± SD: 0.65 ± 

0.26) recognition task, F(1,23) = 54.79, p < 0.001 (Fig. 19e). There was no interaction between 

timepoint and valence, F(1,23) = 0.27, p = 0.61 (Supplementary Figure S15).  

 Importantly, stimulation per se, but not the stimulation condition (real vs. sham 

stimulation), had an influence on memory performance as indicated by hit-FA, F(2,46) = 509, 

p < 0.001 (Fig. 19d). Subjects, in particular, showed better memory performance during real 

(M ± SD: 0.73 ± 0.15) as compared to off (M ± SD: 0.31 ± 0.10) stimulation (off-real: β = -0.42 
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(SE = 0.01; t-value = -38.37, p < 0.001)) and during sham (M ± SD: 0.74 ± 0.13) as compared 

to off (M±SD: 0.31±0.10) stimulation (off-sham: β = -0.42 (SE = 0.02; t-value = -26.30, p < 

0.001)); however memory performance was not better during real as compared to sham 

stimulation (real-sham: β = -0.01 (SE = 0.02; t-value = -0.54, p =1)).    

 Interestingly, there was a significant ordinal interaction between stimulation and 

valence, F(2,46) = 6.46, p = 0.003 (Fig. 19a). Specifically, the effect that negative events were 

better remembered than neutral events was more pronounced during real stimulation than 

during sham stimulation (emo-neu real-sham: β = 0.07 (SE = 0.03; t-value = 2.64, p = 0.01)) 

and during off stimulation (emo-neu off-real: β = -0.08 (SE = 0.02; t-value = -3.89, p = 0.007)). 

There was no interaction between valence and off vs. sham stimulation (emo-neu off-sham: β 

= -0.02 (SE = 0.03; t-value = -0.59, p = 0.56)). Additionally, there was a significant ordinal 

interaction between stimulation and timepoint, F(2,46) = 5.54, p = 0.007 (Fig. 19b), indicating 

that during off stimulation memory performance during early and delayed recognition was 

worse than during real stimulation (delay-early off-real: β = 0.1 (SE = 0.03; t-value = 3.77, p = 

0.001)) and sham stimulation (delay-early off-sham: β = 0.07 (SE = 0.03; t-value = 2.25, p = 

0.03)). However, there was no significant interaction between timepoint and real compared to 

sham stimulation (delay-early real-sham: β = -0.02 (SE = 0.03; t-value = -0.70, p = 0.49)). This 

suggests that stimulation per se had stronger effects on memory performance than off 

stimulation. An additional exploratory analysis of memory performance was conducted to 

investigate individual factors associated with taVNS, such as subjects’ sensitivity and gender 

(Supplementary Results 4.9), which revealed no significant effects. Additionally, there were no 

correlations between subjective perception of sensation due to stimulation and memory 

performance (Supplementary Results 4.10). The effects for correct recognition (hit) and false 

alarms (FA) are reported in Supplementary Results 4.3 and 4.4. The effects for hits were 

generally consistent with the effects for hit-FAs, suggesting that the memory effects were 

primarily due to encoding rather than response biases. 
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Figure 19. Memory performance (hit-FA (false alarms)) of the emotional memory task. Memory 
performance (hit-FA (false alarms)) of the emotional memory task is shown here aggregated at the 
subject level (N=24) using boxplots. Panel a) shows a significant interaction between stimulation (off, 
real, and sham) and valence (negative (green) and neutral (turquoise)), F(2,46) = 6.46, p = 0.003, 
indicating that negative events specifically benefitted from real stimulation. Panel b) shows a significant 
interaction between stimulation (off, real, and sham) and timepoint (early (green) and delayed 
(turquoise)), F(2,46) = 5.54, p = 0.007. Panel c) depicts valence effects, showing better memory 
performance for negative (green) compared to neutral (turquoise) events, F(1,23) = 18.68, p < 0.001. 
Panel d) presents the effects of stimulation, indicating significantly improved memory performance for 
real stimulation compared to off stimulation, and sham stimulation compared to off stimulation, F(2,46) 
= 509, p < 0.001. Panel e) demonstrates better memory performance during early (green) compared to 
delayed (turquoise) recognition tasks, F(1,23) = 54.79, p < 0.001. Each point represents an individual 
subject, and light grey lines connect the conditions for each subject. Significant differences or interaction 
effects are indicated by asterisks. 
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3.3.3 Faster RTs for Correct Responses during Short Bursts of Electrical Stimulation 
In general, subjects showed longer RTs for new (M ± SD: 1.03 ± 0.34) compared to old 

(M ± SD: 0.96 ± 0.31) images (averaged across correct and incorrect responses), F (1,23) = 

27.85, p < 0.001), which is in line with previous RTs during emotional memory task (Hämmerer 

et al., 2017). Additionally, subjects showed no difference in RTs between negative (M ± SD: 

0.99 ± 0.33) and neutral (M ± SD: 0.99 ± 0.32) events, F (1,23) = 0.20, p = 0.65, and no RTs 

differences between early (M ± SD: 1.02 ± 0.34) and delayed (M ± SD: 0.96 ± 0.31) recognition, 

F (1,23) = 3.14, p = 0.09. However, there was a significant interaction between “old vs. new” 

images and valence, F (1,23) = 6.40, p = 0.02, indicating that RTs for negative events were 

generally longer for new images compared to old images (Supplementary Figure S18). There 

were no significant interactions between “old vs. new” images and timepoint, F (1,23) = 0.65, 

p = 0.43 and between valence and timepoint, F (1,23) = 2.21, p = 0.15   

 Hit RTs (averaged speed of correct responses to target image) revealed faster RTs during 

real (M ± SD: 0.87 ± 0.12) as compared to off (M ± SD: 0.93 ± 0.16) stimulation (off-real: β = 

0.05 (SE = 0.01; t-value = 3.80, p = 0.002)) and during sham (M ± SD: 0.87 ± 0.11) as compared 

to off (M ± SD: 0.92 ± 0.16) stimulation (off-sham: β = 0.05 (SE = 0.01; t-value = 3.81, p = 

0.002)); but RTs were not faster during real as compared to sham stimulation (real-sham: β = -

0.003 (SE = 0.02; t-value = -0.15, p = 1)), F(2,46) = 6.95, p = 0.002 (Fig. 20b). Hit RTs were 

not different between negative (M ± SD: 0.89 ± 0.13) and neutral (M ± SD: 0.89 ± 0.13) events, 

F (1,23) = 0.01, p = 0.92 (Fig. 20a). Furthermore, there was a tendency for hit RTs during early 

recognition (M ± SD: 0.92 ± 0.1) to be slower compared to delayed recognition (M ± SD: 0.86 

± 0.12), F (1,23) = 3.54, p = 0.07 (Fig. 20c). There were no significant hit RTs difference neither 

between stimulation and valence, F (2,46) = 0.008, p = 0.99), stimulation and timepoint (F(2,46) 

= 0.49, p = 0.61), nor valence and timepoint, F (1,23) = 0.05, p = 0.82 (Supplementary Figure 

S19). For results on certainty ratings for hit RTs see Supplementary Results 4.7.  
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Figure 20. Reaction times during emotional memory task. Averaged speed of correct 
responses to target image (hit RTs) during emotional memory task is shown here aggregated at the 
subject level (N = 24) using boxplots. Panel a) depicts valence effects (negative (green) > neutral 
(turquoise)), F(1,23) = 0.01, p = 0.92, indicating no significant effects on RTs. Panel b) presents the 
effects of stimulation, indicating significant faster RTs for real stimulation compared to off stimulation 
and sham stimulation compared to off stimulation, F(2,46) = 6.95, p = 0.002. Panel c) shows timepoint 
effects (early (green) > delay (turquoise)), F(1,23) = 3.54, p = 0.07 indicating no significant effects on 
RTs. Each point represents an individual subject, and light grey lines connect the conditions for each 
subject. Significant differences are indicated by asterisks. 
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3.3.4 Pupillometry Results 
3.3.4.1 Increased Pupil Dilation due to Short Bursts of Electrical Stimulation in the 

Emotional Memory Task  
In accordance with increased pupil dilations observed during emotionally salient 

events (Hämmerer et al., 2018; Joshi et al., 2016), pupil dilation was increased during the 

presentation of negative (M ± SE: 0.44 ± 0.11) as compared to neutral (M ± SE: 0.34 ± 0.11) 

events (χ2 = 5.65, p = 0.02) (Fig. 21).       

 Regarding the influence of the stimulation conditions (χ2 = 44.47, p < 0.001), pupil 

dilation was increased during real (M ± SE: 0.49 ± 0.11) as compared to off (M ± SE: 0.19 ± 

0.11) stimulation (off-real: β = -0.31 (SE = 0.05; t-value = -5.68, p < 0.001)) and during sham 

(M ± SE: 0.49 ± 0.11) as compared to off (M ± SE: 0.19 ± 0.11) stimulation (off-sham: β = -

0.31 (SE = 0.05; t-value = -5.65, p < 0.001)); however pupil dilation was not increased during 

real as compared to sham stimulation (real-sham: β = 0.006 (SE = 0.06; t-value = 0.12, p = 1)) 

(Fig. 21; Supplementary Table S34). Furthermore, some of the variance in pupil dilation was 

significantly explained by perception of stimulation (VAS rating) (χ2 = 4.45, p = 0.03), 

although this did not imply that stimulation effects could no longer be explained in the 

emotional memory task, as was the case in the resting-state task (see section 3.3.4.2). There was 

no significant sensitivity difference in pupil dilation between subjects receiving 3 mA (M ± SE: 

0.37 ± 0.18) compared to subjects receiving 5 mA (M ± SE: 0.41 ± 0.12), χ2 = 0.03, p = 0.87. 

Additionally, although the order of stimulation was counterbalanced in the experiment, 

subjects who received real (M ± SE: 0.68 ± 0.15) stimulation before sham (M ± SE: 0.10 ± 

0.14) stimulation showed generally larger pupil dilations (χ2 = 8.33, p = 0.004).  
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Figure 21. Changes in pupil dilation during the emotional memory task. Pupil diameters (z-scores) 
for the emotional memory task are shown for a) neutral events (left) under real stimulation (light blue) 
and sham stimulation (yellow), and b) negative events (right) under real stimulation (dark blue) and 
sham stimulation (orange), during both on (3 s) and off (15 s) periods of stimulation. The shaded areas 
represent the standard error across subjects (N = 24). Dashed red vertical lines indicate the time window 
when stimulation was applied, while dashed black vertical lines mark the analysis window between 0.8 
and 3.8 seconds. In panel c) stimulation, boxplots show significantly increased pupil dilation for both 
real stimulation and sham compared to off stimulation (χ² = 44.47, p < 0.001). In panel d) valence, 
boxplots significantly increased pupil dilation for negative compared to neutral events (χ² = 5.65, p = 
0.02). Panel e) shows the boxplot for the interaction between stimulation and valence, which was not 
significant (χ² = 1.44, p = 0.49; model: pupil dilation ~ trials + stimulation × valence + VAS + sensitivity 
+ real_first + (1|ID)). Significant differences or interaction effects are indicated by asterisks.  
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3.3.4.2 Increased Pupil Dilation due to Short Bursts of Electrical Stimulation and the 
Impact of Subjective Perception of Sensations in the Resting-State Task 

In accordance with increased pupil dilation during short bursts of i/taVNS stimulation 

(D’Agostini et al., 2023; Mridha et al., 2021; Sharon et al., 2021), the StimIntFreq-LMM 

model suggested that pupil dilation was increased during real (M ± SE: 0.18 ± 0.03) as 

compared to sham (M ± SE: 0.1 ± 0.03) stimulation during (I) “on stimulation” (χ2 = 18.98, p 

< 0.001). Additionally, during the (II) “immediate response”, immediately after stimulation was 

turned off, pupil dilation was still increased during real (M ± SE: 0.15 ± 0.04) as compared to 

sham (M ± SE: 0.04 ± 0.04) stimulation (χ2 = 15.99, p < 0.001), while there was no significant 

difference between real (M ± SE: - 0.04 ± 0.02) and sham ( M ± SE: - 0.06 ± 0.02) stimulation 

(χ2 = 0.61, p = 0.43) for the (III) “delayed response”, 3 s after stimulation was turned off (Fig. 

22; Supplementary Table S35). However, the StimIntFreq-VAS-LMM model revealed that 

VAS rating explained significant proportion of pupil variance during (I) “on stimulation” (χ2 = 

38.79, p < 0.001) and (II) “immediate response” (χ2 = 30.82, p < 0.001) ((III) “delayed 

response” (χ2 = 3.37, p = 0.07)). Therefore, the difference between real and sham stimulation 

was no longer statistically explainable (Supplementary Table S36 & Figure S21) during (I) “on 

stimulation” (χ2 = 2.69, p = 0.1) and the (II) “immediate response” (χ2 = 2.42, p = 0.12), after 

accounting for condition differences in VAS rating. This suggests that effects of real vs. sham 

stimulation and effects of different subjective perception of sensations of real vs. sham 

stimulation on pupil dilations cannot be distinguished statistically with the stimulation 

parameters employed here. 

3.3.4.3 Did Higher Stimulation Parameters during the Resting-State Task lead to a more 
Dilated Pupil? 

In line with iVNS approaches in animals showing increased pupil dilation during higher 

intensity stimulation (Collins et al., 2021; Hulsey et al., 2017), StimIntFreq-LMM suggested 

that pupil dilation was increased during higher (M ± SE: 0.23 ± 0.03) as compared to lower (M 

± SE: 0.04 ± 0.03) intensity during (I) “on stimulation” (χ2 = 103.40, p < 0.001). During the 

(II) “immediate response”, pupil dilation was still increased during higher (M ± SE: 0.21 ± 

0.04) as compared to lower (M ± SE: - 0.03 ± 0.04) intensity (χ2 = 76.79, p < 0.001), and there 

was still a significant difference between higher (M ± SE: -0.01 ± 0.02) and lower (M ± SE: -

0.09 ± 0.02) intensity (χ2 = 8.26, p = 0.004) for the (III) “delayed response” (Fig. 22; 

Supplementary Table S35). When additionally controlling for VAS rating differences across 

stimulation conditions in the StimIntFreq-VAS-LMM model, pupil dilation was still increased 

during higher (M ± SE: (I) 0.20 ± 0.03; (II) 0.17 ± 0.04) as compared to lower (M ± SE: (I) 0.08 

± 0.03; (II) 0.02 ± 0.04) intensity during (I) “on stimulation” (χ2 = 28.53, p < 0.001), and during 
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the (II) “immediate response” (χ2 = 20.10, p < 0.001), but not during (III) “delayed response” 

(χ2 = 2.76, p = 0.1) (Supplementary Table S36). This suggests that stimulation intensity, 

especially higher intensity levels, and subjective perception of stimulation intensity may 

contribute to pupil dilation to varying degrees. Regarding frequency, the StimIntFreq-LMM 

suggested that pupil dilation was increased during higher (M ± SE: 0.17 ± 0.03) as compared 

to lower (M ± SE: 0.11 ± 0.03) frequency during (I) “on stimulation” (χ2 = 10.88, p = 0.001). 

During the (II) “immediate response”, pupil dilation was statistically not increased during 

higher (M ± SE: 0.11 ± 0.04) as compared to lower (M ± SE: 0.07 ± 0.04) frequency (χ2 = 2.92, 

p = 0.09), and there was also no significant difference between higher (M ± SE: -0.03 ± 0.02) 

and lower (M ± SE: -0.07 ± 0.02) frequency (χ2 = 1.53, p = 0.22) anymore for the (III) “delayed 

response” (Fig. 22; Supplementary Table S35). These results would be in line with iVNS 

approaches in animals showing increased pupil dilation during higher frequency stimulation 

over a shorter period of time (Hulsey et al., 2017). However, after controlling for subjective 

perception of sensations in the StimIntFreq-VAS-LMM model, there was no effect of different 

stimulation frequencies observable neither for (I) “on stimulation” (χ2 = 2.85, p = 0.1), nor for 

(II) “immediate response” (χ2 = 0.09, p = 0.76) and (III) “delayed response” (χ2 = 0.68, p = 

0.41) (Supplementary Table S36). 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

Figure 22. Changes in pupil dilation during the resting-state task. Pupil diameters (z-scores) during resting-state task for a) real (turquoise) and sham (ochre) stimulation, b) high (turquoise) and low (ochre) intensity and 
c) high (turquoise) and low (ochre) frequency. Shadowed lines represent the standard error across subjects (left panel). The dashed vertical red lines indicate the time window of (I) “on stimulation”, the (II) “immediate 
response” following to the first dashed vertical black line and the subsequent (III) “delayed response” to the second dashed vertical black line. The boxplots for the individual time windows are based on the StimIntFreq-
LMM, the asterisks indicate significant differences between conditions. The reader is encouraged to look at Supplementary Figure S21 to see the influence of VAS rating on stimulation and stimulation parameters in the 
StimIntFreq-VAS-LMM model. 91 
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3.3.4.4 Relationship between Subjective Perception of Sensations (VAS) of Stimulation 
and Pupil Dilation across Subjects 

Since VAS rating was not kept constant due to systematically testing of different 

stimulation parameters during the resting-state task and given that LMM approach suggested 

including VAS rating as an explanatory variable for pupil dilation, it was necessary to evaluate 

the extent to which the subjectively experienced sensory effects are statistically associated with 

the stimulation parameters and changes in pupil dilation. VAS ratings after each stimulation 

session and corresponding pupil dilation (averaged per subject across all trials within a 

stimulation condition) were correlated to investigate further the potential effects of subjective 

perception of sensation on pupil dilation across subjects.     

 For the emotional memory task, there were no correlations between VAS rating and 

pupil dilation neither for real stimulation (r = 0.21, p = 0.36) nor for sham stimulation (r = -0.1, 

0 = 0.70) (Supplementary Figure S13). However, for the resting-state task (Supplementary 

Figure S14 & Table S25) correlations between VAS rating and pupil dilation considering outlier 

correction were found for a) real stimulation: low intensity & low frequency (r = 0.43, p = 

0.04), f) sham stimulation: high intensity and low frequency (r = 0.52, p = 0.01) as well as g) 

sham stimulation: low intensity & high frequency (r = - 0.45, p = 0.04). However, there were 

no correlation between VAS rating and pupil dilation for b) real stimulation: high intensity & 

low frequency (r = 0.01, p = 0.95), c) real stimulation: low intensity & high frequency (r = -

0.11, p = 0.62), d) real stimulation: high intensity & high frequency (r = 0.31, p = 0.14),  e) 

sham stimulation: low intensity & low frequency (r = 0.19, p = 0.37), h) sham stimulation: high 

intensity & high frequency (r = 0.27, p = 0.20). Thus, while higher mean pupil dilation was not 

consistently associated with higher VAS ratings across all subjects, three instances of significant 

associations between pupil dilation and VAS ratings (two positive, one negative) were observed, 

suggesting that interindividual differences in subjective perceptions of stimulation also add 

variance to pupil dilation of stimulation effects. 

3.3.4.5 Theory-Driven Analyses: Exploring the Impact of TaVNS with Stimulus Valence 
and Sensitivity on Pupil Dilation 

The theory-driven analysis to a) assess the extent to which short bursts of electrical 

stimulation enhances the effect of stimulus valence on pupil dilation for the emotional memory 

task (model pupil dilation ~ trials + stimulation × valence + VAS + sensitivity + real_first + (1|ID)), 

revealed no significant interaction between stimulation and valence (χ2 = 1.44, p = 0.49) (Fig. 

21e), while stimulation (χ2 = 44.46, p < 0.01), valence (χ2 = 5.65, p = 0.02), VAS (χ2 = 4.42, p 

= 0.04) and the order of stimulation (χ2 = 8.33, p = 0.004) were significant and sensitivity was 
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not significant (χ2 = 0.03, p = 0.87).  The theory-driven analysis to b) assess how sensitivity 

influences the subjective perception of stimulation on pupil dilation (model pupil dilation ~ trials 

+ stimulation + valence + VAS × sensitivity + real_first + (1|ID)), revealed a significant interaction 

between VAS rating and sensitivity (χ2 = 7.13, p = 0.01) (Fig. 23), indicating that higher 

sensitivity to stimulation (3 mA) led to more pronounced pupil dilation as the perceived 

intensity of the stimulation increased (higher VAS ratings), while subjects with lower 

sensitivity (5 mA) showed a more stable and moderate pupil dilation response across VAS 

ratings. Stimulation (χ2 = 44.46, p < 0.01), valence (χ2 = 5.65, p = 0.02), VAS rating (χ2 = 4.67, 

p = 0.03) and the order of stimulation (χ2 = 5.75, p = 0.02) were significant and while sensitivity 

was not significant (χ2 = 0.03, p = 0.88). Additionally, there were no correlation between pupil 

dilation and memory performance (Supplementary Results 4.10). 

 

 

 

 

 

 

 

Figure 23. Interaction between VAS rating and sensitivity on pupil dilation for emotional memory 
task. Interaction between VAS rating and sensitivity on pupil dilation for emotional memory task. The 
model pupil dilation ~ trials + stimulation + valence + VAS × sensitivity + real_first + (1|ID) revealed 
a significant interaction between VAS rating and sensitivity (χ2 = 7.13, p = 0.01). The estimated marginal 
means (emmeans) of pupil dilation are presented across VAS ratings for both the low sensitivity group 
(5 mA, green (N = 17)) and the high sensitivity group (3 mA, ochre (N = 7)). VAS 2: In the low 
sensitivity group, the emmean is 0.314 (SE = 0.147, 95% CI [0.017, 0.611]). VAS 3: The emmean in the 
low sensitivity group is 0.342 (SE = 0.137, 95% CI [0.062, 0.622]), while in the high sensitivity group 
it is -0.069 (SE = 0.241, 95% CI [-0.555, 0.418]). VAS 4: The emmean is 0.370 (SE = 0.130, 95% CI 
[0.101, 0.639]) in the low sensitivity group and 0.114 (SE = 0.214, 95% CI [-0.326, 0.553]) in the high 
sensitivity group. VAS 5: The low sensitivity group has an emmean of 0.398 (SE = 0.127, 95% CI [0.134, 
0.662]), while the high sensitivity group shows 0.296 (SE = 0.200, 95% CI [-0.119, 0.711]). VAS 6: The 
low sensitivity group emmean is 0.426 (SE = 0.128, 95% CI [0.160, 0.692]), and the high sensitivity 
group is 0.478 (SE = 0.200, 95% CI [0.062, 0.894]).VAS 7: The emmean for the low sensitivity group 
is 0.454 (SE = 0.133, 95% CI [0.179, 0.729]), while the high sensitivity group shows 0.660 (SE = 0.216, 
95% CI [0.218, 1.103]).VAS 8: In the low sensitivity group, the emmean is 0.482 (SE = 0.142, 95% CI 
[0.192, 0.772]), while the high sensitivity group emmean is 0.842 (SE = 0.243, 95% CI [0.351, 1.334]). 
VAS 9: The low sensitivity group emmean is 0.510 (SE = 0.154, 95% CI [0.200, 0.820]). This illustrates 
that as VAS ratings increased, pupil dilation generally increased more in the high sensitivity group than 
in the low sensitivity group. 
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3.4 Interim Discussion 
The efficacy of non-invasive taVNS in modulating the noradrenergic LC-NE system is 

increasingly discussed (D’Agostini et al., 2023; Jacobs et al., 2015; Sharon et al., 2021; Ventura-

Bort et al., 2021; Vonck et al., 2014), but there is high heterogeneity in stimulation designs and 

a lack of appropriate outcome measurements (Ludwig et al., 2021). To investigate the impact 

of different stimulation parameters on pupil dilation and potential taVNS-induced effects on 

memory performance, I developed a taVNS setup that allows short bursts of event-related 

electrical stimulation (3 s) with time-synchronized pupil recording during an emotional memory 

task and resting-state task. The results provide evidence that short bursts of taVNS may 

modulate pupil dilation, a potential physiological indirect marker of LC-NE activity (Joshi et 

al., 2016), with higher stimulation intensities eliciting more pronounced pupil dilation than 

variations in stimulation frequency, which is in line with iVNS studies in animals (Hulsey et 

al., 2017; Mridha et al., 2021). However, there was an attenuation of taVNS-induced pupil 

dilation when differences in perception of sensations were considered. Specifically, pupil 

dilation during short bursts of taVNS increased with perceived stimulation intensity during the 

resting-state task. Regarding the emotional memory task, short bursts of taVNS applied during 

the encoding of negative events not only increased pupil dilation but also selectively improved 

memory performance for these events, particularly with real stimulation compared to sham or 

no stimulation. This observed effect is probably due to the attention-inducing sensory 

modulation of electrical stimulation since negative and neutral events were mixed within a 

stimulation session, and sensory perception was independent of valence. The results thus 

emphasize the importance of sensory perception in the stimulation process and the 

differentiation from a purely taVNS-induced change in pupil dilation and effects on memory 

performance, which I will discuss in more detail in the General Discussion. Moreover, the 

results demonstrate the importance of comparable stimulation sensations during systematic 

parameter testing to investigate the potential effects of short bursts of taVNS on pupil dilation 

and memory performance (Fig. 24). The taVNS design I established, which allows an event-

related differentiation of the stimulation effects (real vs. sham) in comparison to no-stimulation 

condition, contributes to a more precise differentiation of the stimulation effects and could serve 

as a basis for further systematic taVNS research approaches. 
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Figure 24. Overview highlighting main results of the taVNS study. The images were created with 

BioRender.com. 
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4 Chapter 4: General Discussion 
The following discussion provides a comprehensive overview of the presented research 

findings regarding functional LC activation (fMRI) and short burst of taVNS, which is divided 

into five main parts: The first part presents a summary of the key findings from this dissertation, 

focusing on age-related differences in functional LC activation and indirect effects of short burst 

of taVNS on changes in pupil dilation and effects on memory performance in younger adults. 

The second part delves into a detailed discussion and interpretation of the integration of those 

findings, while in addition to increased LC activation in older adults, the different responses of 

the midbrain and brainstem to emotional and task-related salience are discussed. Furthermore, 

I will discuss the indirect effects of short bursts of taVNS and the effects of different stimulation 

parameters on pupil dilation, as well as effects on memory performance. Importantly, I will 

emphasize the importance of considering the subjective perception of sensation due to the 

stimulation when applying taVNS and when evaluating and interpreting taVNS effects. The 

third part outlines the limitations of the presented studies of this dissertation, addressing 

methodological constraints and how improvements could enhance future work. Based on that, 

the fourth part explores potential avenues for future research, e.g., combined taVNS-fMRI 

studies, highlighting the next steps to build on the findings of this dissertation. Finally, the fifth 

part concludes the discussion by synthesizing the insights gained and reflecting on their broader 

impact within the taVNS and LC research field. 

4.1 Summary of Current Findings 
In this dissertation, I presented age-related differences in functional LC activation (fMRI) 

and indirect effects of short bursts of taVNS on changes in pupil dilation and effects on memory 

performance in younger adults. In the LC fMRI study, I investigated age differences in 

functional activations of brainstem neuromodulatory nuclei during (1) emotional salience, (2) 

task-related salience, (3) memory performance, and (4) emotional memory performance. The 

second hypothesis could not be confirmed, as older and not younger adults showed increased 

LC activation, indicating a potential compensatory overactivation of the LC in older adults 

(Aron et al., 2022). However, consistent with the first hypothesis, LC activation was increased 

during emotionally negative and task-related salient events. This is consistent with both animal 

studies showing that LC integrity preferentially fires in response to negative events such as foot 

shocks (Bouret & Sara, 2004; Sara, 2009) and in vivo findings linking LC integrity with 

memory for negative events in older adults (Clewett et al., 2018; Hämmerer et al., 2018; Liu et 

al., 2020). In the taVNS study, I combined short bursts of event-related taVNS with an 



DISSERTATION | MAREIKE LUDWIG   
 

97 

emotional memory task with negative events involving the LC-NE system (Hämmerer et al., 

2017, 2018) and a resting-state task in younger adults. I systematically investigated the effects 

of different stimulation parameters on changes in pupil dilation and to what extent real taVNS 

can enhance memory performance (immediate and delayed recognition task) and increase pupil 

dilation (encoding task) while varying the emotional content of the images. Importantly, I 

additionally investigated the influence of subjective perception of stimulation on taVNS-

induced effects. Consistent with the third hypothesis, short bursts of taVNS led to increased 

pupil dilation and better memory performance. At the same time the fourth hypothesis was 

confirmed, indicating that higher compared to lower stimulation parameters, particularly 

increased stimulation intensities, led to more dilated pupil. These findings align with both 

animal and human studies on short bursts of i/taVNS, which have consistently demonstrated 

modulation of LC-NE activity (Collins et al., 2021; D’Agostini et al., 2023; Hulsey et al., 2017; 

Mridha et al., 2021; Sharon et al., 2021), whereas longer bursts of stimulation have yielded less 

consistent outcomes. However, as anticipated with hypothesis five, the subjective perception of 

stimulation attenuated taVNS-induced effects on pupil dilation, while memory performance 

was better with both real and sham stimulation, even after controlling for subjective perception 

of stimulation. This may indicate arousal and/or attentional-related processes involved during 

the stimulation process (Kahneman, 1973; Mather et al., 2016a; Miller et al., 2019). 

4.2 Integration of Functional LC Activation and Short Bursts of TaVNS Findings 

4.2.1 Increased LC Activation in Older Adults despite Age-Related Structural Decline 
Both age groups showed better memory performance for stimuli associated with loss 

feedback, even if no age-related differences in memory were found, which is consistent with 

previous research showing better memory for negative events (Berridge & Waterhouse, 2003; 

Henson et al., 2016; Liu et al., 2020; Sara, 2009). This unexpected absence of age-related 

differences in memory performance may be attributed to floor effects that hinder the 

identification of interindividual differences in the challenging memory task, which involved 

greyscale stimuli in the recognition tests, potentially complicating the detection of older stimuli. 

Indeed, Hit-false alarm rates were rather low, and high false alarm rates, particularly in early 

recognition tests, could imply weaker memory representations and higher interference 

(Hämmerer et al., 2018). The absence of age differences in memory performance may also 

result from older individuals’ stronger top-down focus on salient events, along with stronger 

top-down regulation of LC activity (Mather et al., 2016b; Sara & Bouret, 2012), which may 

compensate for their weaker memory representations during encoding. However, due to the 

inherently limited field of view in MRI acquisitions that excluded the prefrontal cortices, I 
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cannot validate this hypothesis in my imaging data, such as by analyzing age-related variations 

in frontal or parietal activations. It may be supported by concurrently acquired pupillometric 

data in the same data set, which revealed larger pupil diameters for loss and reversal stimuli in 

older adults compared to younger adults (Hämmerer et al., 2018). This might indicate that older 

adults had a stronger attentional focus on salient events. To validate this, however, future 

imaging research is required that systematically manipulates the attentional focus while 

encoding salient events. In contrast to previous findings indicating age-related structural decline 

in neuromodulatory structures, older adults showed increased activations in these brainstem 

structures relative to younger adults (Table 1). In aging research, larger functional activations 

in older adults are a recurring observation, generally signifying age-related differences in the 

prioritization of cognitive processes during fMRI studies, often associated with compensatory 

mechanisms for declining cognitive capacity (Aron et al., 2022; Reuter-Lorenz & Lustig, 2005; 

Spreng et al., 2010). Simultaneously, research indicates that in older adults, the functional 

connection of the LC with frontoparietal networks decreases, reducing the selectivity of their 

attention (Gallant et al., 2022; Lee et al., 2018b). Moreover, whereas older adults generally 

appear to have a bias for recalling positive stimuli (Charles et al., 2003; Mather & Carstensen, 

2005), data suggests that older adults process negative stimuli with greater intricacy (Eppinger 

& Kray, 2011; Kensinger, 2009) and are more inclined to remember them when such stimuli 

offer performance feedback (Hämmerer & Eppinger, 2012). The increased LC engagement in 

older adults during this study’s reversal reinforcement learning task may be attributed to a) 

compensatory overactivation of the LC or a structure targeting the LC in older adults. The 

aging brain engages attentional networks, cortical regions, and novel networks to compensate 

for deficits in other areas functionally (Aron et al., 2022). Therefore, increased activity of the 

LC and HPC in older adults may indicate such compensatory efforts. Despite the absence of 

memory performance differences between age groups, increased activations in older adults may 

suggest enhanced compensatory engagement. However, among older adults, there was no 

correlation between interindividual differences in LC activation and memory performance 

associated with either (1) emotional or (2) task-related salience (see Supplementary Figure S7-

S8). Only higher MTG activation in older adults during (2) task-related salience was associated 

with better delayed memory performance (see Supplementary Fig. 8), indicating MTG’s 

potential compensatory involvement in older adults’ memory processes. Larger samples may 

be necessary to link behavioral correlates to functional activation in small brain regions like the 

LC. Alternatively, as there is evidence that the remaining neurons in a shrinking LC may 

increase firing rates in mice (Szot et al., 2016), b) stronger functional LC responses may be 
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linked to cell loss in the LC. More thorough research is necessary for reliable validation, as 

there is no link between LC integrity and its increased activation in older adults across 

conditions (see Supplementary Figure S7-S10). Moreover, it is plausible that c) differences in 

task engagement between age groups may contribute to differences in functional recruitment 

between age groups. The straightforward reinforcement learning task with deterministic 

feedback and few reversals (40 trials) may have led younger adults to exert less effort than older 

adults, aligning with reports of youth-like activations in high-performing older adults, 

especially during easy tasks (Nagel et al., 2009). However, the limited FoV hindered me from 

comparing task-focused activations in parietal and frontal regions across age groups, limiting 

the investigation into the extent of youth-like activation patterns. Furthermore, the LC is crucial 

for the preservation of vascular functioning. The individual diversity of the arteries supplying 

the LC, including distinct vascularization patterns such as dilatation and constriction, may 

subsequently affect cognition, perhaps elucidating differences within age groups (Bekar et al., 

2012; Giorgi et al., 2020); however, this necessitates further investigation. 

4.2.2 Distinct Midbrain and Brainstem Responses to Emotional and Task-Related 
Salience 
Regarding the brainstem or midbrain’s functional responses during (1) emotional 

salience and (2) task-related salience, the LC was more activated in processing loss rather than 

gain feedback, and feedback indicating a reversal in task conditions as compared to feedback 

indicating no reversal, respectively (Figures 2–4). The present study’s increased LC responses 

to emotionally salient events are consistent with in vivo findings that relate LC integrity with 

memory for negative events in older adults (Clewett et al., 2018; Hämmerer et al., 2018; Liu et 

al., 2020), as well as animal studies that demonstrate its preferential firing to negative events 

such as foot shocks (Bouret & Sara, 2004; Sara, 2009). Additional converging evidence for the 

LC-NE systems’ emphasis on emotional or salient events is supplied by pupil diameter 

measurements, which may reflect underlying phasic LC activity but are not solely linked to 

phasic LC responses (Aston-Jones & Cohen, 2005; Hämmerer et al., 2018; Joshi et al., 2016). 

Larger pupil diameters are generally observed in response to emotionally negative stimuli, such 

as adverse feedback (Braem et al., 2015; Hämmerer et al., 2017, 2019). Indeed, higher pupil 

dilations to negative feedback have also been observed in this study in both younger and older 

adults (Hämmerer et al., 2018). Despite negative feedback occurring less frequently (about 33% 

of trials) in this task, the LC’s stronger responses to negative feedback were not attributable to 

differences in informativeness, as this non-probabilistic reversal reinforcement learning 

paradigm equitably balanced losing and gaining trials concerning reversal feedback. This 
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finding is supported by a recent pupillometry study showing that pupil dilations are higher 

during negative performance feedback in younger and older adults, accounting for 

informativeness and feedback frequency (Hämmerer et al., 2019). This would imply that the 

sheer negative value of an event is sufficient to provoke LC activation. Higher LC activations 

during loss feedback may be behaviorally related to a general reaction response invigoration, 

as I found that both younger and older adults responded more quickly following loss feedback 

but not gain feedback. This interpretation requires additional in vivo imaging investigations for 

validation; however, it aligns with animal research, indicating that phasic LC responses are 

especially associated with effortful response execution (Bouret & Richmond, 2009).

 Regarding functional responses in the brainstem or midbrain to (2) task-related salience, 

increased activation of both the LC and SNr were observed in older adults during feedback 

indicating task reversals (Figures 9-11). As dopaminergic nuclei (VTA, SNc), GABAergic 

nucleus (SNr) (Tepper & Lee, 2007), and LC are reciprocally connected (Sara, 2009), a 

concurrent activation is both anatomically and functionally plausible. Concurrent electrical 

recordings in the ventral VTA and LC of mice indicated increased activity in both regions within 

a novel environment, with the LC exhibiting a more rapid decrease in response over time 

relative to the VTA (Takeuchi et al., 2016). Similarly, the SN has been reported to exhibit phasic 

activity in response to unexpected and unfamiliar stimuli, indicating coordinated responses by 

dopaminergic and noradrenergic structures (Schiemann et al., 2012; Schultz, 2007). In 

particular, animal research has demonstrated that (a) SNr neurons in rodents and (b) LC neurons 

in monkeys fire more frequently in response to task-relevant cues like (a) Go and Stop cues 

(Schmidt et al., 2013) or (b) infrequent deviant stimulus in so-called oddball tasks that call for 

particular behavioral responses (Aston-Jones & Cohen, 2005). Thus, higher LC and SNr 

activation during reversals aligns with animal studies, indicating that these regions are engaged 

in response to novel, unexpected, or deviant stimuli necessitating adaptive responses. In 

accordance with the necessity to modify stimulus category preferences following reversals in 

this task, younger and older adults responded slower on trials after reversals. Furthermore, 

midbrain and brainstem nuclei in older adults were more engaged in processing response 

feedback and subsequent memory effects during stimulus presentation. Specifically, they 

showed higher LC activations for (3) memory performance, especially for (4) emotional 

memory performance, during encoding compared to younger adults. The findings affirm the 

role of the LC in the encoding and remembering of emotional events, as the LC is known for 

facilitating long-term memory formation, particularly for negative events (Luo et al., 2015; 

Sara, 2015; Sterpenich et al., 2006; Veréb et al., 2023) by NE release in LC target regions such 
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as the amygdala and HPC, which are crucial for the encoding and retrieval of emotional events 

(Chen & Sara, 2007; Luo et al., 2015; Tully & Bolshakov, 2010). In line with this, previous 

studies indicate that older adults with higher rostral LC integrity exhibited better memory 

performance (Dahl et al., 2019), which aligns with the findings that rostral LC contrast in older 

adults is associated with the thickness of widespread cortical regions (Bachman et al., 2020) 

and that a loss of rostral LC is associated with poorer memory performance (Veréb et al., 2023). 

It is intriguing to speculate whether the overserved activation patterns of the LC, namely 

emotional salience predominantly activating large portions of the left LC and memory-related 

processes engaging the right LC (Fig. 9), may be associated with variations in the projection 

patterns of the LC. A study in older adults demonstrated a loss of rostral-like connectivity of 

the LC and differences in the spatial properties of the LC gradient associated with poorer 

emotional memory, with left rostral-like connectivity reduced compared to right connectivity 

in people with higher levels of anxiety and depression (Veréb et al., 2023). In animals, caudal 

portions of the LC preferentially project to the spinal cord and cerebellum, while rostral portions 

tend to project to the cerebral cortex and forebrain, including the amygdala and hippocampus 

(Loughlin et al., 1986; Samuels & Szabadi, 2008; Schwarz & Luo, 2015; Ungerstedt, 1971). If 

these projection patterns can be transferred to humans, the current observation in this study of 

right more rostral LC activations for memory-related processes would be consistent with these 

different projection patterns.   

4.2.3 The Indirect Effects of Short Bursts of TaVNS on Pupil Dilation and the    
 Influence of Subjective Stimulation Perception 
Consistent with previous i/taVNS studies, short bursts of taVNS resulted in increased 

pupil dilation during real compared to sham stimulation, at higher compared to lower intensity 

and frequency stimulation during the resting-state task (D’Agostini et al., 2023; Ludwig et al., 

2021). The impact of the electrical stimulation and stimulation parameters on changes in pupil 

dilation during the resting-state task were notably more pronounced during the (I) 3 s of short 

bursts of “on stimulation” compared to the (II) 3 seconds following stimulation (“immediate 

response”) and in a subsequent (III) 10-second time-window (“delayed response”). The 

temporal progression of pupil dilation increases and peaks during the 3 s short bursts of real 

stimulation, followed by a subsequent decline. This aligns with the findings of the 3.4 s short 

bursts of real stimulation (Sharon et al., 2021) and a corresponding replication of these findings 

(Lloyd et al., 2023). Likewise, a recent study employing 5 s short bursts of stimulation 

demonstrated increased pupil dilation during taVNS, which diminished immediately after 

reaching the peak (D’Agostini et al., 2023). Another study also demonstrated that far shorter 
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bursts of taVNS (~ 600 ms) similarly led to increased pupil dilation, with canal stimulation 

leading to larger pupil dilation than conchae stimulation compared to sham stimulation (Urbin 

et al., 2021). The observed increase in pupil dilation by short bursts of taVNS may be consistent 

with previous findings from animal studies showing that phasic stimulation increased NE 

release and LC activation (Florin-Lechner et al., 1996; Hulsey et al., 2017). However, the 

perception of sensations due to stimulation during the resting-state task accounted for a 

substantial proportion of the stimulation effects on pupil dilation. The distinction between real 

and sham stimulation could no longer be statistically justified, and variations in stimulation 

frequencies and intensities were nearly entirely elucidated. This may imply that variations in 

the subjective perception of real versus sham stimulation may solely account for the pupil 

differences observed between these conditions, as well as between low and high intensity and 

frequency, or that the effects of stimulation and the perception of stimulation overlap to a 

statistically indistinguishable degree given the stimulation parameters employed in this study. 

The latter explanation is deemed more plausible, given that Sharon et al. (2021) demonstrated 

pupil dilatation resulting from short bursts of real compared to sham stimulation at a constant 

VAS rating.          

 Moreover, the event-related stimulation design of the emotional memory task enabled 

me to compare the effects of real or sham stimulation and no stimulation on pupil changes (and 

behavioral performance), specifically examining the effects of “stimulation on” and 

“stimulation off” across events during the encoding task. This indicated that short bursts of 

stimulation per se during the emotional memory task resulted in increased pupil dilation (and 

better memory performance) compared to no stimulation, even after accounting for variations 

in sensory perception, which contrasts with prior research demonstrating increased pupil 

dilation during real compared to sham stimulation in a resting-state task (D’Agostini et al., 

2023; Lloyd et al., 2023; Sharon et al., 2021; Skora et al., 2024). Furthermore, the theory-driven 

pupillometry analysis revealed no interaction between stimulation and valence, indicating that 

pupil dilation was not differentially modulated by stimulus valence during either real or sham 

stimulation and that short bursts of stimulation per se led to increased pupil dilation. The 

absence of a difference between real and sham stimulation during the emotional memory task 

may be partially attributed to attentional factors. In the presence of subtle sensory differences 

between stimulation conditions, attentional resources may be allocated to assessing these 

differences, irrespective of the subjective perception of sensation due to stimulation. The 

simultaneous task (emotional memory task) may have utilized these attentional resources, 

hindering the distinction between the perceptual aspects of real and sham stimulation that might 
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otherwise be shown by pupil dilation. At present, these arguments are conjectural and 

necessitate evaluation in forthcoming investigations that either eliminate or meticulously 

regulate sensory disparities between real and sham stimulation conditions. 

 Finally, regardless of stimulation conditions, emotionally negative events led to 

increased pupil dilations compared to neutral events, confirming previous animal and human 

studies on pupil dilation during emotionally negative events (Hämmerer et al., 2017, 2018; Joshi 

et al., 2016). As changes in pupil dilation may be a proxy for LC-NE activity (Joshi et al., 2016), 

increased pupil dilation due to emotionally negative events may reflect stimulus-driven 

influences on the LC-NE system (Sara & Bouret, 2012). 

4.2.4 Are Higher Stimulation Parameters Important for the Stimulation Process? 
For the various stimulation parameters investigated during the resting-state task, varied 

effects were observed over time. While the differences in pupil dilation between real and sham 

stimulation persisted for another 3 seconds after the end of stimulation, differential effects of 

stimulation frequencies were no longer detectable after stimulation was turned off. In contrast, 

effects of stimulation intensity persisted in a time window of 6.2 to 16.2 s after stimulation was 

turned off. Thus, the results of the resting-state task might indicate that intensity, especially at 

higher levels, is pivotal for the stimulation process and may affect pupil dilation. Higher 

intensities (0 – 2.5 mA) and longer pulse widths (0 – 500 μs) during iVNS in rats did, in fact, 

alter LC activation (Hulsey et al., 2017), whereas increased pupil dilatation was caused by 

increased pulse widths (100, 200, 400, and 800 μs) during iVNS (Mridha et al., 2021). In line 

with this, a recent taVNS study in humans reported a more dilated pupil by increasing the pulse 

width (200 or 400 μs) with intensity (.2, .5, calibration intensity: 1.19 ± .65 mA (taVNS) and 

1.49 ± .73 mA (sham)) (D’Agostini et al., 2023), which may suggest that pulse width appears 

to be an important contributing factor. A wider pulse width (500 μs) is thought to yield a more 

restricted spectrum of VNS intensities (Loerwald et al., 2018), which may elucidate why 

D’Agostini et al. (2023) were able to report increased pupil dilation at very low intensities 

combined with higher pulse width during short bursts of tAVNS. This may also account for the 

subjects’ ability in this present study to tolerate stimulation up to 5 mA with a moderate pulse 

width of 250 μs during short bursts of 3 s stimulation. Furthermore, changes in pupil dilation 

appeared to be less affected by frequency during the resting-state task. Thus, iVNS studies 

revealed increased pupil dilation at 20 Hz compared to 5 Hz and 10 Hz (Mridha et al., 2021) 

and a greater increase in LC firing rate at higher frequencies (frequencies: 0, 7.5, 15, 30, 60, 

120 Hz; 0.8 mA, 100 μs, 16 pulses) (Hulsey et al., 2017). However, higher frequencies did not 

alter the total amount of neuronal LC activity (Hulsey et al., 2017). Additionally, an elevated 
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LC firing rate is not invariably beneficial. Studies on cortical plasticity in rats with iVNS 

demonstrated that the effects of stimulation do not increase monotonically with intensity. 

Plasticity was maximized at low intensities (~ 0.8 mA), while elevated intensities (1.2 – 1.6 

mA) impaired plasticity and associated behavioral advantages (Borland et al., 2016; Morrison 

et al., 2021; Souza et al., 2021). Nevertheless, given that the effects of stimulation intensity and 

frequency manifested without a discernible difference between real and sham stimulation 

(based on a low sample size of N = 24), it is challenging to conclude that the vagus nerve 

mediates these effects. An additional process influencing pupil dilation, such as attention-

induced regulation of pupil size, may elucidate this phenomenon (Kahneman, 1973; Miller et 

al., 2019). The extent to which higher stimulation parameters are important for the stimulation 

process when modulating the LC-NE system, therefore, depends on the individual intervention 

group and goals and requires further in-depth research - especially in the field of taVNS in 

humans. 

4.2.5 The Indirect Effects of Short Bursts of TaVNS on Memory Performance  
The present study demonstrated that emotionally negative events were better 

remembered than neutral events, which is in line with previous studies on emotional memory 

performance (Hämmerer et al., 2017, 2018). Particularly, animal and human research suggest 

that the LC-NE system is a crucial part in the processing and encoding of emotionally negative 

events by releasing NE in LC target areas, including the amygdala and hippocampus (Chen & 

Sara, 2007; Hämmerer et al., 2018; Ludwig et al., 2024b; Luo et al., 2015; Sterpenich et al., 

2006; Tully & Bolshakov, 2010). The impact of short bursts of taVNS on memory performance 

(hit-FA) and correct recognition (hit) showed no difference between real and sham stimulation; 

however, it was improved during any type of stimulation (real or sham) as compared to trials 

with no stimulation. Further analyses also indicated that this impact could not be attributed to 

the subjective sensory perception of the stimulation, which was higher for real compared to 

sham stimulation. Real or sham stimulation may thus facilitate the initial processing and storage 

of the images in memory, making them easier to recall in the recognition task, as evidenced by 

RTs, which showed that stimulation per se but not the stimulation condition resulted in a faster 

RT during the recognition task.        

 Importantly, while negative events were generally better remembered than neutral 

events, this effect was more pronounced for events encoded during real stimulation than sham 

or no stimulation. This indicates that beyond a general enhancement of encoding due to real or 

sham stimulation, real stimulation specifically further improved the encoding of negative 

events, which presumably depend more on the noradrenergic LC (Chen & Sara, 2007; 
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Hämmerer et al., 2018; Ludwig et al., 2024b; Manaye et al., 1995). These findings align with 

increased recollection-based memory performance for emotional images but not for neutral 

ones, using a tonic tAVNS paradigm (Ventura-Bort et al., 2021). As neutral and negative events 

were mixed within real stimulation sessions, and sensory perception was independent of 

valence rendering, this effect is unlikely to be driven by differences in subjective sensory 

perception related to the stimulation. Instead, a stronger LC engagement during real stimulation 

or a stronger overall arousal in the real stimulation condition, given higher ratings of subjective 

perception of sensations due to stimulation, may have further supported the encoding of 

emotionally negative events known to engage the noradrenergic system. Both notions would 

align with previous findings indicating that noradrenergic and glutamatergic processes interact 

to affect cognition via a combination of attentional focus and arousal, as proposed by the GANE 

model (Mather et al., 2016a). Likewise, as expected, the overall memory performance was 

better during the immediate recognition task compared to the delayed recognition task (24h), 

driven by both more frequent false alarms (FAs) and fewer correct recognitions (hits) in the 

delayed recognition. FAs were more frequent for emotional than neutral events during the 

delayed recognition task, while the hit rate tended to decrease less over time for emotional than 

neutral events. This may align with findings indicating that arousal impairs the retention of 

numerous representations at the same level in working memory (Mather et al., 2016b; Mather 

& Sutherland, 2011). Contrary to Hämmerer et al. (2018), I did not observe prolonged RTs for 

negative events during the encoding or recognition tasks; however, I replicated the effect of 

longer RTs for new images compared to old images during the recognition task (Hämmerer et 

al., 2018). This may be attributed to subjects focusing specifically on old images when 

classifying stimuli as old or new (Hämmerer et al., 2017; Kafkas & Montaldi, 2018). 

4.2.6 The Influence of the Subjective Perception of Stimulation and Corresponding  
Implications 
The subjective perception of stimulation appears to be a crucial factor in taVNS; 

therefore, it is essential to elucidate how this may have impacted the increased pupil dilation 

and better memory performance and how to address this in future taVNS studies. An effect of 

sham stimulation on the LC through the VN should be excluded because earlobe sham 

stimulation should not directly affect the VN (Peuker & Filler, 2002). Therefore, it can be 

assumed that attentional and/or arousal processes related to the sensory effects of stimulations 

may be responsible for increased pupil dilation and better memory encoding associated with 

real or simulated stimulation (as opposed to no stimulation). This would be consistent with 

earlier research demonstrating that arousal or attention can affect pupil size and encoding 
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performance (Kahneman, 1973; Lee et al., 2018b; Miller et al., 2019; Sara & Bouret, 2012). 

Indeed, real versus sham differences in stimulation sensations explained a significant portion 

of the explained variance in pupil dilation. Moreover, subjects receiving 3 mA (N = 7) exhibited 

a more pronounced pupil dilatation in response to increased perceived stimulation intensity. In 

contrast, those receiving 5 mA (N = 17) showed a more stable and moderate pupil dilation 

throughout VAS ratings. Nonetheless, considering the disparity between any type of sensory 

stimulation and the absence thereof, along with the fact that sensations were only acquired post-

stimulation session, a remaining general effect on arousal or attention associated with the 

stimulation should be assumed. Unlike prior studies, the event-related design allowed for the 

trial-by-trial investigation of these cognitive and physiological effects associated with 

stimulation sensations, indicating assumably attentional or arousal-related changes on a 

timescale of seconds related to the sensory effects of stimulation. The effects of sensory 

stimulation were predominantly beneficial for memory encoding rather than distracting (Kong 

et al., 2005; Pleger & Villringer, 2013).      

 Notably, while a large proportion of the stimulation effects on pupil dilation could be 

explained in the same subjects while controlling for subjective perception of sensations in the 

resting-state task without a cognitive component, in the emotional memory task, both the 

behavioral and pupil effects of real versus sham stimulation could not be fully explained by the 

differences in the stimulation conditions in the subjective perception of sensations. This 

indicates that sensations of perception may not primarily influence the potentially arousal-

related physiological and cognitive effects. For instance, compared to a resting-state task, 

attentional resources during an emotional memory might be additionally biased towards 

processing and storing emotional information, while the negative events themselves caused 

increased pupil dilations independent of stimulation sensations. This may have led to the 

observation that the variance of pupil dilation in the emotional memory task compared to the 

resting-state task was less explained by subjective sensory perceptions.   

 Therefore, I recommend that when employing pupillometry as an indirect outcome 

measure for taVNS studies, different levels of subjective perception of sensations between 

stimulation conditions should be considered as a potential confounding factor. More 

importantly, as the typical locations for real and sham stimulation showed a higher VAS rating 

for real stimulation at the cymba conchae for the same stimulation parameters, it is crucial to 

investigate to what extent alternative sham stimulation locations (e.g., earlobe, scapha) show a 

comparable level of stimulation-induced sensations to alternative real stimulation locations 

(e.g., cymba conchae, tragus).  An often-applied approach is to keep the sensations for real and 
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sham stimulation constant (Burger et al., 2020; Farmer et al., 2021; Sharon et al., 2021). 

Observing potentially greater effects of real stimulation under these conditions enables a 

cautious evaluation of the advantages of real stimulation compared to sham stimulation. 

Investigating the effects of varying stimulation parameters while maintaining a constant 

stimulation sensation is a major challenge, which is crucial in human taVNS research.  

 An effort to fulfill this requirement was demonstrated, for instance, in a human taVNS 

study that controlled for subjective perception of stimulation and tested pairs of higher 

frequencies with lower amplitudes in addition to pairs of lower frequencies and higher 

amplitudes during respiratory auricular vagal afferent nerve stimulation (RAVANS) (Sclocco, 

2020). RAVANS enables stimulation at the same location during inhalation and exhalation. 

Both 100 Hz and 2 Hz led to increased LC activation, while no stimulation was applied during 

sham stimulation (Sclocco, 2020). Considering that the LC is involved in attentional processes 

(Sara, 1985) and studies in monkeys have already shown that there is increased phasic LC 

activation during discriminative tasks (Aston-Jones et al., 1994), the question arises whether 2 

and 100 Hz were more salient and could be discriminated, contributing to increased LC 

activation during RAVANS; potentially suggesting the influence of attention-induced 

modulation during taVNS.         

 Moreover, even if the subjective perception of sensations due to stimulation is kept 

constant, sensory characteristics that facilitate the difference of various stimulation parameters 

may affect pupillometric responses to taVNS. Individuals' capacity to discriminate between 

different stimulation parameter characteristics (e.g., increasing intensity with constant pulse 

width or vice versa) and if certain parameter combinations are more salient might be 

investigated. It is assumed that the stimulation activates A, B, and C fibers of the cVNS to 

varying degrees (Chang et al., 2020; Evans et al., 2004), while tAVNS may have been 

transmitted by thick afferent A-beta axons, as discussed by Safi et al. (2016). Similarly, the 

selective destruction of C-fibers with capsaicin in rats showed no effect on VNS-induced 

seizure suppression (Krahl et al., 2001). Consequently, an alternative approach may involve the 

application of an anesthetic cream (e.g., lidocaine) to the ear region designated for stimulation 

to inhibit sensory perception of the stimulation. However, exposure of the nerves to lidocaine 

has been shown to result in blockade of the A and B fibers (Brodin, 1985). Furthermore, the 

firing rate of the vagus nerve decreases when lidocaine is administered distally to the cervical 

vagus nerve (Zanos et al., 2018). Accordingly, with such anesthetic creams, it cannot be ruled 

out that nerve fiber connections could be blocked, which could be important for transmitting 

electrical impulses of tAVNS. Further experiments, including invasive fiber recordings, are 
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needed to determine optimal doses (probably the minimum most effective) of anesthetic creams 

during taVNS in humans. Interestingly, it may also be possible to modulate the effects of 

stimulation parameters and the sensations of stimulations separately, as increasing firing rates 

and frequencies have been shown to have different effects on LC activity, with increasing 

frequencies decaying much earlier than increasing intensities (Hulsey et al., 2017). As discussed 

in a review (Ludwig et al., 2021), it remains a central question which comparable real and sham 

stimulation locations and comparable stimulation sensations are best suited for different 

stimulation parameters.   

5 Limitations 
Regarding the LC fMRI study, limitations should be mentioned, as results observed in this 

study reflect activations in a partial volume of the brain (Fig. 5), which is a necessary limitation 

given the emphasis on high-resolution data acquisition. Therefore, other brain regions of 

interest, such as the insula, anterior cingulate cortex (ACC), or thalamus, which are known to 

be target areas for the LC and part of the salience network (Navratilova et al., 2014), could not 

be included in the joint area accessible for the second level analysis. Similarly, it was not 

possible to investigate compensatory interactions in supporting regions that input the LC, such 

as the frontal or parietal cortices (Jacobs et al., 2018; Lee et al., 2020). This should be 

investigated in future research employing greater magnetic field intensities. Furthermore, 

variations in the neurovascular coupling that underlies the BOLD response between age groups 

should be anticipated, given the growing understanding of age changes in neurovascular 

function, specifically regarding altered vasoreactivity and blood oxygen consumption 

(Tsvetanov et al., 2021). Although the various contributions to altered BOLD responses due to 

age and interindividual differences remain incompletely elucidated (Fesharaki et al., 2023; 

Huettel et al., 2001; Tsvetanov et al., 2021), baseline tasks expected to invoke comparable 

processes across age groups (e.g., finger tapping) typically yielded lower SNRs in older adults 

than younger adults (D’Esposito et al., 2003). Consequently, the reported age differences, 

pointing towards larger effects in older adults, might underestimate existing age differences 

somewhat. Regarding the taVNS study, limitations should be mentioned as further research is 

needed to systematically investigate possible carry-over effects of individual taVNS sessions 

of varying duration on pupil dilation and emotional memory. Another possibility as to why I 

found no differences between real and sham stimulation on a physiological and behavioral level 

could also be that the effects of real stimulation might have carried over into the following sham 

stimulation period. Although real and sham stimulation were balanced in our design across 
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subjects, both sessions took place directly after each other (wash-out approx. 5-10 min) and 

might have thus resulted in partial contamination through preceding stimulation effects. 

Additionally, it is currently unclear whether the duration of stimulation is related to the effects 

of taVNS on pupil dilation and memory performance and which wash-out period should be 

chosen between tasks. Since the subjects had already received real and sham stimulation in a 

counterbalanced order during the emotional memory task (approx. 44 min stimulation, see Fig. 

14) before the resting-state task, followed by wash-out of approx. 45-60 min, it is challenging 

to assess to what extent the stimulation effects observed in the resting-state task are partly due 

to a prior “pre-stimulation effect”. As there is currently no consensus regarding the presence 

and temporal extent of aftereffects of short bursts of event-related stimulation designs, these 

suggestions should be verified in future double-blinded studies investigating parallel 

interventions close in time and separated by a few days.  Furthermore, an increased sample size 

might be advantageous for future research to achieve more reliable model estimates and 

enhance generalizability. 

6 Future Research Avenues  
Based on the functional LC findings presented in this dissertation, I advocate for future 

research endeavors to consider and further investigate fMRI LC activation as a biomarker for 

aging. In this context, I have demonstrated that using high-resolution fMRI, a structural LC 

sensitive scan, and suitable post-processing techniques tailored for the LC, it is feasible to 

visualize the small structure of the LC. Future research should build on these findings to explore 

the independent interplay between salience and compensatory processes, employing tasks that 

concurrently manipulate attentional focus and salience. Additionally, it is critical to determine 

whether changes in LC functional responses represent typical healthy aging or serve as potential 

biomarkers for MCI and AD (Clewett et al., 2016; Shibata et al., 2006). Future studies should 

incorporate CSF and/or blood-based biomarkers as pre-symptomatic indicators of dementia-

related pathology (Engels-Domínguez et al., 2023; Murray et al., 2022) and evaluate the 

functional integrity of brainstem and midbrain nuclei to strengthen the connection between age-

related and pathological decline.        

 Does taVNS reliably modulate the LC-NE system, and can it be used as a therapeutic 

intervention in a declining LC-NE system? This dissertation does not fully resolve it but marks 

an important milestone, paving the way for continued exploration of this ambitious research 

question. My research findings make a substantial contribution to this field, demonstrating that 

short bursts of taVNS at higher intensity and stimulation per se (whether real or sham 
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stimulation) led to increased pupil dilation and better memory performance, which aligns with 

prior i/taVNS research in animals and humans, respectively (Collins et al., 2021; D’Agostini et 

al., 2023; Hulsey et al., 2017; Mridha et al., 2021; Sharon et al., 2021). The findings of this 

dissertation should encourage researchers to persist in systematically investigating the effects 

of various stimulation parameters on different stimulation locations at the ear with appropriate 

outcome measurements. Above all, future taVNS studies should carefully control and evaluate 

not only the sensory effects of different stimulation conditions and locations but also potential 

cognitive enhancing effects related to the sensation of the stimulations per se. Furthermore, the 

temporal extent of the after-effects of short bursts of event-related stimulation designs and the 

long-term effects of taVNS require further investigations. My taVNS design, which facilitated 

event-related decorrelation of stimulation (real vs. sham) in comparison to a no-stimulation 

condition, may therefore encourage other researchers to incorporate no-stimulation trials to 

more effectively distinguish those effects of stimulation while considering sensory effects due 

to the stimulation.           

 To address the major challenge of sensory effects resulting from the stimulation, 

forthcoming taVNS investigations may utilize microneurography, which allows direct 

recording of nerve activity in awake humans. This methodological proposition is motivated by 

a study demonstrating the possibility of invasive microelectrode recordings from the cervical 

vagus nerve in awake humans associated with cardiac or respiratory cycles (Ottaviani et al., 

2020). Specifically, microneurography can directly assess the function of the afferent sensory 

nerves and efferent sympathetic nerves leading to the muscle (MSNA) and skin (SSNA) 

(Vallbo, 2018). Due to the afferent and efferent nerve fiber connections of the VN, 

microneurography of the vagus nerve may allow measurements on visceral sensory neurons 

(e.g., NTS) as well as efferent motor neurons (nucleus ambiguus, DMV). In current animal 

studies, microneurography is used as a minimally invasive tool to assess target activity during 

neuromodulation to investigate optimal electrode placement and stimulation parameters to 

optimize the local nerve fiber engagement and mechanisms of action in the long term  

(Verma et al., 2021, 2023). To the best of my knowledge, at present, only one taVNS clinical 

trial study investigated taVNS-induced HRV changes combined with MSNA, reporting no 

differences between real and sham stimulation on HRV or MSNA indices (Gauthey et al., 2020). 

This again emphasizes the importance of further investigating the role of the active sham 

stimulation condition considering sensory perception and encourages further development of 

this new methodological approach of combined microneurography taVNS studies. However, 

the extent to which microneurography may be useful in taVNS-induced pupil dilation changes 
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has not yet been addressed. Overall, future studies combining microneurography and taVNS 

could map the objective neural responses from microneurography to the subjective reports of 

sensory perception regarding the stimulation. This could also enhance our understanding of the 

roles of different nerve fiber classes during VNS (Patros et al., 2024). Moreover, since 

personalized taVNS therapy is needed to avoid over- or under-stimulation, closed-loop aVNS 

systems seem to be another future avenue. A recent study developed a new aVNS hardware for 

closed-loop applications and demonstrated a promising methodological approach for flexible 

control of stimulation parameters using cardiorespiratory biosignals of the human body (Dabiri 

et al., 2022). However, combined microneurography taVNS and closed-loop aVNS present their 

own set of challenges and necessitate additional in-depth research to gain a comprehensive 

understanding of their potential and constraints for future taVNS studies.    

 As combined taVNS-fMRI studies have already shown promising functional activation 

of NTS in LC-NE projection areas such as the amygdala and hippocampus (Sclocco et al., 2019; 

Yakunina et al., 2017), taVNS MRI studies may be further implemented and refined in the near 

future. I advocate for future combined taVNS-fMRI investigations to include high-resolution 

fMRI and appropriate post-processing methods for small structures in the brainstem, which may 

aid in elucidating the processes of taVNS and clarifying potential contributions of the LC-NE 

system.  

7 Conclusion 
In my dissertation, I demonstrated the feasibility of investigating age-related differences 

in functional LC involvement during a cognitive task known to rely on noradrenergic function. 

Consistent with animal studies on LC function, I observed increased activation of the LC during 

emotionally and task-related salient events (Bouret & Sara, 2004; Joshi et al., 2016; Sara, 2009). 

Notably, I could show that a stronger LC engagement in response to emotionally and task-

related salient events was associated with distinct reaction time effects: acceleration and 

deceleration, respectively. I highlighted that the LC and other salience-indicating structures 

might operate within a network of brain structures aiming to regulate context-specific adaptive 

responses. Despite the growing body of evidence showing a structural decline in LC with age, 

I showed that LC engagement was generally stronger in older adults. The comparable 

behavioral performance between younger and older adults could indicate a potential 

compensatory overactivation of the LC in older adults.    

 Furthermore, in my dissertation, I addressed a contribution to the open taVNS 

challenges by systematically investigating different stimulation parameters during short bursts 
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of stimulation, including an appropriate indirect outcome measure for the LC-NE system, 

specifically pupillometry. To achieve this, I established a taVNS setup that allows the individual 

setting of stimulation parameters and time-synchronized stimulation during an experimental 

task and pupillometry. Additionally, the taVNS design facilitated event-related decorrelation of 

stimulation (real vs. sham) compared to a no-stimulation condition, which may encourage other 

researchers to incorporate trials without stimulation to differentiate the effects of stimulation 

more effectively. I demonstrated that short bursts of real taVNS and higher intensity led to 

increased pupil dilation, which is consistent with short bursts of invasive VNS studies in 

animals (Collins et al., 2021; Hulsey et al., 2017; Mridha et al., 2021), offering valuable 

information for hypothesizing which transferable stimulation variants in taVNS studies may 

augment the effects on the NTS and LC. The findings of my dissertation also suggest that the 

influence of intensity on pupil dilation may be stronger than that of frequency. However, there 

was an attenuation of taVNS-induced pupil dilation when differences in perception of 

sensations were considered. Moreover, I observed that pupil dilation during short bursts of 

stimulation increased with perceived stimulation intensity. Therefore, I showed how important 

it is to consider the perception of sensations brought on by short bursts of taVNS, as many 

studies either control for VAS ratings or do not report systematically at all. Even if not all 

parameters can be systematically varied simultaneously and the sensations cannot be held 

perfectly constant for each individual, the pursuit of comparable sham stimulation sites and 

comparable sensations is important for future research. Additionally, I demonstrated that real 

or sham taVNS stimulation may enhance the encoding of events, while real stimulation, in 

particular, enhanced the encoding of negative as compared to neutral events, which is consistent 

with animal research showing an involvement of ascending vagal fibers in emotional memory 

(Clark et al., 1998; Hulsey et al., 2017; McIntyre et al., 2012; Williams & McGaugh, 1993) and 

suggests that taVNS represents a promising method to influence emotional memory processes. 

While the role of the LC in regulating arousal and attention, also in the context of emotionally 

negative events, is well known (Aston-Jones & Cohen, 2005; Bari et al., 2020; Berridge & 

Waterhouse, 2003; Clewett et al., 2016; Hämmerer et al., 2018; Jacobs et al., 2020; Lee et al., 

2018b; Mather et al., 2016b; Samuels & Szabadi, 2008; Sara & Bouret, 2012), the broader 

network of cognitive and sensory processes leading to pupil dilation under these conditions is 

complex and not fully understood. Factors such as VN activity, attentional capture, and sensory 

perception may indirectly influence LC, but they might also affect pupil size and cognitive 

processes through additional pathways. Given the susceptibility of pupillometry to the 

sensations of taVNS, a more direct method could be functional fMRI during taVNS, which, 
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however, could also be affected by attention modulations and different sensations. Further 

research could build up on my findings, including combined high-resolution fMRI taVNS 

studies and appropriate post-processing methods for small structures in the brainstem, to 

elucidate the mechanisms of taVNS and clarify the specific contributions of the LC and other 

neuronal structures to pupil dilation. Additionally, changes in the effects of NE release during 

external modulation of NE via taVNS should be considered, particularly regarding the 

perception of sensations due to stimulation. 
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9  Appendix 

Supplementary information 

The supplementary information (SI) is part of peer-reviewed publications in Communication 

Biology (Ludwig et al., 2024b), Scientific Reports (Ludwig et al., 2024a), and 

Psychophysiology (Ludwig et al., 2025). Consistent with the structure of the dissertation, the 

SI focuses first on additional material related to the LC fMRI study and then on the taVNS 

study. 

 

Supplementary Information to chapter 2  

High resolutional functional Locus Coeruleus imaging study 
1. Extended Methods 

1.1 Subjects  

Sample description 

  older adults younger adults 

number of subjects 22 28 
age (mean ± SD) 67.68 ± 5.68 23.14 ± 3.18 
gender (F/M) 12 / 10 16 / 12 
Raven´s matrices (mean ± SD) 14.09 ± 2.43 16.26 ± 1.37 

Supplementary Table S1. Overview of sample description. A shortened version of Raven's matrices 
was used as a measure of fluid intelligence (older adults (N = 22); younger adults (N = 19). The values 
indicate the correct answers from a total of 18 matrices. 

 

1.2 Age-related differences in 8 brainstem landmarks' mean functional images in MNI space 

There were no age-related difference for the left 4th ventricle border (younger adults = 

0.77, older adults = 0.73, t(1,48) = 0.52, p = 0.61), right 4th ventricle border (younger adults = 

0.71, older adults = 0.68, t(1,48) = 0.37, p = 0.71), periaqueductal grey (younger adults = 0.68, 

older adults = 0.57, t(1,48) = 1.79, p = 0.08), perifastigial sulcus (younger adults = 0.54, older 

adults = 0.52, t(1,48) = 0.38, p = 0.71), left outline brainstem (younger adults = 0.38, older adults 

= 0.25, t(1,48) = 1.40, p = 0.17) as well as right outline brainstem (younger adults = 0.32, older 

adults = 0.27, t(1,48) = 0.53, p = 0.60). However, there were age-related difference for left nucleus 

ruber (younger adults = 0.79, older adults = 0.57, t(1,48) = 2.1, p = 0.04) and right nucleus ruber 

(younger adults = 0.82, older adults = 0.55, t(1,48) = 2.73, p = 0.01). 
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Supplementary Figure S1. Anatomical masks for second-level analyses for nuclei in the brainstem and 
midbrain (a): substantia nigra pars reticulata (SNr, dark blue), substantia nigra pars compacta (SNc, 
middle blue), ventral tegmental area (VTA, brighter blue), red nucleus (red), amygdalae (rose), hippocampi 
(middle rose), para-hippocampi (dark rose) and locus coeruleus (turquoise outline) are shown within 
brainstem mask (grey outline). Additionally (b) grey matter mask (yellow-green) and (b) brainstem mask 
(grey outline) were used as an implicit mask in second-level analyses. Masks are presented in axial, coronal 
and sagittal view (row 1-3).  

 

1.3 Anatomical masks 

142 



DISSERTATION | MAREIKE LUDWIG   
 

143 

1.4 Types of event-related GLMs 

Types of  

event-related GLMs 

 

contrast of interest 

 

fMRI results  

(1)  

emotional salience 

loss feedback 

> 

gain feedback 

younger adults 

§ right MTG 

older adults 

§ left LC (Fig. 9a) 

§ bilateral MTG 

older > younger 

§ bilateral LC (Fig. 11a) 

§ bilateral MTG (Fig.12a-b) 

§ left HPC (Fig. 12c) 

(2)  

task-related salience 

reversal feedback 

> 

no reversal feedback 

younger adults 

§ left MTG 

§ bilateral STG 

§ left EC 

older adults 

§ right LC (Fig. 9b) 

§ right SNr (Fig. 10) 

§ bilateral MTG 

§ right PCUN 

older > younger 

§ right LC (Fig. 11b) 

§ left PCUN 

(3)  

memory performance 

remembered 

> 

not remembered 

younger adults 

/ 

older adults 

§ right LC (Fig. 9c) 

older > younger 

§ right LC (Fig. 11c) 

(4)  

emotional memory performance 

remembered before loss 

feedback 

> 

not remembered before loss 

feedback 

younger adults 

/ 

older adults 

§ right LC (Fig. 9d) 

older > younger 

§ right LC (Fig. 11d) 

Supplementary Table S2. Four types of event-related GLMs with corresponding contrasts of interest 
and overview of the main fMRI results of younger, older and the group comparison older > younger 
adults. Additional fMRI results (e.g., CAL, FuG, LiG) are mentioned in Supplementary Results 2.4.
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1.5 Time course of the effect size  

Supplementary Figure S2. Time course of the effect size for a) (1) emotional salience: loss > gain feedback, b) (2) task-related salience: reversal > no reversal feedback, c) (3) memory performance: 
remembered > not remembered and d) (4) emotional memory performance: remembered before loss feedback > not remembered before loss feedback for Locus Coeruleus (LC) activations (voxel cut-
offs of p < 0.005). Beta values per contrast (a-d) for older adults (dotted black line) and younger adults (solid black line) and (a-d) the coefficient estimates for older adults > younger adults (solid red 
line) are plotted; shaded areas +/- 1 SE. Yellow lines indicate the onset of relevant task events. 144 
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2. Extended Results 

2.1 Behavioral results 

Regarding memory effects of (1) emotional salience, there was no or interaction 

between loss vs. gain feedback and age group (F(1,48) = 0.013, p = 0.911 [younger: loss 

feedback (M ± SD: 0.20 ± 0.02), gain feedback (M ± SD: 0.18 ± 0.02); older: loss feedback (M 

± SD: 0.21 ± 0.02), gain feedback (M ± SD: 0.20 ± 0.02)]), as well as no interaction between 

trials before vs. trials after feedback and age group (F(1,48) = 0.18, p = 0.693 [younger: trials 

before (M ± SD: 0.19 ± 0.02), trials after (M ± SD: 0.19 ± 0.02); older: trials before (M ± SD: 

0.20 ± 0.02), trials after (M ± SD: 0.20 ± 0.02)]). 

2.2 Reaction times (RTs) for (1) emotional salience  

Regarding RTs related to (1) emotional salience, RTs averaged across before and after 

trials were significantly slower related to gain feedback (M ± SD: 1.05 ± 0.02) as compared to 

loss feedback (M ± SD: 1.09 ± 0.02), F(1,48) = 31.29, p < 0.0001, partial η²  = .40. There were 

significant interactions between loss vs. gain feedback and age group (F(1,48) = 9.40, p = 0.04, 

partial η²   = .164, [younger: loss feedback (M ± SD: 0.99 ± 0.03), gain feedback (M ± SD: 0.98 

± 0.03), older: loss feedback (M ± SD: 1.18 ± 0.04), gain feedback (M ± SD: 1.12 ± 0.03) as 

well as between number of stimuli and age group (F(1,48) = 5.34, p = 0.03, partial η²   = .10, 

[younger: single stimulus (M ± SD: 0.86 ± 0.03), double stimuli (M ± SD: 1.12 ± 0.04), older: 

single stimulus (M ± SD: 1.07 ± 0.03), double stimuli (M ± SD: 1.23 ± 0.04)]).  RTs were slower 

during loss as compared to gain feedback. Older adults (M ± SD: 1.2 ± 0.4) showed a longer 

RTs as compared to younger adults (M ± SD: .98 ± 0.31), F(1,48) = 12.94 , p < 0.001, partial 

η²   = .212 during emotional salience. Likewise, RTs were slower on trials before the feedback 

(M ± SD: 1.07 ± 0.02) was presented as compared to after the feedback (M ± SD: 1.06 ± 0.02), 

F(1,48) = 5.441, p = 0.024, partial η² = .10, indicating that subjects have become faster over the 

task. RTs were also slower during the presentation of two stimuli (M ± SD: 1.17 ± 0.03) as 

compared to one stimuli (M ± SD: 0.97 ± 0.02), F(1,48) = 140.30, p < 0.001, partial η²  = .75. 

Additionally, there was a significant interaction between the single vs. double stimuli and loss 

vs. gain feedback, F(1,48) = 4.83, p = 0.03, partial η²  = .09: RTs were faster during single 

stimulus presentation and gain feedback [loss feedback: single stimulus (M ± SD: 0.98 ± 0.02), 

double stimuli (M ± SD: 1.19 ± 0.03), gain feedback: single stimulus (M ± SD: 0.95 ± 0.02), 

double stimuli (M ± SD: 1.15 ± 0.03). There was a significant three-way interaction between 

the single vs. double stimuli, before loss vs. gain feedback and age group, F(1,48) = 5.87, p = 

0.02, partial η²   = .12: Younger adults were generally faster, RTs were also faster during gain 

feedback and single stimulus presentation (younger: single stimulus loss feedback (M ± SD: 
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0.86 ± 0.03), single stimulus gain feedback (M ± SD: 0.86 ± 0.03), double stimulus loss 

feedback (M ± SD: 1.12 ± 0.04), double stimulus gain feedback (M ± SD: 1.09 ± 0.03); older: 

single stimulus loss feedback (M ± SD: 1.09 ± 0.04), single stimulus gain feedback (M ± SD: 

1.04 ± 0.03), double stimulus loss feedback (M ± SD: 1.26 ± 0.04), double stimulus gain 

feedback (M ± SD: 1.21 ± 0.04). Another significant three-way interaction between the single 

vs. double stimuli, before loss vs. gain feedback and before vs. after trials, F(1,48) = 12.28, p = 

0.001, partial η²   = .204, indicated that, RTs were again faster during single stimulus 

presentation and gain feedback. However, for gain feedback, RTs were the same when 

presenting double stimuli both before and after trials (before: single stimulus loss feedback (M 

± SD: 1 ± 0.03), single stimulus gain feedback (M ± SD: 0.93 ± 0.02), double stimulus loss 

feedback (M ± SD: 1.20 ± 0.03), double stimulus gain feedback (M ± SD: 1.15 ± 0.03); after: 

single stimulus loss feedback (M ± SD: 0.95 ± 0.03), single stimulus gain feedback (M  ± SD: 

0.98 ± 0.02), double stimulus loss feedback (M ± SD: 1.18 ± 0.03), double stimulus gain 

feedback (M ± SD: 1.15 ± 0.03). There was no significant interaction between trials before vs. 

after and the age group (F(1,48) = .50, p = 0.49, partial η²   = .01, [younger: trials before (M ± 

SD: 0.97 ± 0.03), trials after (M ± SD: 0.98 ± 0.03), older: trials before (M ± SD: 1.16 ± 0.04), 

trials after (M ± SD: 1.15 ± 0.03)]). Regarding RTs related to (2) task-related saliency, older 

adults (M ± SD: 1.1 ± 0.4) showed a longer RTs as compared to younger adults (M ± SD: .94 ± 

0.3), F(1,48) = 18.20 , p < 0.001, partial η²   = .28. 
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Supplementary Figure S3. Mean RTs for loss (dark blue) and gain (light blue) feedback after (x-axis, 
left) and before (x-axis, right) trials across age-groups for (1) emotional salience. RTs slowed down after 
gain feedback but sped up after loss feedback (loss feedback: before trials (M = 1.10, SD = 0.03), after 
trials (M = 1.07, SD = 0.02), gain feedback: before trials (M = 1.04, SD = 0.02), after trials (M = 1.06, 
SD = 0.02); F(1,48) = 19.40, p < 0.001, partial η² = .29). 

 

 

2.3 fMRI results 

The analysis procedure described in “fMRI results” resulted in no suprathreshold for a) LC 

activation in younger adults and younger > older adults for ((1) emotional salience, (2) task-related 

salience, (3) memory performance, (4) emotional memory performance)), b) for SNc, SNr, VTA and red 

nucleus activation in younger > older adults (1) emotional salience, (2) task-related salience) and older 

adults and older > younger adults ((3) memory performance, (4) emotional memory performance). Also, 

no suprathreshold clusters for cortical areas were found in younger and older adults ((3) memory 

performance, (4) emotional memory performance), younger > older adults ((1) emotional salience, (2) 

task-related salience, (3) memory performance) and older > younger adults ((3) memory performance). 

Finally, no suprathreshold clusters for subcortical areas were found in younger and older adults ((1) 

emotional salience, (2) task-related salience, (3) memory performance, (4) emotional memory 

performance), younger > older adults (1) emotional salience, (2) task-related salience, (3) memory 

performance, (4) emotional memory performance),  as well as older > younger adults ((2) task-related 

salience, (3) memory performance, (4) emotional memory performance)). 

 
(1) emotional salience 

before vs. after trials * loss vs. gain feedback 
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2.4 Activation in cortical areas        

 During (1) loss > gain feedback (see Supplementary Figure S4 & Table S17-S19) higher left 

CAL [Younger adults: T = 6.93, pFDR < 0.01; Older adults: T = 4.60, pFDR < 0.01), and right CAL 

(Younger adults: T = 5.23, pFDR < 0.01) as well as right FuG (Older adults: T = 6.37, pFDR < 0.01) 

and right LiG (Older adults: T = 6.62, pFDR < 0.01) were observed. During (2) reversal > no reversal 

feedback (see Supplementary Figure S5; Table 20-22) older adults showed stronger engagement of left 

CAL (T = 4.74, pFDR < 0.01). Similarly, as compared to younger adults, older adults also showed 

higher activation of the left LiG during (4) later remembered stimuli followed by loss as compared to 

not remembered stimuli followed by loss feedback (see Supplementary Figure S6 & Table S23) (Older 

> Younger adults: T = 3.93, pFDR < 0.01). Additionally, for (2) task-related saliency in older adults, 

activation in MTG was significantly correlated with better memory performance for stimuli on trials 

immediately before a reversal in the delayed recognition (difference before and after trials), r (16) = .62, 

p < 0.009, indicating that stronger MTG activation is related to better memory performance before 

events of task-related salience (Supplementary Figure S8). 
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Supplementary Figure S4. Activations in cortical areas for (1) emotional salience (red-yellow) for (a-
d) older adults and (e-g) younger adults. Turquoise circles highlight the corresponding significant 
activations, threshold of p < 0.005. Abbreviations: CAL calcarine cortex, FuG fusiform gyrus, l left, LiG 
lingual gyrus, MTG middle temporal gyrus, r right. 
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Supplementary Figure S5. Activations in cortical areas for (2) task-related salience (green-yellow) 
for (a-d) older adults (e-h) younger adults, (i) older > younger adults. Turquoise circles highlight the 
corresponding significant activations, threshold of p < 0.005. Abbreviations: CAL calcarine cortex, EC 
entorhinal cortex, l left, MTG middle temporal gyrus, PCUN precuneus, r right, STG superior temporal 
gyrus. 
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Supplementary Figure S6. Activation in cortical areas for (4) emotional memory performance (blue-
green) for (a) older > younger adults. Turquoise circle highlights the corresponding significant 
activation, threshold of p < 0.005. Abbreviations: l left, LiG lingual gyrus. 
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Supplementary Figure S5. Activations in cortical areas for (2) task-related salience (green-yellow) 
for (a-d) older adults (e-h) younger adults, (i) older > younger adults. Turquoise circles highlight the 
corresponding significant activations, threshold of p < 0.005. Abbreviations: CAL calcarine cortex, EC 
entorhinal cortex, l left, MTG middle temporal gyrus, PCUN precuneus, r right, STG superior temporal 
gyrus. 
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Supplementary Figure S6. Activation in cortical areas for (4) emotional memory performance (blue-
green) for (a) older > younger adults. Turquoise circle highlights the corresponding significant 
activation, threshold of p < 0.005. Abbreviations: l left, LiG lingual gyrus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following Supplementary Tables report (3-16) brainstem and midbrain activations as well as 
(17-23) cortical activations for (1) emotional salience, (2) task-related salience, (3) memory 
performance and (4) emotional memory performance. Abbreviations: CAL calcarine cortex, CBM 
cerebellum, EC entorhinal cortex, FuG fusiform gyrus, HPC hippocampus, ITG inferior temporal gyrus, 
LC locus coeruleus, LiG lingual gyrus, MTG middle temporal gyrus, PCUN precuneus, red Ncl red 
nucleus, SNc substantia nigra pars compacta, SNr substantia nigra pars reticulata, VDC ventral 
diencephalon, VTA ventral tegmental area, WM white matter. 



DISSERTATION | MAREIKE LUDWIG   
 

154 

            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  LC (l) -5 -38 -26 4.11 2 0.04 0.55 15 0.29 4.11 0.01 0.23 3.48 < 0.001 

  LC (r) 4 -37 -22 3.05 2 0.07 0.55 5 0.55 3.05 0.08 0.88 2.75 0.003 

  SNr (l) -6 -18 -18 4.46 3 0.31 0.66 20 0.22 4.46 0.09 0.17 3.69 0.001 
 

VDC (r) 4 -19 -6 3.02 3 0.75 0.82 1 0.82 3.02 0.71 0.99 2.72 0.003 

 
VDC (l) -10 -23 -16 2.84 3 0.75 0.82 1 0.82 2.84 0.81 0.99 2.59 0.004 

p < 0.003 LC (l) -5 -38 -26 4.11 1 0.02 0.29 12 0.29 4.11 0.01 0.12 3.48 < 0.001 

  SNr (l) -6 -18 -18 4.46 1 0.24 0.23 15 0.23 4.46 0.09 0.08 3.70 < 0.001 

 

 
older adults > younger adults 

            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  LC (l) -5 -37 -25 3.40 2 0.06 0.69 6 0.55 3.40 0.02 0.34 3.20 < 0.001 

  LC (r) 4 -37 -22 3.14 2 0.08 0.69 3 0.69 3.14 0.04 0.34 2.98 0.001 

  VDC (r) 4 -19 -6 2.74 1 0.72 0.83 1 0.83 2.74 0.74 0.90 2.63 0.004 

p < 0.003 LC (l) -5 -37 -25 3.40 2 0.04 0.72 4 0.59 3.40 0.53 0.53 3.20 < 0.001 

  LC (r) 4 -37 -22 3.14 2 0.05 0.72 2 0.72 3.14 0.53 0.53 2.98 0.001 

 

Supplementary Table S3. Activations in older subjects for emotional salience with applying a “brainstem mask” and small volume image of “LC meta  
                                                mask” or “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 

 

Supplementary Table S4. Activations in older > younger subjects for emotional salience with applying a “brainstem mask” and small volume image of     
                                        “LCmeta mask” or “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 

 

older adults 
2.5 brainstem & midbrain activations  

(1) emotional salience: loss feedback > gain feedback  
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005 SNc (r) 10 -21 -11 4.35 5 0.41 0.75 14 0.34 4.35 0.06 0.16 3.75 < 0.001 
 

SNr (r) 9 -16 -17 4.33 5 0.52 0.75 8 0.48 4.33 0.07 0.16 3.74 < 0.001 

 
SNr (l) -10 -14 -15 3.73 5 0.28 0.75 24 0.22 3.73 0.22 0.38 3.32 < 0.001 

 
SNr (r) 9 -13 -11 3.08 5 0.65 0.75 3 0.68 3.08 0.59 0.67 2.83 0.002 

 
SNc (r) 5 -20 -19 3.00 5 0.68 0.75 2 0.75 3.00 0.64 0.67 2.76 0.003 

 p < 0.003 SNc (r) 10 -21 -11 4.35 5 0.29 0.81 12 0.32 4.35 0.06 0.23 3.75 < 0.001 

 
SNr (r) 9 -16 -17 4.32 5 0.43 0.81 5 0.53 4.33 0.07 0.23 3.74 < 0.001 

 
SNr (l) -10 -14 -15 3.72 5 0.24 0.81 16 0.25 3.73 0.22 0.55 3.31 < 0.001 

 
SNr (r) 9 -13 -11 3.08 5 0.57 0.81 1 0.81 3.08 0.59 0.96 2.83 0.002 

 
SNc (r) 5 -20 -19 3.00 5 0.57 0.81 1 0.81 3.00 0.64 0.96 2.76 0.003 

Supplementary Table S5. Activations in younger subjects for emotional salience with applying a “brainstem mask” and small volume image of “LC    
                                         meta mask” or “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 

 

(1) emotional salience: loss feedback > gain feedback  

younger adults 



DISSERTATION | MAREIKE LUDWIG   
 

156 

            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005   LC (r) 5 -37 -27 3.37 2 0.08 0.71 3 0.64 3.37 0.05 0.49 2.98 0.001 

  LC (r) 3 -36 -19 3.37 2 0.09 0.71 2 0.71 3.37 0.05 0.49 2.98 0.001 

  SNr (r) 13 -18 -9 4.77 5 0.02 0.07 89 0.01 4.77 0.05 0.37 3.88 < 0.001 
 

red Ncl (l) -5 -17 -8 3.87 5 0.12 0.11 44 0.07 3.87 0.26 0.66 3.33 < 0.001 

 
red Ncl (r) 7 -22 -13 3.83 5 0.61 0.53 5 0.53 3.83 0.28 0.66 3.30 < 0.001 

 
red Ncl (r) 7 -18 -7 3.59 5 0.06 0.09 62 0.03 3.59 0.39 0.66 3.14 < 0.001 

 
SNr (l) -12 -15 -13 3.47 5 0.29 0.24 21 0.19 3.47 0.46 0.66 3.05 0.001 

p < 0.003 LC (r) 5 -37 -27 3.37 2 0.05 0.67 3 0.59 3.37 0.05 0.75 2.98 0.001 

 
LC (r) 3 -26 -19 3.37 2 0.06 0.67 2 0.67 3.37 0.05 0.75 2.98 0.001 

  SNr (r) 13 -18 -9 4.77 9 0.02 0.12 70 0.01 4.77 0.05 0.49 4.77 < 0.001 

 
red Ncl (l) -5 -17 -8 3.87 9 0.25 0.60 14 0.23 3.87 0.26 0.87 3.87 < 0.001 

 
red Ncl (r) 7 -22 -13 3.83 9 0.52 0.75 3 0.59 3.83 0.28 0.87 3.83 < 0.001 

 
red Ncl (r) 7 -18 -7 3.60 9 0.22 0.60 16 0.20 3.60 0.39 0.87 3.59 < 0.001 

 
SNr (l) -12 -15 -13 3.47 9 0.32 0.60 10 0.31 3.47 0.46 0.87 3.47 0.001 

 
red Ncl (l) -3 -21 -7 3.34 9 0.45 0.72 5 0.48 3.34 0.54 0.87 3.34 0.001 

 
red Ncl (r) 3 -18 -8 3.33 9 0.34 0.60 9 0.34 3.33 0.55 0.87 3.33 0.001 

(2) task related salience: reversal > no reversal  older adults  
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  LC (r) 4 -38 -28 3.02 1 0.07 0.63 4 0.63 3.02 0.05 0.77 2.88 0.002 

 
red Ncl (l) -3 -21 -7 3.18 3 0.68 0.74 2 0.74 3.18 0.43 0.55 3.01 0.001 

 
VDC (l) -9 -18 -7 3.18 3 0.48 0.74 10 0.42 3.18 0.43 0.55 3.01 0.001 

 
red Ncl (r) 3 -21 -7 2.83 3 0.68 0.74 2 0.74 2.83 0.69 0.76 2.70 0.003 

p < 0.003 LC (r) 4 -38 -28 3.02 1 0.06 0.81 1 0.81 2.88 0.05 0.71 2.88 0.001 

 
red Ncl (l) -3 -21 -7 3.18 2 0.57 0.81 1 0.81 3.18 0.43 0.60 3.01 0.001 

 
VDC (l) -9 -18 -7 3.18 2 0.41 0.81 6 0.49 3.18 0.43 0.60 3.01 0.001 

 

 

 

 

 
red Ncl (l) -9 -18 -7 3.19 9 0.57 0.75 2 0.67 3.19 0.63 0.88 3.19 0.002 

 
VDC (r) 2 -22 -8 3.10 9 0.62 0.78 1 0.78 3.10 0.69 0.93 3.10 0.003 

Supplementary Table S6. Activations in older subjects for task-related salience with applying a “brainstem mask” and small volume image of “LC    
                                                  meta mask” or “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 

 

(2) task related salience: reversal > no reversal  

older adults > younger adults  

Supplementary Table S7. Activations in older > younger subjects for task-related salience with applying a “brainstem mask” and small volume image of   
                                      “LC meta mask” or “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  SNc (l) -10 -24 -13 4.34 6 0.25 0.56 27 0.19 4.34 0.07 0.54 3.75 0.001 

 
SNr (r) 4 -17 -17 3.46 6 0.65 0.83 3 0.68 3.46 0.36 0.78 3.12 0.001 

 
red Ncl (r) 8 -19 -10 3.44 6 0.08 0.34 60 0.06 3.44 0.36 0.78 3.12 0.001 

 
VDC (r) 4 -14 -7 3.02 6 0.72 0.83 1 0.83 3.02 0.64 0.80 2.78 0.003 

 
red Ncl (r) 5 -16 -12 2.85 6 0.72 0.83 1 0.83 2.85 0.74 0.88 2.64 0.004 

 
SNc (l) -10 -19 -13 2.85 6 0.65 0.83 3 0.68 2.85 0.74 0.88 2.64 0.004 

 p < 0.003 SNc (l) -10 -24 -13 4.34 8 0.21 0.80 18 0.22 4.34 0.07 0.65 3.75 < 0.001 

 
SNr (r) 4 -17 -17 3.46 8 0.50 0.80 3 0.63 3.46 0.36 0.94 3.12 < 0.001 

 
red Ncl. (r) 8 -19 -10 3.44 8 0.32 0.80 10 0.36 3.44 0.36 0.94 3.11 < 0.001 

 
SNr (r) 10 -22 -12 3.43 8 0.32 0.80 10 0.36 3.43 0.37 0.94 3.10 < 0.001 

 
SNr (r) 9 -18 -12 3.31 8 0.38 0.80 7 0.45 3.32 0.44 0.94 3.01 0.001 

 
red Ncl. (r) 5 -18 -10 3.14 8 0.53 0.80 2 0.71 3.14 0.55 0.94 2.87 0.002 

 
VDC (r) 4 -14 -7 3.02 8 0.58 0.80 1 0.80 3.02 0.64 0.96 2.78 0.003 

 
SNr (r) 11 -16 -14 3.00 8 0.58 0.80 1 0.80 3.00 0.64 0.96 2.77 0.003 

 

 

Supplementary Table S8. Activations in younger subjects for task-related salience with applying a “brainstem mask” and small volume image of   
                                      “LC meta mask” or “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 

 

(2) task related salience: reversal > no reversal  younger adults  
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  LC (r) 5 -38 -25 3.64 1 0.07 0.53 5 0.53 3.64 0.03 0.21 3.17 < 0.001 

p < 0.003 LC (r) 5 -38 -25 3.64 1 0.05 0.59 3 0.59 3.64 0.03 0.31 3.17 < 0.001 

 

 
            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  LC (r) 5 -38 -25 3.42 1 0.08 0.67 3 0.67 3.42 0.02 0.17 3.22 < 0.001 

p < 0.003 LC (r) 5 -38 -25 3.42 1 0.05 0.70 2 0.70 3.42 0.02 0.26 3.22 < 0.001 

 

 

 
 

 

(3) memory performance: remembered > not remembered  
older adults 

older > younger adults 

Supplementary Table S9. Activations in older subjects for memory performance with applying a “brainstem mask” and small volume image of   
                                                  “LC meta mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 

 

Supplementary Table S10. Activations in older > younger subjects for memory performance with applying a “brainstem mask” and small volume image of   
                                      “LC meta mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  SNr (l) -11 -23 -17 3.23 2 0.74 0.82 1 0.82 3.23 0.51 0.66 2.95 0.002 
 

SNr (l) -12 -24 -15 3.01 2 0.66 0.82 3 0.67 3.01 0.65 0.66 2.77 0.003 

p < 0.003 SNr (l) -11 -23 -17 3.23 2 0.59 0.80 1 0.80 3.23 0.51 0.95 2.95 0.002 

 
SNr (l) -12 -24 -15 3.01 2 0.59 0.80 1 0.80 3.01 0.65 0.95 2.77 0.003 

 

 
            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  SNc (r) 9 -26 -16 3.00 4 0.55 0.83 7 0.50 3.00 0.56 0.82 2.86 0.002 
 

red Ncl. (l) -6 -24 -12 2.92 4 0.69 0.83 2 0.74 2.92 0.63 0.82 2.79 0.003 
 

VTA (l) -3 -24 -19 2.90 4 0.73 0.83 1 0.83 2.90 0.64 0.82 2.77 0.003 
 

SNr (l) -11 -23 -17 2.79 4 0.73 0.83 1 0.83 2.79 0.73 0.82 2.67 0.004 

p < 0.003 SNc (r) 9 -26 -16 3.00 3 0.50 0.80 3 0.63 3.00 0.56 0.95 2.86 0.002 

 
red Ncl. (l) -6 -24 -12 2.92 3 0.58 0.80 1 0.80 2.92 0.63 0.95 2.79 0.003 

 
VTA (l) -3 -24 -19 2.90 3 0.58 0.80 1 0.80 2.90 0.64 0.95 2.77 0.003 

 

 

 

(3) memory performance: remembered > not remembered  younger adults 

younger > older adults 

Supplementary Table S11. Activations in younger subjects for memory performance with applying a “brainstem mask” and small volume image of   
                                                   “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 

 

Supplementary Table S12. Activations in younger > older subjects for memory performance with applying a “brainstem mask” and small volume image of   
                                                  “LC meta mask” or “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  LC (r) 5 -38 -24 4.38 1 0.07 0.59 4 0.59 4.38 0.01 0.04 3.65 < 0.001 

p < 0.003 LC (r) 5 -38 -24 4.38 1 0.06 0.67 2 0.67 4.38 0.01 0.07 3.65 < 0.001 

 

 
            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  LC (r) 5 -38 -24 3.46 1 0.09 0.74 2 0.74 3.46 0.02 0.15 3.25 < 0.001 

p < 0.003 LC (r) 5 -38 -24 3.46 1 0.05 0.70 2 0.70 3.46 0.02 0.23 3.25 < 0.001 

 

 

 

 

 

(4) emotional memory performance: remembered before loss > not remembered before loss  older adults 

older > younger adults 

Supplementary Table S13. Activations in older subjects for emotional memory performance with applying a “brainstem mask” and small volume image of   
                                      “LC meta mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 

 

Supplementary Table S14. Activations in older > younger subjects for emotional memory performance with applying a “brainstem mask” and small volume   
                                                 image “LC meta mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  SNr (l) -7 -24 -11 3.86 6 0.53 0.73 8 0.45 3.86 0.19 0.54 3.42 < 0.001 
 

SNc (l) -11 -23 -17 3.44 6 0.70 0.73 2 0.73 3.44 0.39 0.54 3.12 < 0.001 
 

VTA (l) -4 -22 -16 3.28 6 0.67 0.73 3 0.66 3.28 0.49 0.54 2.98 0.001 
 

red Ncl. (r) 5 -20 -11 3.26 6 0.55 0.73 7 0.48 3.26 0.50 0.54 2.97 0.001 
 

SNc (r) 10 -25 -15 3.22 6 0.63 0.73 4 0.60 3.22 0.53 0.54 2.93 0.003 
 

red Ncl. (l) -2 -21 -12 3.12 6 0.60 0.73 5 0.55 3.12 0.60 0.54 2.86 0.002 

p < 0.003 SNr (l) -7 -24 -11 3.86 6 0.44 0.79 5 0.50 3.86 0.19 0.78 3.42 < 0.001 

 
SNc (l) -11 -23 -17 3.44 6 0.55 0.79 2 0.69 3.44 0.39 0.78 3.12 0.001 

 
VTA (l) -4 -22 -16 3.28 6 0.55 0.79 2 0.69 3.28 0.49 0.78 2.98 0.001 

 
red Ncl. (r) 5 -20 -11 3.26 6 0.47 0.79 4 0.55 3.26 0.50 0.78 2.97 0.001 

 
SNc (r) 10 -25 -15 3.22 6 0.47 0.79 4 0.55 3.22 0.53 0.78 2.93 0.002 

 
red Ncl. (l) -2 -21 -12 3.12 6 0.60 0.79 1 0.79 3.12 0.60 0.78 2.89 0.002 

 

 

 

 

(4) emotional memory performance: remembered before loss > not remembered before loss  younger  

Supplementary Table S15. Activations in younger subjects for emotional memory performance with applying a “brainstem mask” and small volume image  
                                       of “LC meta mask” or “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p 
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  red Ncl. (l) -4 -24 -12 2.96 3 0.69 0.82 2 0.74 2.96 0.60 0.91 2.82 0.002 
 

VDC (l) -11 -24 -17 2.81 3 0.73 0.82 1 0.82 2.81 0.72 0.91 2.69 0.004 
 

SNr (l) -10 -23 -18 2.73 3 0.73 0.82 1 0.82 2.73 0.77 0.91 2.62 0.004 

p < 0.003 red Ncl (l) -4 -24 -12 2.96 1 0.59 0.80 1 0.80 2.96 0.60 0.84 2.82 0.002 

 

 

 

 

 

 

(4) emotional memory performance: remembered before loss > not remembered before loss  

younger > older adults 

Supplementary Table S16. Activations in younger > older subjects for emotional memory performance with applying a “brainstem mask“ and small volume image “LC meta mask” or  
                                         “SNredVTA mask” cluster threshold p < 0.005 and p < 0.003 with no adjusted FDRc. 
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older adults 

            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p  
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  MTG (r) 57 -35 -3 7.74 10 0 < 0.001 4935 < 0.001 7.74 0.03 0.19 5.27 < 0.001 

  LiG (r) 17 -49 -2 6.62 10 < 0.001 < 0.001 481 < 0.001 6.62 0.28 0.23 4.81 < 0.001 

  FuG (r) 39 -39 -23 6.37 10 < 0.001 < 0.001 2869 < 0.001 6.37 0.40 0.23 4.70 < 0.001 

 
WM 28 -62 -12 5.38 10 0.05 0.02 259 < 0.001 5.38 0.95 0.47 4.22 < 0.001 

 
CBM -29 -62 -25 5.24 10 0.016 0.03 199 0.001 5.24 0.98 0.51 4.15 < 0.001 

 ITG (l) -43 -61 -5 5.08 10 0.19 0.04 199 0.001 5.08 0.99 0.59 4.06 < 0.001 

 MTG (l) -50 -34 -1 4.79 10 < 0.001 < 0.001 1451 < 0.001 4.79 0.99 0.64 3.90 < 0.001 

 
CAL (l) -15 -70 5 4.60 10 0.01 0.004 325 < 0.001 4.60 0.99 0.65 3.78 < 0.001 

 WM 11 -82 10 4.36 10 < 0.001 < 0.001 527 < 0.001 4.36 1 0.68 3.64 < 0.001 

  CAL (l) -7 -87 5 4.12 10 0.17 0.04 196 0.001 4.12 1 0.70 3.49 < 0.001 

 

 

 

 

2.6 cortical activations  
(1) emotional salience: loss feedback > gain feedback  

Supplementary Table S17. Activations in older subjects for emotional salience with applying a “grey matter mask”, cluster threshold p < 0.005 with adjusted 
                                                  FDRc = 173. 
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p  
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  CBM 20 -46 -25 4.99 3 0.07 0.04 272 < 0.001 4.99 0.51 0.92 4.46 < 0.001 

  MTG (l) -61 -42 -1 4.54 3 0.001 0.004 531 < 0.001 4.54 0.91 0.92 4.12 < 0.001 

 MTG (r) 62 -12 -14 4.29 3 0.004 0.04 433 < 0.001 4.29 0.99 0.92 3.93 < 0.001 

p < 0.05 HPC (l) -30 -22 -17 3.94 31 0.008 0.007 1568 < 0.001 3.94 0.47 0.56 3.65 < 0.001 

 

 

 
            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p  
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  CAL (l) -7 -71 8 6.93 3 < 0.001 < 0.001 1752 < 0.001 6.93 0.04 0.05 5.21 < 0.001 

  MTG (r) 50 -31 -3 5.32 3 < 0.001 < 0.001 1271 < 0.001 5.32 0.76 0.27 4.36 < 0.001 

 CAL (r) 7 -65 8 5.23 3 < 0.001 < 0.001 1311 < 0.001 5.23 0.82 0.27 4.31 < 0.001 

 

 

(1) emotional salience: loss feedback > gain feedback  

older adults > younger adults 

younger adults 

Supplementary Table S19. Activations in younger subjects for emotional salience with applying a “grey matter mask”, cluster threshold p < 0.005 with adjusted  
                                                 FDRc = 422. 

 

Supplementary Table S18. Activations in older > younger subjects for emotional salience with applying a “grey matter mask”, cluster threshold p < 0.005 with  
                                                 adjusted FDRc = 253; with applying a “hippocampus amygdala mask”, cluster threshold p < 0.05 no adjusted FDRc. 
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p  
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  MTG (r) 68 -39 0 8.14 5 0 < 0.001 3894 < 0.001 8.14 0.01 0.07 5.41 < 0.001 

  PCUN (r) 21 -54 5 6.59 5 0.0002 < 0.001 512 0.31 6.59 0.31 0.32 4.80 < 0.001 

  unknown -61 -63 -10 5.85 5 0.07 0.04 222 0.75 5.85 0.75 0.70 4.56 < 0.001 
 

MTG (l) -68 -35 -1 5.70 5 0.003 0.001 373 0.83 5.70 0.83 0.70 4.38 < 0.001 

  CAL (l) -9 -80 13 4.74 5 < 0.001 < 0.001 559 0.99 4.74 1 0.70 3.87 < 0.001 

 

 
            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p  
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

 p < 0.005  PCUN (l) -7 -62 14 4.44 1 < 0.001 < 0.001 739 < 0.001 4.96 0.55 0.93 4.44 < 0.001 

 

 

(2) task related salience: reversal > no reversal  

older adults 

older adults > younger adults 

Supplementary Table S21. Activations in older > younger subjects for task related salience with applying a “grey matter mask”, cluster threshold p < 0.005 with 
                                                 adjusted FDRc = 724. 

 

Supplementary Table S20. Activations in older subjects for task related salience with applying a “grey matter mask”, cluster threshold p < 0.005 with adjusted            
                                                  FDRc = 181. 
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            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p  
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

p < 0.005  STG (r) 49 -22 -8 6.61 4 < 0.001 < 0.001 4252 < 0.001 6.61 0.09 0.13 5.05 < 0.001 

  STG (l) -53 -33 1 5.54 4 < 0.001 < 0.001 2073 < 0.001 5.54 0.60 0.20 4.50 < 0.001 

  MTG (l) -59 -30 -15 5.28 4 0.04 0.02 301 < 0.001 5.28 0.80 0.22 4.34 < 0.001 

  EC (l) -27 -3 -40 4.58 4 0.15 0.05 225 < 0.001 4.58 1 0.35 3.91 < 0.001 

 

 

 

 
            cluster         peak         
 

region x  
(mm) 

y 
(mm) 

z  
(mm) 

Z 
(max.) 

C p  
(FWE corr.) 

p  
(FDR corr.) 

K 
(equiv.) 

p  
(unc.) 

T p  
(FWE corr.) 

p  
(FDR corr.) 

Z 
(equiv.) 

p  
(unc.) 

 p < 0.005  LiG (l)  -20 -71 -14 3.93 1 0.009 0.01 358 < 0.001 3.93 0.99 0.92 3.64 < 0.001 

 

 

(2) task related salience: reversal > no reversal  
younger adults 

(4) emotional memory performance: remembered before loss > not remembered before loss  

older adults > younger adults 

Supplementary Table S23. Activations in older > younger subjects for emotional memory performance with applying a “grey matter mask”,  
                                                        cluster threshold p < 0.005 with adjusted FDRc = 289. 

 

Supplementary Table S22. Activations in younger subjects for task related salience with applying a “grey matter mask”, cluster threshold p < 0.005 with adjusted 
                                                 FDRc = 195. 
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2.7 Correlation matrices for (1) emotional salience, (2) task-related salience, (3) memory   

performance, (4) emotional memory performance 
 

   Supplementary Figure S7. Spearman´s    
   rank correlation matrix for emotional   
   salience in older adults displays the strength of     

the relationship (red to blue) of correlation 
coefficients for significant averaged LC 
activation with voxel-cut off of 0.005, averaged 
MTG activation, LC integrity and memory 
performance as hit-FA rate before loss feedback 
and the difference in hit-FA rate from loss 
feedback before vs. after trials. The ellipsis 
indicates the direction of the correlation, the 
number the strength of the correlation, and the 
red rectangle significant correlations. 
Correlations were outlier corrected (based on LC 
activation) and adjusted with Bonferroni 
corrections for multiple      comparisons.  
Increased LC integrity led to better memory 
performance (r (18) = 0.59, p = 0.004). Removed 
outliers: ID 1 & 3. 

 

 

 

 

 

  Supplementary Figure S8. Spearman´s   
  rank correlation for task-related   
  salience in older adults displays the strength    
  of the relationship (red to blue) of correlation  

coefficients for significant averaged LC 
activation and SNr activation with voxel-cut off 
of 0.005, averaged MTG and PCUN activation, 
LC integrity and memory performance as the 
difference in hit-FA rate from reversals before vs. 
after three trials for immediate and delayed 
recognition. The ellipsis indicates the   direction 
of the correlation, the number the strength of the 
correlation, and the red rectangle significant 
correlations. Correlations were outlier corrected 
(based on LC activation) and adjusted with 
Bonferroni corrections for multiple comparisons. 
Increased MTG activation led to better memory 
performance (r (16) = 0.62, p = 0.009). Removed 
outliers: ID 1, 3, 19, 21. 

 

 

 

 
(2) task-related salience: 

correlation matrix 
 

 
(1) emotional salience: 

correlation matrix 
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   Supplementary Figure S9. Spearman´s    
    rank correlation for memory    
   performance in older adults displays    
   the strength of the relationship (red to blue) of  
   correlation coefficients for significant LC 

activation with voxel-cut off of 0.005, LC 
integrity and memory performance as hit-FA 
rate of mean of loss vs. gain feedback and the 
difference in hit-FA rate from loss vs gain 
feedback before vs. after trials. The ellipsis 
indicates the direction of the correlation, the 
number the strength of the correlation, and the 
red rectangle significant correlations. 
Correlations were outlier corrected (based on 
LC activation) and adjusted with                
Bonferroni corrections for multiple  
comparisons. Higher LC integrity was 
associated with better memory performance (r 
(19) = 0.40, p = 0.03). Removed outliers: ID 3. 

 

 

 

 

 

 

  Supplementary Figure S10. Spearman´s     
   rank correlation for emotional memory    
  performance in older adults displays the   

 strength of the relationship (red to blue)  
 of correlation coefficients for significant  
 LC activation with voxel-cut off of  
 0.005, LC integrity and memory   
 performance as hit-FA rate after loss  
 feedback and the difference in hit-FA  
 rate from loss feedback before vs. after  
 trials. The ellipsis indicates the direction  
 of the correlation, the number the  
 strength of the correlation, and the red rectangle    
 significant correlations.  Correlations were        
outlier corrected (based on LC activation) and  
 adjusted with Bonferroni corrections for  
 multiple comparisons. However, increased LC  
 integrity and better memory  
 performance based on the outlier correction of              
 LC activation during emotional memory                
performance should not be interpreted in contrast 
to emotional salience, as outlier were corrected 
based on LC activation and not LC integrity.  
Removed outliers: ID 9 & 14.  

 

 
(3) memory performance: 

correlation matrix 
 

 
(4) emotional memory performance: 

correlation matrix 
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Supplementary Information to chapter 3  

Short bursts of transcutaneous auricular vagus nerve stimulation  
(taVNS) study 

 

3. Extended Methods 

3.1 Determination of sample size        

 A study with sixteen healthy younger adults were able to show combined behavioral and 

electrophy1siological evidence for GABAergic neuromodulation by taVNS with an effect size of η2 = 

0.271; F(1,15) = 5.57, p =.032 (Keute et al., 2018). Based on our a-prior calculation in G*Power to 

determine the number of subjects, we used a medium effect size (0.25, based on Cohen´s guidelines) 

and set a conventional alpha level of 0.05 and power of 0.80 to ensure a high probability of detecting 

true effects, leading to a sample size of N = 24 subjects. 

 

3.2 Number of Subjects 

Supplementary Figure S11. Twenty-four subjects participated in the study, of which 50% female 
(ochre) and 50% male (blue) and of which 25% sporty vs. 25% non-sporty respectively, based on a prior 
established criterion (sporty = more than 3 times a week sport in the last 4 weeks; non-sporty = less than 
2 times a week sport in the last 4 weeks). It was predetermined that subjects would receive 3 mA as the 
highest and 1.5 mA as the lowest intensity if they did not reach 5 mA as the highest intensity, which was 
the case for 7 of the 24 subjects. 
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3.3 Overview of number of stimuli for emotional memory task 

Number of stimuli for the emotional memory task 

  encoding 
real stim.  

on 

encoding 
real stim.  

off 

encoding 
sham stim. 

on 

encoding 
sham stim. 

off 

recog. 
early 

recog. 
delay 

neutral indoor   (72) 12 6 12 6 18 18 

 outdoor (72) 12 6 12 6 18 18 

negative indoor   (72) 12 6 12 6 18 18 

 outdoor (72) 12 6 12 6 18 18 

Supplementary Table S24. The stimuli for the emotional memory task consisted of 288 indoor and 
outdoor images representing emotionally negative or neutral events to allow for categorization of indoor 
and outdoor stimuli as a cover task while assessing effects of emotional stimulus materials (neutral 
indoor (72), neutral outdoor (72), emotional indoor (72), emotional outdoor (72)). Stimulus conditions 
were furthermore balanced with respect to stimulation conditions and early and delayed recognition. 
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3.4 Subjective higher perception of sensation (VAS) in response to stimulation during resting-state 

task 

Perception of sensations (VAS) at low vs. high frequency and intensity for real and sham 
stimulation during resting-state task 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S12. Perception of sensations (VAS) (N =24) for a) Stimulation (real: turquoise; 
sham: ochre) × Frequency (F(1,20) = 4.06, p = 0.06), b) Stimulation (real: turquoise; sham: ochre) × 
Intensity (F(1,20) = 0.20, p = 0.66), c) Stimulation × Sensitivity (not sensitive (0): ochre; sensitive (1): 
turquoise) (F(1,20) = 4.86, p = 0.04) and d) Sensitivity (not sensitive (0): ochre; sensitive (1): turquoise) 
× Frequency (F(1,20) = 3.61, p = 0.07). The box outlined in red indicate significant interaction effect.  
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3.5 Relationship between subjective perception of sensations (VAS) of stimulation and pupil 

dilation across subjects for the emotional memory task and resting-state task 

To further investigate the potential effects of VAS ratings on pupil dilation across subjects, VAS 

rating after each stimulation session and corresponding pupil dilation (averaged per subject across all 

trials within a stimulation condition) were correlated. For the emotional memory task, there were no 

correlations between VAS ratings and pupil dilation considering outlier correction neither for real 

stimulation (r = 0.21, p = 0.36), nor for sham stimulation (r = -0.1, 0 = 0.70). 

Supplementary Figure S13. Relationship between perception of sensations (VAS ratings) due to 
stimulation and pupil dilation during the emotional memory task for real stimulation (left: dark 
turquoise) and (right: sham stimulation (dark ochre). For each correlation (b), a regression line (black) 
and a confidence interval (shadowed area) are given. Additionally, outliers (thicker red dots) were 
identified based on interquartile range and a corresponding regression line (black). There were no 
correlations between VAS and pupil dilation neither for real stimulation (r = 0.21, p = 0.36), nor for 
sham stimulation (r = -0.1, 0 = 0.70). 

 

For the resting-state task (see Supplementary Figure S14), correlations between VAS ratings and 

pupil dilation considering outlier correction (were found for a) real stimulation: low intensity & low 

frequency (r = 0.43, p = 0.04), f) sham stimulation: high intensity and low frequency (r = 0.52, p = 0.01) 

as well as g) sham stimulation: low intensity & high frequency (r = - 0.45, p = 0.04). However, there 

were no correlation between VAS and pupil dilation for b) real stimulation: high intensity & low 

frequency (r = 0.24, p = 0.27), c) real stimulation: low intensity & high frequency (r = -0.11, p = 0.62), 

d) real stimulation: high intensity & high frequency (r = 0.31, p = 0.14),  e) sham stimulation: low 
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intensity & low frequency (r = 0.19, p = 0.37), h) sham stimulation: high intensity & high frequency (r 

= -0.45, p = 0.04). Thus, while higher mean pupil dilation was not consistently associated with higher 

VAS ratings across all subjects, three instances of significant associations between pupil dilation and 

VAS (two positive, one negative) were observed, suggesting that interindividual differences in 

subjective perceptions of stimulation also add variance to pupil dilation of stimulation effects. 

 

Relationship between perception of sensations (VAS) due to stimulation  
and pupil dilation across subjects for resting-state task 

  R p-value CI  

    lower upper 

Real (R)      

 a) R: low mA low Hz 0.43 p = 0.04 0.03 0.71 

 b) R: high mA low Hz* 0.01 p = 0.95        - 0.41 0.43 

 c) R: low mA high Hz*   - 0.11 p = 0.62        - 0.51 0.33 

 d) R: high mA high Hz 0.31 p = 0.14        - 0.11 0.63 

Sham (S)      

 e) S: low mA low Hz 0.19 p = 0.37        - 0.23 0.55 

 f) S: high mA low Hz* 0.52 p = 0.01 0.14 0.77 

 g) S: low mA high Hz*   - 0.45 p = 0.04        - 0.74        - 0.02 

 h) S: high mA high Hz 0.27 p = 0.20        - 0.15 0.61 

Supplementary Table S25. Overview of correlations between VAS rating after real (a-d) and sham 
stimulation (e-h). In addition to the significance (p-value), the confidence intervals (CI) are given for 
better evaluation and comparability of the different correlation effects. All correlations were adjusted 
for outliers (1.5 × IQR); however, this adjustment occurred only for correlations marked with an asterisk. 
Significant correlations are bold.  
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 Supplementary Figure S14. Relationship between perception of sensations (VAS) due to stimulation and pupil dilation during resting-state task, for (a-d) real stimulation (dark turquoise) 

and (e-h) sham stimulation (ochre). After each of the following sessions, a) real: low intensity & low frequency, b) real: high intensity & low frequency, c) real: low intensity & high 
frequency, d) real: high intensity & high frequency, e) sham: low intensity & low frequency, f) sham: high intensity & low frequency, g) sham: low intensity & high frequency, h) sham: 
high intensity & high frequency, VAS scores were recorded. For each correlation (a-h), a regression line (black) and a confidence interval (shadowed area) are given. Additionally, outliers 
(thicker red dots) were identified based on interquartile range and a corresponding regression line (red). 

 

175 

Relationship between perception of sensations (VAS rating) due to stimulation 
and pupil dilation during resting-state task 
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3.6 State of health  

The state of health queried in each case after stimulation to control for potential side effects are 

shown in Supplementary Table S26 & S27. The following items were asked: (1) headache, (2) nausea, 

(3) tiredness, (4) dizziness, (5) tingling sensation at the previously stimulated area, (6) feeling of heat at 

the previously stimulated area, (7) reddening of the skin at the previously stimulated area, (8) skin 

irritation at the previously stimulated site, (9) impaired concentration, (10) itching at the previously 

stimulated area. Subjects indicated on a 4-point scale (0: not at all – 3: strong) to what extent they 

perceived potential side effects.   

 

Query of the state of health after the real and sham stimulation 

during emotional memory task 

 

 

 

 

 

 

 

 

Supplementary Table S26. Query of the state of health (item 1-10) after real and sham stimulation. The 
mean value of the respective items (scale 0-3) across all subjects (N=24) for real and sham stimulation 
is shown. No side effects occurred and the reported sensations did not differ between real (M = 0.20, 
SD = 0.04) and sham (M = 0.19, SD = 0.04) stimulation, F(1,9) = 0.06, p = 0.81. 

 

 

 

 

 

 

 

 

 

 

Item Real 
Stimulation 

 Sham 
Stimulation 

 

 Mean SD Mean SD 
1 0.08 0.06 0.04 0.04 
2 0.04 0.04 0 0 
3 0.67 0.13 0.83 0.16 
4 0.04 0.04 0.04 0.04 
5 0.38 0.12 0.29 0.1 
6 0.21 0.09 0.21 0.09 
7 0 0 0 0 
8 0 0 0 0 
9 0.50 0.12 0.50 0.14 
10 0.04 0.04 0 0 
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Query of the state of health after the real and sham stimulation 

during resting-state task 

  Real Stimulation     Sham Stimulation     
  low Hz   high Hz   low Hz   high Hz  

Item low mA high mA low mA high mA low mA high mA low mA high mA 

1 0.04 / 0.04 0.08 / 0.06 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 
2 0.04 / 0.04 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 
3 1.17 / 0.18 1.25 / 0.25 1.13 / 0.23 1.38 / 2.24 1 / 0.22 0.96 / 0.22 0.83 / 0.19 1.13 / 0.23 
4 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0.04 / 0.42 0 / 0 0 / 0 
5 0.04 / 0.04 0.17 / 0.13 0.04 / 0.04 0.13 / 0.07 0 / 0 0.04 / 0.42 0 / 0 0.04 / 0.04 
6 0 / 0 0.08 / 0.06 0.04 / 0.04 0.08 / 0.06 0 / 0 0.04 / 0.42 0 / 0 0.08 / 0.06 
7 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 
8 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 
9 0.58 / 0.13 0.67 / 0.20 0.67 / 0.17 0.67 / 0.21 0.46 / 0.16 0.58 / 0.18 0.46 / 0.16 0.58 / 0.18 
10 0 / 0 0 / 0 0 / 0 0 / 0 0.04 / 0.04 0.04 / 0.04 0 / 0 0 / 0 

Supplementary Table S27. Query of the state of health (item 1-10) after real and sham stimulation. The 
mean value and standard deviation of the respective items (scale 0-3) across all subjects (N = 24) for 
low vs. high frequency at given low vs. high intensity for real and sham stimulation are shown. No side 
effects occurred and the slightly higher score on item 3 (tiredness) is not due to the stimulation itself, 
but to the total duration of the experiment ( > 8h one day measurement). 
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3.7 No differences in pupil dilation in the off-stimulation condition for the emotional-memory task 

To rule out any significant differences in the off-stimulation condition, a first model 

considered all levels of “stimulation” [real on stimulation (1) vs. real off stimulation (2) vs. sham on 

stimulation (3) vs. sham off stimulation (4)] and the differences in “valence” [negative (1) vs. neutral 

(0)]: pupil dilation ~ trials + stimulation + valence + (1|ID).     

 There was no significant difference between real off stimulation (M±SD: 0.23±0.12) and sham 

off stimulation (M±SD: 0.16±0.12); ß = 0.07 (SE = 0.07; t-value = 0.92, p = 1), while the model 

suggested that the pupil dilation was increased during real on stimulation (M±SD: 0.52±0.12) as 

compared to real off stimulation (M±SD: 0.23±0.12); ß = 0.30 (SE = 0.07; t-value = 4.5, p < 0.0001) 

and during sham on stimulation (M±SD: 0.47±0.12) as compared to sham off stimulation (M±SD: 

0.16±0.12); ß = 0.31 (SE = 0.06; t-value = 4.91, p < 0.0001); stimulation: χ2 = 46.21, p < 0.001. 

Therefore, the off-stimulation conditions were combined for further analysis to investigate the effects of 

taVNS on pupil dilation. 

3.8 Excluded trials for resting-state task       

 Variations in trial numbers per condition were observed following artifact correction. 

Specifically, sham stimulation (M ± SD: 58.5 ± 1.07) had more trials compared to real stimulation (M 

± SD: 53.8 ± 1.91), F (1,23) = 15.89, p < 0.001; high frequency stimulation (M ± SD: 57.8 ± 1.27) had 

more trials than low frequency stimulation (M ± SD: 54.5 ± 1.65), F (1,23) = 24.33, p < 0.001 and high 

intensity stimulation (M ± SD: 57.2 ± 1.32) had more trials than low intensity stimulation (M ± SD: 55.0 

± 1.56), F (1,23) = 29.98, p < 0.001. Likewise, there was a significant interaction between stimulation 

condition and frequency (F (1,23) = 24.87, p < 0.001) (high frequency during real stimulation (M ± SD: 

56.8 ± 1.63) vs. low frequency during real stimulation (M ± SD: 50.8 ± 2.31), t(23) = 5.15, p = 0.0002; 

low frequency during real stimulation (M ± SD: 50.8 ± 2.31) vs. low frequency during sham stimulation 

(M ± SD: 58.2 ± 1.15), t(23) = - 4.74, p = 0.0005). There was also a significant interaction between 

stimulation condition and intensity (F (1,23) = 31.13, p < 0.001) (high intensity during real stimulation 

(M ± SD: 55.9 ± 1.67) vs. low intensity during real stimulation (M ± SD:  51.6 ± 2.19), t(23) = 5.54, p 

= 0.0001; low intensity during real stimulation (M ± SD: 51.6 ± 2.19) vs. low intensity during sham 

stimulation (M ± SD: 58.4 ± 1.08), t(23) = - 4.5, p = 0.0009). Moreover there was a significant 

interaction between intensity and frequency (F (1,23) = 30, p < 0.001) (low intensity and high frequency 

(M ± SD: 57.8 ± 1.27) vs. low intensity low frequency (M ± SD: 52.3 ± 1.94), t(23) = 5.19, p = 0.0002; 

high intensity and low frequency (M ± SD: 56.6 ± 1.40) vs. low intensity and low frequency (M ± SD: 

52.3 ± 1.94), t(23) = 5.48, p = 0.0001). Finally, there was a significant three-way-interaction between 

stimulation condition, frequency and intensity (F (1,23) = 31.13, p < 0.001). 
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3.9 Distinct models and Comparison of multiple statistical models of the emotional-memory task 

Distinct models of the emotional memory task 

Models: 
m0: Pupil ~ (1 | ID) 
m1: Pupil ~ trials + (1|ID) 
m2: Pupil ~ trials + stimulation + (1|ID) 
m3: Pupil ~ trials + stimulation + valence + (1|ID) 
m4: Pupil ~ trials + stimulation × valence + (1|ID) 
m3_1: Pupil ~ trials + stimulation + valence + vas + (1|ID) 
m3_2: Pupil ~ trials + stimulation + valence + vas + sensitive + (1|ID) 
m3_3: Pupil ~ trials + stimulation + valence + vas + sensitive + real_first + (1|ID) 
m3_4: Pupil ~ trials + stimulation + valence + vas + sensitive + real_first + gender + (1|ID) 
m3_5: Pupil ~ trials + stimulation + valence + vas + sensitive + real_first + gender + sporty + (1|ID) 

Supplementary Table S28. Changes in pupil dilation were analyzed based on a fitted linear mixed-
effects (LMM) model by using the {lme4} package (Bates et al., 2015), following a forward model 
selection approach. Thereby, a distinct model was using the same dummy coded variables (stimulation 
[off (0) vs. real (1) vs. sham (2) stimulation], valence [negative (1) vs. neutral (0)], sensitivity [sensitive 
(1) vs. not sensitive (0)], real_first [counterbalanced: real (1) before sham (0) stimulation], sporty 
[sporty (1) vs. non-sport (0)], gender [female (1) vs. male (0)], trial number (trials) and VAS). 

 

 

Comparison of multiple statistical models of the emotional memory task 

 npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 
m0 3 10904 10923 -5449.2 10898    
m1 4 10892 10916 -5442.0 10884 14.41 1 0.000147*** 
m2 6 10851 10888 -5419.5 10839 45.02 2 1.67e-10 *** 
m3 7 10847 10890 -5416.6 10833 5.71 1 0.017 * 
m3_1 8 10844 10892 -5413.8 10828 5.75 1 0.017 * 
m3_2 9 10845 10900 -5413.7 10827 0.15 1 0.70 
m3_3 10 10839 10900 -5409.7 10819 8.01 1 0.005 ** 
m3_4 11 10839 10906 -5408.6 10817 2.08 1 0.15 
m3_5 12 10838 10911 -5406.9 10814 3.39 1 0.07 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

Supplementary Table S29. Comparison of multiple statistical models: The overview shows npar, 
which represents the number of parameters in each model, AIC (Akaike Information Criterion), BIC 
(Bayesian Information Criterion), logLik (Log-Likelihood), deviance which was used to assess the 
goodness of fit of a model, Chisq (Chi-Square),which represents the difference in deviance between the 
current model and the previous one, Df (Degrees of Freedom), which represents the degrees of freedom 
associated with the Chi-Square test and Pr(>Chisq) which represents p-values associated with the Chi-
Square test. Model m3_3 (red) was the best fitting model. 
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3.10 Distinct models and Comparison of multiple statistical models of the resting-state task 

Distinct models of the resting-state task 

Models: 
m0: Pupil ~ (1 | ID) 

m1: Pupil ~ trials + (1|ID) 

m2: Pupil ~ trials + stimulation + (1|ID) 

m3: Pupil ~ trials + stimulation + freq + (1|ID) 

m4: Pupil ~ trials + stimulation + freq + int + (1|ID) 

m5: Pupil ~ trials + stimulation × freq + int + (1|ID) 

m6: Pupil ~ trials + stimulation × freq + stimulation × int + (1|ID) 

m7: Pupil ~ trials + stimulation × freq + stimulation × int + int × freq + (1|ID) 

m4_1: Pupil ~ trials + stimulation + freq + int + vas + (1|ID) 

m4_2: Pupil ~ trials + stimulation + freq + int + vas + sensitive + (1|ID) 

m4_3: Pupil ~ trials + stimulation + freq + int + vas + sensitive + real_first + (1|ID) 

m4_4: Pupil ~ trials + stimulation + freq + int + vas + sensitive + real_first + position + (1|ID) 

m4_5: Pupil ~ trials + stimulation + freq + int + vas + sensitive + real_first + position + gender + (1|ID) 
m4_6: Pupil ~ trials + stimulation + freq + int + vas + sensitive + real_first + position + gender + sporty + (1|ID) 

Supplementary Table S30. Changes in pupil dilation were analyzed based on a fitted linear mixed-
effects (LMM) model by using the {lme4} package (Bates et al., 2015), following a forward model 
selection approach. Thereby, a distinct model was fitted for each time window (I-III) using the same 
dummy coded variables (stimulation [real (1) vs. sham (0)], frequency [high (1) vs. low (0)] (freq), 
intensity [high (1) vs. low (0)](int), trial number (trials), sensitivity [sensitive (1) vs. not sensitive (0)], 
real_first [counterbalanced: real (1) before sham (0) stimulation], position (four different stimulation 
combination possibilities), sporty [sporty (1) vs. non-sport (0)], gender [female (1) vs. male (0)] and 
VAS). 

 

 

 

 

 

 

 

 

 

 

 

 



DISSERTATION | MAREIKE LUDWIG   
 

181 

Comparison of multiple statistical models for (I) – 3 sec during on stimulation  

of the resting-state task 

 npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 
m0 3 29526 29548 -14760 29520    
m1 4 29527 29556 -14759 29519 1.28 1 0.26 
m2 5 29512 29549 -14751 29502 16.42 1 5.09e-05 *** 
m3 6 29505 29548 -14746 29493 9.62 1 0.0019 ** 
m4 7 29404 29455 -14695 29390 102.95 1 <2.2e-16 *** 
m4_1 8 29367 29425 -14675 29351 38.76 1 4.79e-10 *** 
m5 8 29405 29464 -14695 29389 0 0  
m6 9 29407 29473 -14694 29389 0.39 1 0.53 
m4_2 9 29369 29434 -14675 29351 38.31 0  
m7 10 29408 29481 -14694 29388 0 1 1 
m4_3 10 29370 29443 -14675 29350 38.42 0  
m4_4 13 29373 29468 -14674 29347 2.64 3 0.45 
m4_5 14 29375 29477 -14674 29347 0.06 1 0.81 
m4_6 15 29377 29486 -14674 29347 0.04 1 0.84 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

Supplementary Table S31. Comparison of multiple statistical models for time window (I) – 3 sec 
during on stimulation. The overview shows npar, which represents the number of parameters in each 
model, AIC (Akaike Information Criterion), BIC (Bayesian Information Criterion), logLik (Log-
Likelihood), deviance which was used to assess the goodness of fit of a model, Chisq (Chi-
Square),which represents the difference in deviance between the current model and the previous one, Df 
(Degrees of Freedom), which represents the degrees of freedom associated with the Chi-Square test and 
Pr(>Chisq) which represents p-values associated with the Chi-Square test. Model m4 (red) was the best 
fitting model and m4_7 (red) was the second-best fitting model. 
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Comparison of multiple statistical models for (II) – immediate response 

of the resting-state task 

 npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 
m0 3 37773 37795 -18884 37767    
m1 4 37775 37804 -18884 37767 0.2370 1 0.6263508 
m2 5 37763 37799 -18876 37753 142.569 1 0.0002*** 
m3 6 37762 37806 -18875 37750 23.924 1 0.1219234 
m4 7 37688 37739 -18837 37674 765.394 1 < 2.2e-16*** 
m4_1 8 37659 37717 -18822 37643 308.109 1 2.84e-08*** 
m5 8 37688 37746 -18836 37672 0.0000 0  
m6 9 37687 37752 -18834 37669 31.968 1 0.074 
m4_2 9 37661 37727 -18822 37643 255.596 0  
m7 10 37688 37761 -18834 37668 0.0000 1 1 
m4_3 10 37662 37735 -18821 37642 259.133 0  
m4_4 13 37660 37755 -18817 37634 84.556 3 0.04 
m4_5 14 37662 37764 -18817 37634 0.0560 1 0.81 
m4_6 15 37664 37773 -18817 37634 0.3817 1 0.54 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

Supplementary Table S32. Comparison of multiple statistical models for the (II) – immediate 
response. The overview shows npar, which represents the number of parameters in each model, AIC 
(Akaike Information Criterion), BIC (Bayesian Information Criterion), logLik (Log-Likelihood), 
deviance which was used to assess the goodness of fit of a model, Chisq (Chi-Square),which represents 
the difference in deviance between the current model and the previous one, Df (Degrees of Freedom), 
which represents the degrees of freedom associated with the Chi-Square test and Pr(>Chisq) which 
represents p-values associated with the Chi-Square test. Model m4 (red) was the best fitting model and 
m4_7 (red) was the second-best fitting model.  
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Comparison of multiple statistical models for (III) – delayed response 

of the resting-state task 

Supplementary Table S33. Comparison of multiple statistical models for the (III) – delayed response. 
The overview shows npar, which represents the number of parameters in each model, AIC (Akaike 
Information Criterion), BIC (Bayesian Information Criterion), logLik (Log-Likelihood), deviance which 
was used to assess the goodness of fit of a model, Chisq (Chi-Square),which represents the difference 
in deviance between the current model and the previous one, Df (Degrees of Freedom), which represents 
the degrees of freedom associated with the Chi-Square test and Pr(>Chisq) which represents p-values 
associated with the Chi-Square test. Model m4 (red) was the best fitting model and m4_7 (red) was the 
second-best fitting model. 

 

 

 

 

 

 

 

 

 

 

 

 

 npar AIC BIC logLik deviance Chisq Df Pr(>Chisq) 
m0 3 39316 39338 -19655 39310    
m1 4 39309 39339 -19651 39301 8.42 1 0.004** 
m2 5 39311 39347 -19650 39301 0.77 1 0.38 
m3 6 39311 39355 -19650 39299 1.40 1 0.24 
m4 7 39305 39356 -19646 39291 8.27 1 0.004** 
m4_1 8 39304 39362 -19644 39288 3.32 1 0.07 
m5 8 39307 39365 -19646 39291 0 0  
m6 9 39304 39369 -19643 39286 5.45 1 0.02 * 
m4_2 9 39306 39371 -19644 39288 0 0  
m7 10 39305 39378 -19643 39285 2.18 1 0.14 
m4_3 10 39308 39381 -19644 39288 0 0  
m4_4 13 39308 39403 -19641 39282 5.76 3 0.12 
m4_5 14 39309 39411 -19641 39281 0.70 1 0.40 
m4_6 15 39310 39420 -19640 39280 0.75 1 0.39 
         Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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4. Extended Results 

4.1 No differences in memory performance and HIT RTs in the off-stimulation condition

 To rule out any significant differences in the off-stimulation condition for the 

behavioral data of the emotional memory task, a first analysis considered all levels of 

“stimulation” [real on stimulation (1) vs. real off stimulation (2) vs. sham on stimulation (3) vs. 

sham off stimulation (4)]. For memory performance (hit-FA), there was no significant 

difference between real off stimulation (M ± SD: 0.72 ± 0.23) and sham off stimulation (M 

± SD: 0.75 ± 0.22), F(1,23) = 0.86, p = 0.36 (real off – sham off: ß = -0.03 (SE = 0.02; t-value 

= -1.34, p = 1). Likewise, for HIT RTs (averaged speed of correct responses to target image), 

there was no significant difference between real off stimulation (M ± SD: 0.93±0.32) and 

sham off stimulation (M ± SD: 0.94 ± 0.37), F(1,23) = 0.13, p = 0.73 (real off – sham off: ß = 

-0.01 (SE = 0.02; t-value = -0.64, p = 1). Therefore, the off-stimulation conditions were 

combined for further analyses to investigate the effects of taVNS on memory performance and 

RTs for the emotional memory task. 

4.2 No interaction between timepoint and valence for memory performance (hit-FA 

(alarm) rate) For memory performance (hit-FA (false alarm) rate) there was no interaction 

between timepoint and valence, F(1,23) = 0.27, p = 0.61 (Supplementary Figure S15).  

 

 

 

 

 

 

 

 

Supplementary Figure S15. Memory performance (hit-FA (false alarms)) is shown here aggregated at 
the subject level (N=24) using boxplots and each point represents an individual subject. There was no 
interaction between timepoint (early (left) and delay (right)) and valence (negative (green) and neutral 
(turquoise)), F(1,23) = 0.27, p = 0.61. 
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4.3 Better correct recognition (hit) for negative events and due to stimulation 

 Subjects showed higher number of hits for negative events (M ± SD: 0.73 ± 0.25) 

compared to neutral events (M ± SD: 0.66 ± 0.24), F(1,23) = 25.67, p < 0.001. Likewise, hits 

were fewer after delayed (M ± SD: 0.65 ± 0.24) as compared to early (M ± SD: 0.73 ± 0.25) 

recognition task, F(1,23) = 39.12, p < 0.001. There was a tendency for an interaction between 

timepoint and valence, F(2,46) = 4.0, p = 0.06 (Supplementary Figure S16).  

 Additionally, subjects showed higher number of hits during real (M ± SD: 0.83 ± 0.14) 

as compared to off (M ± SD: 0.41 ± 0.08) stimulation (off-real: β = -0.42 (SE = 0.01; t-value = 

-38.37, p < 0.001)) and during sham (M ± SD: 0.84 ± 0.11) as compared to off (M ± SD: 0.41 

± 0.08) stimulation (off-sham: β = -0.43 (SE = 0.02; t-value = -26.30, p < 0.001)); however 

number of hits were not higher during real as compared to sham stimulation (real-sham: β = -

0.01 (SE = 0.02; t-value = -0.54, p = 1)), F(2,46) = 509, p < 0.001. There was a significant 

ordinal interaction between stimulation and valence, F(2,46) = 6.46, p = 0.003 (Supplementary 

Figure S16d). Specifically, during real stimulation the difference between negative and neutral 

events was more pronounced than during sham stimulation (emo-neu real-sham: β = 0.07 (SE 

= 0.03; t-value = 2.64, p = 0.01)) and during off stimulation (emo-neu off-real: β = -0.08 (SE = 

0.02; t-value = -3.89, p = 0.007)). There was no interaction between valence and “off vs. sham” 

stimulation (emo-neu off-sham: β = -0.02 (SE = 0.03; t-value = -0.59, p = 0.56)). Additionally, 

there was a significant ordinal interaction between stimulation and timepoint, F(2,46) = 5.54, p 

= 0.007 (Supplementary Figure S16e), indicating that during off stimulation the difference in 

number of hits between early and delayed recognition was higher than during real stimulation 

(delay-early off-real: β = 0.1 (SE = 0.03; t-value = 3.77, p = 0.001)) and sham stimulation 

(delay-early off-sham: β = 0.07 (SE = 0.03; t-value = 2.25, p = 0.03)). However, there was no 

significant interaction between timepoint and “real vs. sham” stimulation (delay-early real-

sham: β = -0.02 (SE = 0.03; t-value = -0.70, p = 0.49)). For results on certainty ratings for 

correctly identified images see Supplementary Results 4.6.  
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Supplementary Figure S16. Correct recognition (hit) is shown here aggregated at the subject level 
(N=24) using boxplots, while each point represents an individual subject. Panel a) presents valence 
effects, showing higher number of hits for negative (green) compared to neutral (turquoise) events, 
F(1,23) = 25.67, p < 0.001. Panel b) presents the effects of stimulation, indicating higher number of hits 
for real stimulation compared to off stimulation, and sham stimulation compared to off stimulation, 
F(2,46) = 509, p < 0.001. Panel c) demonstrates higher number of hits during early (green) compared to 
delayed (turquoise) recognition tasks, F(1,23) = 39.12, p < 0.001.Panel d) shows a significant interaction 
between stimulation (off, real, and sham) and valence (negative (green) and neutral (turquoise)), F(2,46) 
= 6.46, p = 0.003. Panel e) shows a significant interaction between stimulation (off, real, and sham) and 
timepoint (early (green) and delayed (turquoise)), F(2,46) = 5.54, p = 0.007. Panel f) shows a tendency 
for an interaction between valence (negative (green) and neutral (turquoise)) and timepoint (early 
(green) and delayed (turquoise)), F(1,23) = 4.0, p = 0.06. Significant differences are indicated by 
asterisks. 
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4.4 Less false alarms (FA) during early recognition task 

Subjects showed fewer false alarms (FA) during early (M ± SD: 0.08 ± 0.02) as 

compared to delayed (M ± SD: 0.13 ± 0.04) recognition task, F(1,23) = 10.44, p = 0.004. There 

was no significant difference between negative (M ± SD: 0.11 ± 0.03) and neutral (M ± SD: 

0.10 ± 0.03) events for FA, F(1,23) = 0.07, p = 0.79. However, there was a significant ordinal 

interaction between timepoint and valence, F(1,23) = 4.18, p = 0.05 (Supplementary Figure 

S17c), indicating in FA-rate that the negative events may be more strongly influenced by timing 

(delayed vs. early) compared to the neutral events (delay-early emo-neu: β = 0.03 (SE = 0.02; 

t-value = 2.04, p = 0.05)). For results on certainty ratings for incorrect identified images (FA) 

Supplementary Results 4.6 and for certainty ratings for FA RTs see Supplementary Results 4.7. 

 

Supplementary Figure S17. False alarms (FA) are shown here aggregated at the subject level (N=24) 
using boxplots, while each point represents an individual subject. Panel a) shows no significant 
difference in FA-rate between negative (green) and neutral (turquoise) events, F(1,23) = 25.67, p < 
0.001. Panel b) shows fewer false alarms (FA) during early (green) as compared to delayed (turquoise) 
recognition task, F(1,23) = 10.44, p = 0.004. Panel c) shows a significant ordinal interaction between 
valence (negative (left) and neutral (right)) and timepoint (early (green) and delayed (turquoise)), 
F(1,23) = 4.18, p = 0.05. Significant differences are indicated by asterisks. 

 

 

 

 



DISSERTATION | MAREIKE LUDWIG   
 

188 

4.5 RTs for negative events were generally longer for new images compared to old images

 There was a significant interaction between “old vs. new” images and valence, F (1,23) 

= 6.40, p = 0.02, indicating that RTs for negative events were generally longer for new images 

compared to old images (Supplementary Figure S18). 

   Negative events elicited longer RTs for new images 

 

 

 

 

 

 

 

  
Supplementary Figure S18. Reaction times (RTs) for old and new images are shown here aggregated 
at the subject level (N=24). There was a significant interaction between new (left) vs. old (right) images 
and valence (negative (green) and neutral (turquoise), F (1,23) = 6.40, p = 0.02, indicating that RTs for 
negative events were generally longer for new images compared to old images. Significant differences 
are indicated by asterisks. 

There were no significant hit RTs difference neither between stimulation and valence, 
F (2,46) = 0.008, p = 0.99), stimulation and timepoint (F(2,46) = 0.49, p = 0.61), nor valence 
and timepoint, F (1,23) = 0.05, p = 0.82 (Supplementary Figure S19). 

Supplementary Figure S19. Averaged speed of correct responses to target image (hit RTs) is shown 
here aggregated at the subject level (N = 24) using boxplots, while each point represents an individual 
subject. Panel a) shows no significant interaction between stimulation (off, real, and sham) and valence 
(negative (green) and neutral (turquoise)), F (2,46) = 0.008, p = 0.99. Panel b) shows no significant 
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interaction between stimulation (off, real, and sham) and timepoint (early (green) and delayed 
(turquoise)), F(2,46) = 0.49, p = 0.61. Panel c) shows no significant interaction between valence 
(negative (green) and neutral (turquoise)) and timepoint (early (green) and delayed (turquoise)), F (1,23) 
= 0.05, p = 0.82.  

4.6 Results on correctly and incorrectly identified images with high and low degree of 
certainty 

For the correctly identified images (hit), for which the subjects indicated a high degree 

of certainty, correct recognition was better for negative (M ± SD: 0.66 ± 0.24) compared to 

neutral (M ± SD: 0.58 ± 0.25) events, F(1,23) = 23.81, p < 0.001. Additionally, correct 

recognition with high degree of certainty was better during early (M ± SD: 0.68 ± 0.24) as 

compared to delayed recognition (M ± SD: 0.56 ± 0.24), F(1,23) = 45.32, p < 0.001. 

Furthermore, there was better correct recognition with high degree of certainty for real (M ± 

SD: 0.74 ± 0.18) as compared to off (M ± SD: 0.37 ± 0.12) stimulation (off-real: β = -0.37 (SE 

= 0.01; t-value = -28, p < 0.001)) and for sham (M ± SD: 0.76 ± 0.19) as compared to off (M ± 

SD: 0.37 ± 0.12) stimulation (off-sham: β = -0.39 (SE = 0.02; t-value = -19.44, p < 0.001)); but 

not for real as compared to sham stimulating (real-sham: β = -0.02 (SE = 0.02; t-value = -1.29, 

p = 0.62)), F(2,46) = 311.64, p < 0.001. There was as significant interaction between stimulation 

and timepoint, F(2,46) = 5.70, p = 0.006, and a tendency for stimulation and valence, F(2,46) = 

3.06, p = 0.06, but no interaction between timepoint and valence, F(1,23) = 0.56, p = 0.46. For 

the correctly identified images (hit), for which the subjects indicated a low degree of certainty, 

correct recognition did not differ between negative (M ± SD: 0.07 ± 0.08) and neutral (M ± SD: 

0.08 ± 0.08) stimuli, F(1,23) = 0.59, p = 0.45. Furthermore, correct recognition with low degree 

of certainty was more pronounced during delayed (M ± SD: 0.09 ± 0.09) as compared to early 

recognition (M ± SD: 0.05 ± 0.07), F(1,23) = 15.92, p < 0.001. There was better correct 

recognition with low degree of certainty for real (M ± SD: 0.09 ± 0.09) as compared to off (M 

± SD: 0.04 ± 0.06) stimulation (off-real: β = -0.06 (SE = 0.01; t-value = -5.93, p < 0.001)) and 

for sham (M ± SD: 0.08 ± 0.09) as compared to off (M ± SD: 0.04 ± 0.06) stimulation (off-

sham: β = -0.03 (SE = 0.01; t-value = -3.18, p = 0.01)); but not for real as compared to off 

stimulating (real-sham: β = -0.02 (SE = 0.01; t-value = 1.70, p = 0.31)), F(2,46) = 13.55, p < 

0.001. There was no interaction between stimulation and timepoint, F(2,46) = 1.15, p = 0.33, 

stimulation and valence, F(2,46) = 1.90, p = 0.16, nor between timepoint and valence, F(1,23) 

= 0.87, p = 0.36.          

 For incorrectly identified images (FA), for which the subjects indicated a high degree 

of certainty, there was no significant effect of valence, F(1,23) = 0.05, p = 0.83 (negative M ± 

SD: 0.04 ± 0.07; neutral M ± SD: 0.09 ± 0.07) nor timepoint, F(1,23) = 1.53, p = 0.23 (early M 



DISSERTATION | MAREIKE LUDWIG   
 

190 

± SD: 0.04 ± 0.06; delay M ± SD: 0.04 ± 0.08), nor any significant interaction between valence 

and timepoint, F(1,23) = 0.18, p = 0.68. For incorrectly identified images (FA), for which the 

subjects indicated a low degree of certainty, there was also no significant effect of valence 

F(1,23) = 0.06, p = 0.82, (negative M ± SD: 0.07 ± 0.07; neutral M ± SD: 0.07 ± 0.06). However, 

FA with low degree of certainty was more pronounced during delayed (M ± SD: 0.08 ± 0.07) 

as compared to early recognition (M ± SD: 0.05 ± 0.05), F(1,23) = 14.32, p < 0.001 and there 

was a significant interaction between valence and timepoint, F(1,23) = 7.30, p = 0.01,  that FA-

rate with low degree of certainty for negative images was more strongly influenced by timing 

(delayed vs. early) compared to the neutral images (delay-early emo-neu: β = 0.04 (SE = 0.01; 

t-value = 2.07, p = 0.01)).  

4.7 RT results on correctly and incorrectly identified images with high and low degree of 
certainty 

 For the RTs on correctly identified (hit) images, for which the subjects indicated a high 

degree of certainty, there was no effect of stimulation, F(2,46) = 2.44 p = 0.1 (real M ± SD: 

0.82 ± 0.30; sham M ± SD: 0.81 ± 0.31; off M ± SD: 0.82 ± 0.30), valence, F(1,23) = 0.03, p = 

0.86 (negative M ± SD: 0.83 ± 0.31; neutral M ± SD: 0.83 ± 0.33), nor timepoint, F(1,23) = 

2.02 p = 0.17 (early M ± SD: 0.85 ± 0.33; delay M ± SD: 0.81 ± 0.31). There was a tendency 

for an interaction between stimulation and valence, F(2,46) = 2.90, p = 0.07. There was no 

interaction between stimulation and timepoint, F(2,46) = 1.12, p = 0.89 and no interaction 

between timepoint and valence, F(1,23) = 1.14, p = 0.30. For the RTs on correctly identified 

images, for which the test subjects indicated a low degree of certainty, RTs were only faster 

for images during real (M ± SD: 0.57 ± 0.54) as compared to off (M ± SD: 0.34 ± 0.51) 

stimulation but not as compared to sham (M ± SD: 0.51 ± 0.55) (off-real: β = -0.23 (SE = 0.05; 

t-value = -4.21, p = 0.001); sham (M±SD: 0.51±0.57): off-sham: β = -0.16 (SE = 0.07; t-value 

= -2.24, p = 0.1); real-sham: β = 0.06 (SE = 0.07; t-value = 0.83, p = 1)), F(2,46) = 6.04, p = 

0.005. There were no RT effects of valence, F(1,23) = 0.02, p = 0.88 (negative M ± SD: 0.47 ± 

0.54; neutral M ± SD: 0.48 ± 0.55), or timepoint, F(1,23) = 1.32, p = 0.26 (early M ± SD: 0.45 

± 0.58; delay M ± SD: 0.51 ± 0.51).  However, there was an interaction between stimulation 

and valence, F(2,46) = 6.51, p = 0.003 (emo-neu off-real: β = -0.49 (SE = 0.14; t-value = -3.45, 

p = 0.002); emo-neu off-sham: β = -0.26 (SE = 0.15; t-value = -1.73, p = 0.1); emo-neu real-

sham: β = 0.23 (SE = 0.12; t-value = 2.03, p = 0.05)). There was no interaction between 

stimulation and timepoint, F(2,46) = 0.01, p = 0.99 and no interaction between valence and 

timepoint (F(1,23) = 1.14, p = 0.24).        

 FA RTs (averaged speed of responses to nontarget images) revealed no faster RTs 
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neither for valence, F(1,23) = 2.50, p = 0.13 (negative M ± SD: 1.18 ± 0.67; neutral M ± SD: 

1.02 ± 0.65), nor timepoint, F(1,23) = 0.02, p = 0.88 (early M ± SD: 1.09 ± 0.83; delay M ± 

SD: 1.11 ± 0.45), nor the interaction between valence and timepoint, F(1,23) = 0.75, p = 0.40. 

Likewise there were not faster RTs for incorrectly identified images, for which the subjects 

indicated a high degree of certainty, neither for valence, F(1,23) = 2.11, p = 0.16 (negative M 

± SD: 0.56 ± 0.62; neutral M ± SD: 0.45 ± 0.60), nor timepoint, F(1,23) = 0.93, p = 0.34 (early 

M ± SD: 0.57 ± 0.66; delay M ± SD: 0.44 ± 0.56), nor the interaction between valence and 

timepoint, F(1,23) = 0.94, p = 0.34. However, for incorrectly identified images with low degree 

of certainty, subjects showed faster RTs during early (M ± SD: 0.62 ± 0.57) as compared to 

delayed (M ± SD: 0.84 ± 0.45) recognition, F(1,23) = 5.44, p = 0.03. There was no effect for 

valence, F(1,23) = 0.14, p = 0.71 (negative M ± SD: 0.74 ± 0.50; neutral M ± SD: 0.72 ± 0.55), 

nor the interaction between valence and timepoint, F(1,23) = 3.07, p = 0.1. 

4.8 Exploratory analysis on pupillometry and memory performance 

To explore potential effects of subjective sensory perception caused by stimulation on 

memory performance a comparable model for the behavioral data based the average memory 

performance (averaged per subject across trials) was set up. For the exploratory memory 

performance analysis, the model memory performance (hit-FA) ~ stimulation × valence × 

timepoint + VAS + sensitivity + real_first + (1|ID) revealed no significant impact of sensory 

perception (VAS) on memory performance (χ2 = 1.08, p = 0.30). Stimulation (χ2 = 933, p < 

0.001), valence (χ2 = 29.48, p < 0.001) and timepoint (χ2 = 92.33, p < 0.001) as well es the 

interaction between stimulation and valence (χ2 = 8.47, p = 0.01) and stimulation and timepoint 

(χ2 = 10.20, p = 0.006) were still significant. 

4.9 Exploratory analysis of memory performance: Investigating individual factors like 
sensitivity and gender in relation to taVNS 

An additional exploratory analysis for memory performance was performed to 

investigate individual factors on taVNS such as sensitivity and gender of the subjects. There 

were no gender-specific (F(1,20) = 3.09, p = 0.09) or sensitivity differences (F(1,20) = 3.29, p 

= 0.08) in memory performance due to tAVNS.  At the same time, the main effect of stimulation 

(F(2,40) = 395.95, p < 0.001), valence (F(1,20) = 12.15, p = 0.002), and timepoint (F(1,20) = 

52.46, p < 0.001) as well as interactions between stimulation and valence (F(2,40) = 8.77, p < 

0.001) and stimulation and timepoint (F(2,40) = 4.93, p = 0.01) were still significant. 
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4.10 Absence of correlations between pupil dilation, memory performance, VAS ratings, 

and RTs during encoding 

There were no observed correlations between pupil dilation and memory performance, 

VAS rating and memory performance and no correlations between pupil dilation and RTs 

during encoding. 

Overview correlations 

4.10.1 Pupil dilation and reaction times (RTs) during real stimulation 

a. pupil dilation x RTs during real encoding (total): r = 0.10, p = 0.70 
b. pupil dilation x RTs during real encoding of negative images: r = 0.08 p = 0.76 
c. pupil dilation x RTs during real encoding of neutral images: r = 0.07 p = 0.80 

 

4.10.2 Pupil dilation and reaction times (RTs) during sham stimulation 

a. pupil dilation x RTs during sham encoding (total): r = 0.16, p = 0.59 
b. pupil dilation x RTs during sham encoding of negative images: r = 0.04, p = 0.88 
c. pupil dilation x RTs during sham encoding of neutral images: r = 0.22, p = 0.44 

 

4.10.3 Pupil dilation and hit-FA (early, delay) within stimulation (off, real, sham) and  

valence (negative, neutral) conditions 

a. pupil dilation during off for neg x off early neg hit-FA: r = -0.14, p = 0.55 
b. pupil dilation during off for neg x off delay neg hit-FA: r = -0.11, p = 0.63 
c. pupil dilation during off for neu x off early neu hit-FA: r = 0.02, p = 0.94 
d. pupil dilation during off for neu x off delay neu hit-FA: r = 0.04, p = 0.88 

 
e. pupil dilation during real for neg x real early neg hit-FA: r = -0.3, p = 0.22 
f. pupil dilation during real for neg x real delay neg hit-FA: r = -0.05, p = 0.82 
g. pupil dilation during real for neu x real early neu hit-FA: r =-0.43, p = 0.05 
h. pupil dilation during real for neu x real delay neu hit-FA: r = -0.21, p = 0.37 

 
i. pupil dilation during sham for neg x sham early neg hit-FA: r = -0.18, p = 0.48 
j. pupil dilation during sham for neg x sham delay neg hit-FA: r = -0.19, p = 0.45 
k. pupil dilation during sham for neu x sham early neu hit-FA: r = -0.09, p = 0.70 
l. pupil dilation during sham for neu x sham delay neu hit-FA: r = 0.03, p = 0.91 

4.10.4 hit and hit-FA (early, delay) for real and sham stimulation and VAS rating 

a. VAS rating real stimulation x real early hit: r = 0.34, p = 0.21 
b. VAS rating real stimulation x real early neg hit: r = 0.62, p = 0.11 
c. VAS rating real stimulation x real early neu hit: r = 0.55, p = 0.14 

 
d. VAS rating real stimulation x real delay hit: r =- 0.01, p = 0.97 
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e. VAS rating real stimulation x real delay neg hit: r = 0.20, p = 0.35 
f. VAS rating real stimulation x real delay neu hit: r = -0.14, p = 0.51 

 
g. VAS rating real stimulation x real early hit-FA: r = 0.11, p = 0.63 
h. VAS rating real stimulation x real early neg hit-FA: r = -0.04, p = 0.84 
i. VAS rating real stimulation x real early neu hit-FA: r = 0.10, p = 0.65 

 
j. VAS rating real stimulation x real delay hit-FA: r =- 0.07, p = 0.74 
k. VAS rating real stimulation x real delay neg hit-FA: r = 0.01, p = 0.95 
l. VAS rating real stimulation x real delay neu hit-FA: r = -0.17, p = 0.42 

 
m. VAS rating sham stimulation x sham early hit: r = 0.01, p = 0.97  
n. VAS rating sham stimulation x sham early neg hit: r = -0.01, p = 0.68 
o. VAS rating sham stimulation x sham early neu hit: r = 0.09, p = 0.71 

 
p. VAS rating sham stimulation x sham delay hit: r = 0.26 , p = 0.26 
q. VAS rating sham stimulation x sham delay neg hit: r = 0.13, p = 0.55 
r. VAS rating sham stimulation x sham delay neu hit: r = 0.02, p = 0.93 

 
s. VAS rating sham stimulation x sham early hit-FA: r = -0.08, p = 0.72 
t. VAS rating sham stimulation x sham early neg hit-FA: r = 0.10, p = 0.67 
u. VAS rating sham stimulation x sham early neu hit-FA: r = 0.26, p = 0.25 

 
v. VAS rating sham stimulation x sham delay hit-FA: r = 0.31, p = 0.18 
w. VAS rating sham stimulation x sham delay neg hit-FA: r = 0.20, p = 0.40 
x. VAS rating sham stimulation x sham delay neu hit-FA: r = 0.36, p = 0.11 

 

4.11 Additional analysis including random slopes for stimulation intensity (resting-state 

task): 

An additional analysis with random slopes in the model was added: pupil dilation* ~ 

trials + stimulation + intensity + frequency + VAS + (1+ intensity |ID) 

          *pupil dilation during (I) or (II) or (III) 

During (I) “on stimulation” the model revealed that VAS explained significant proportion of 

pupil variance (χ2 = 33.27, p < 0.001). Therefore, there was no increase in pupil dilation during 

real (M ± SE: 0.16 ± 0.02) as compared to sham (M ± SE: 0.12 ± 0.03) stimulation (χ2 = 3.09, 

p = 0.08) and during low (M ± SE: 0.12 ± 0.03) as compared to high (M ± SE: 0.16 ± 0.02) 

frequency (χ2 = 3.13, p = 0.08) explainable. However, pupil dilation was still increased during 

high (M ± SE: 0.20 ± 0.03) as compared to low (M ± SE: 0.08 ± 0.02) intensity (χ2 = 15.71, p 

< 0.001). During (II) “immediate response” the model revealed that VAS explained significant 

proportion of pupil variance (χ2 = 27.96, p < 0.001). Therefore, there was no increase in pupil 
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dilation during real (M ± SE: 0.12 ± 0.04) as compared to sham (M ± SE: 0.07 ± 0.04) 

stimulation (χ2 = 2.51, p = 0.11) and during low (M ± SE: 0.09 ± 0.04) as compared to high (M 

± SE: 0.1 ± 0.04) frequency (χ2 = 0.1, p = 0.75) explainable. However, pupil dilation was still 

increased during high (M ± SE: 0.16 ± 0.05) as compared to low (M ± SE: 0.02 ± 0.03) intensity 

(χ2 = 6.33, p < 0.01). During (III) “delayed response” the model revealed that VAS did not 

explain significant proportion of pupil variance (χ2 = 2.67, p = 0.10) anymore. There was also 

no increase in pupil dilation during real (M ± SE: - 0.05 ± 0.02) as compared to sham (M ± SE: 

- 0.05 ± 0.02) stimulation (χ2 = 0.02, p = 0.89) and during low (M ± SE: - 0.06 ± 0.02) as 

compared to high (M ± SE: - 0.04 ± 0.02) frequency (χ2 = 0.76, p = 0.38) explainable. 

Additionally, dilation was also not increased during high (M ± SE: - 0.02 ± 0.02) as compared 

to low (M ± SE: - 0.08 ± 0.02) intensity (χ2 = 2.55, p = 0.11). 

4.12 Theory-driven exploratory analysis of the interaction between VAS and stimulation 

and stimulation parameters (resting-state task).       

 For the resting-state task two theory-driven exploratory analyses were also conducted 

to a) better explain the potential influence of sensory perception (VAS) due to stimulation on 

pupil dilation controlled for sensitivity and to b) investigate how sensitivity affects the 

subjective perception of stimulation on pupil dilation 

The additional exploratory analysis based on the model 

§ a) StimIntFreq*VAS-LMM 

    pupil dilation* ~ trials + stimulation × VAS + intensity × VAS + frequency × VAS 

   + sensitivity + (1|ID)   *pupil dilation during (I) or (II) or (III) 

(Supplementary Figure S20) showed for (I) “on stimulation”, that by adding VAS as individual 

interactions, while VAS was significant (χ2 = 38.74, p < 0.001), stimulation (χ2 = 3.39, p = 0.07) 

and frequency (χ2 = 3.38, p = 0.07) got marginal significant, while intensity (χ2 = 28.40, p < 

0.001) still explained large portions of variance. There was no significant effect for sensitivity 

(χ2 = 0.12, p = 0.73). The model also revealed a significant interaction between VAS and 

intensity (χ2 = 12.08, p = 0.0005). Specifically, during low intensity an increase in VAS was 

associated with a 0.024 increase in pupil dilation, while during high intensity the effect was 

significantly larger with 0.062 increase in pupil dilation compared to low intensity stimulation 

(low vs. high: estimate -0.04, SE: 0.01; t (10466) = - 3.47, p = 0.0005). There was no significant 

interaction between VAS and stimulation (χ2 = 0.002, p = 0.1) nor VAS and frequency (χ2 = 

0.58, p = 0.44). The (II) “immediate response” time-window showed, that by adding VAS as 

individual interactions, while VAS was significant (χ2 = 30.81, p < 0.001), intensity (χ2 = 19.93, 
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p < 0.001) still explained large portions of variance, while stimulation (χ2 = 3.06, p = 0.08) and 

frequency (χ2 = 0.27, p = 0.60) were not or marginal significant. There was no significant effect 

for sensitivity (χ2 = 0.02, p = 0.88). The model also revealed a significant interaction between 

VAS and intensity (χ2 = 18.63, p < 0.001). Specifically, during low intensity an increase in VAS 

was associated with a 0.02 increase in pupil dilation, while during high intensity the effect was 

significantly larger with 0.1 increase in pupil dilation compared to low intensity stimulation 

(low vs. high: estimate -0.07, SE: 0.02; t (10535) = - 4.30, p < 0.001). There was no significant 

interaction between VAS and stimulation (χ2 = 0.15, p = 0.70) nor VAS and frequency (χ2 = 

0.04, p = 0.85). The (III) “delayed response” time-window showed, that by adding VAS as 

individual interactions, neither VAS (χ2 = 3.40, p = 0.07), intensity (χ2 = 2.88, p = 0.09), 

stimulation (χ2 = 0.08, p = 0.78), frequency (χ2 = 0.90, p = 0.34) and sensitivity (χ2 = 0.29, p = 

0.60) was significant. However, the model revealed a significant interaction between VAS and 

intensity (χ2 = 7.49, p = 0.006). Specifically, during low intensity an increase in VAS was 

associated with a -0.009 decrease in pupil dilation, while during high intensity the effect was 

significantly larger with 0.04 increase in pupil dilation compared to low intensity stimulation 

(low vs. high: estimate -0.05, SE: 0.02; t (7096) = - 2.73, p = 0.006). There was no significant 

interaction between VAS and stimulation (χ2 = 1.95, p = 0.16) nor VAS and frequency (χ2 = 

0.03, p = 0.87).  

The additional exploratory analysis based on the model: 

§ b) Sensitivity*VAS-LMM 

    pupil dilation* ~ trials + stimulation + intensity + frequency + VAS × sensitivity  

     + (1|ID)                                                                            *pupil dilation during (I) 

revealed no significant interaction between VAS rating and sensitivity (χ2 = 0.20, p = 0.65). 
Intensity (χ2 = 28.22, p < 0.001) and VAS (χ2 = 38.70, p < 0.001) were significant, while 
stimulation (χ2 = 2.78, 0.09), frequency (χ2 = 2.91, p = 0.09) and sensitivity were not significant 
(χ2 = 0.08, p = 0.78).
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Exploratory analysis of the interaction between VAS and stimulation  
and stimulation parameters (resting-state task) 

Supplementary Figure S20. Interaction plot between VAS and a) stimulation, b) intensity, and c) frequency for phasic (I) “on stimulation”, (II) 
“immediate response”, and (III) “delayed response” (from left to right). Shown are estimated marginal means for different levels of VAS. The boxes 
outlined in red indicate the significant difference from between high and low frequency at all time windows (I-III): higher intensities and higher VAS 
rating predict a more dilated pupil than lower intensities ((I): χ2 = 12.08, p = 0.0005; (II) χ2 = 18.63, p < 0.001; (III) χ2 = 7.49, p = 0.006). 

 

a) 

b) 

c) 
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 model  Anova  β and t-value mean ± se 
m_3 Trial     

  

 
real vs. sham vs. off 

  
χ2 = 45.39, p  < 0.001 
  

off-real: β = -0.33 (SE = 0.05; t-value = -6.24, p < 0.001) 
off-sham: β = -0.28 (SE = 0.05; t-value = -5.34, p < 0.001) 
real-sham: β = 0.05 (SE = 0.05; t-value = 0.98, p = 0.98)  

off (0.19±0.12) vs. real (0.52±0.12)  
off (0.19±0.12) vs. sham (0.47±0.12) 
real (0.52±0.12) vs. sham (0.47±0.12) 

  neg vs. neut χ2 = 5.71, p  = 0.02 neut- neg:  β = -0.10 (SE = 0.04; t-value = -2.39, p = 0.02) neut (0.34±0.11) vs. neg (0.45±0.11) 
 Mean     

  

 
real vs. sham vs. off 

 
 

χ2 = 33.20, p  < 0.001 
 
 

off-real: β = -0.33 (SE = 0.06; t-value = -5.37, p < 0.001) 
off-sham: β = -0.28 (SE = 0.06; t-value = -4.50, p < 0.001) 
real-sham: β = 0.05 (SE = 0.06; t-value = 0.86, p = 1) 
 

off (0.19±0.12) vs. real (0.52±0.12)  
off (0.19±0.12) vs. sham (0.47±0.12) 
real (0.52±0.12) vs. sham (0.47±0.12) 
 

  neg vs. neut χ2 = 4.56, p  = 0.03 neut- neg:  β = -0.11 (SE = 0.05; t-value = -2.14, p = 0.03) neut (0.34±0.11) vs. emo (0.45±0.11) 
m_3_1 Trial     

  

 
 real vs. sham vs. off 

 
 

χ2 = 44.43, p  < 0.001 
 
 

off-real: β = -0.03 (SE = 0.05; t-value = -5.61, p < 0.001) 
off-sham: β = -0.03 (SE = 0.05; t-value = -5.70, p < 0.001) 
real-sham: β = 0.00006 (SE = 0.06; t-value = 0.001, p = 1) 
 

off (0.19±0.12) vs. real (0.50±0.12)  
off (0.19±0.12) vs. sham (0.50±0.12) 
real (0.50±0.12) vs. sham (0.50±0.12) 
 

  neg vs. neut χ2 = 5.64, p  = 0.02 neut- neg:  β = -0.10 (SE = 0.04; t-value = -2.38, p = 0.02) neut (0.34±0.11) vs.  neg (0.45±0.11) 
 Mean     

  

 
real vs. sham vs. off 

 
 

χ2 = 33.50, p  < 0.001 
 
 

off-real: β = -0.30 (SE = 0.06; t-value = -4.77, p < 0.001) 
off-sham: β = -0.31 (SE = 0.06; t-value = -4.93, p < 0.001) 
real-sham: β = -0.01 (SE = 0.07; t-value = -0.15, p = 1) 
 

off (0.19±0.12) vs. real (0.49±0.12)  
off (0.19±0.12) vs. sham (0.50±0.12) 
real (0.49±0.12) vs. sham (0.50±0.12) 
 

  neg vs. neut χ2 = 4.70, p  = 0.04 neut- neg:  β = -0.11 (SE = 0.05; t-value = -2.17, p = 0.03) neut (0.34±0.12) vs.  neg (0.45±0.12) 
m_3_3 Trial     

  

real vs. sham vs. off 
 

 

χ2 = 44.47, p  < 0.001 
 
 

off-real: β = -0.31 (SE = 0.05; t-value = -5.68, p < 0.001) 
off-sham: β = -0.31 (SE = 0.05; t-value = -5.65, p < 0.001) 
real-sham: β = 0.006 (SE = 0.06; t-value = 0.12, p = 1) 
 

off (0.19±0.11) vs. real (0.49±0.11)  
off (0.19±0.11) vs. sham (0.48±0.11) 
real (0.49±0.11) vs. sham (0.48±0.11) 
 

  neg vs. neut χ2 = 5.65, p  = 0.02 neut-neg:  β = -0.10 (SE = 0.04; t-value = -2.37, p = 0.02) neut (0.34±0.11) vs. neg (0.44±0.11) 
  rfirst vs. sfirst χ2 = 8.33, p  = 0.004 sfirst-rfirst:  β = -0.57 (SE = 0.2; t-value = -2.89, p = 0.009) sfirst (0.10±0.14) vs. rfirst (0.68±0.15) 
 Mean     

  

real vs. sham vs. off 
 
 

χ2 = 44.47, p  < 0.001 
 
 

off-real: β = -0.31 (SE = 0.05; t-value = -5.68, p < 0.001) 
off-sham: β = -0.31 (SE = 0.05; t-value = -5.65, p < 0.001) 
real-sham: β = 0.006 (SE = 0.06; t-value = 0.12, p = 1) 
 

off (0.19±0.11) vs. real (0.49±0.11)  
off (0.19±0.11) vs. sham (0.48±0.11) 
real (0.49±0.11) vs. sham (0.48±0.11) 
 

  neg vs. neut χ2 = 5.65, p  = 0.02 neut- neg:  β = -0.10 (SE = 0.04; t-value = -2.37, p = 0.02) neut (0.34±0.11) vs.  neg (0.44±0.11) 
  rfirst vs. sfirst χ2 = 8.33, p  = 0.004 sfirst-rfirst:  β = -0.57 (SE = 0.2; t-value = -2.89, p = 0.009) sfirst (0.10±0.14) vs. rfirst (0.68±0.15) 

 Emotional memory task: Linear mixed models

Supplementary Table S34. Distinct LMM for emotional memory task (m_3: pupil dilation ~ trials + stimulation + valence + (1|ID)); m_3_1: pupil dilation ~ trials 
+ stimulation + valence + VAS + (1|ID)); m_3_3: pupil dilation ~ trials + stimulation + valence + VAS + sensitivity + real_first + (1|ID)) based on data at the level 
of individual trials (blue; Trial) or on the average pupil dilation per session (grey; Mean).  
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 model  Anova  β and t-value mean ± se 

(I) ON Trial_m4     
  real vs. sham χ2 = 18.97, p  < 0.001 real-sham: β = 0.08 (SE = 0.02; t-value = 4.37, p < 0.001) real (0.18±0.03) vs. sham (0.1±0.03)  

  high vs. low Hz χ2 = 10.88, p  = 0.001 high-low: β = 0.06 (SE = 0.02; t-value = 3.30, p = 0.001) high (0.17±0.03) vs. low (0.11±0.03) Hz 

  high vs. low mA χ2 = 103.40, p  < 0.001 high-low: β = 0.2   (SE = 0.02; t-value = 10.17, p < 0.001) high (0.23±0.03) vs. low (0.04±0.03) mA 

 Mean_m4     

  real vs. sham χ2 = 11.29, p  = 0.0007 real-sham: β = 0.09 (SE = 0.03; t-value = 3.36, p = 0.0009) real (0.18±0.03) vs. sham (0.1±0.03)  

  high vs. low Hz χ2 = 5.94, p = 0.01 high-low:  β = 0.06 (SE = 0.03; t-value = 2.44, p = 0.02) high (0.17±0.03) vs. low (0.10±0.03) Hz 

  high vs. low mA χ2 = 46.92, p  < 0.001 high-low:  β = 0.18 (SE = 0.03; t-value = 6.85, p < 0.001) high (0.22±0.03) vs. low (0.05±0.03) mA 

(II) OFF Trial_m4     
  real vs. sham χ2 = 15.99, p  < 0.001 real-sham:  β = 0.1 (SE = 0.03; t-value = 3.99, p < 0.001) real (0.15±0.04) vs. sham (0.04±0.04)  

  high vs. low Hz χ2 = 2.92, p  = 0.09 high-low:  β = 0.05 (SE = 0.03; t-value = 1.71, p = 0.09) high (0.11±0.04) vs. low (0.07±0.04) Hz 

  high vs. low mA χ2 = 76.79, p  < 0.001 high-low:  β = 0.2 (SE = 0.03; t-value = 8.76, p < 0.001) high (0.21±0.04) vs. low (-0.03±0.04) mA 
 Mean_m4     
  real vs. sham χ2 = 5.21, p = 0.02 real-sham:  β = 0.1 (SE = 0.04; t-value = 2.30, p = 0.02) real (0.15±0.04) vs. sham (0.05±0.04)  

  high vs. low Hz χ2 = 0.75, p  = 0.39 high-low:  β = 0.04 (SE = 0.04; t-value = 0.86, p = 0.39) high (0.12±0.04) vs. low (0.08±0.04) Hz 

  high vs. low mA χ2 = 22.12, p  < 0.001 high-low:  β = 0.20 (SE = 0.04; t-value = 4.70, p < 0.001) high (0.20±0.04) vs.low (-0.004±0.04) mA 

(III) OFF Trial_m4     
  real vs. sham χ2 = 0.61, p  = 0.43 real-sham:  β = 0.02 (SE = 0.03; t-value = 0.78, p = 0.43) real (-0.04±0.02) vs. sham (-0.06±0.02)  

  high vs. low Hz χ2 = 1.52, p  = 0.22 high-low:  β = 0.04 (SE = 0.03; t-value = 1.24, p = 0.22) high (-0.03±0.02) vs. low (-0.07±0.02) Hz 

  high vs. low mA χ2 = 8.26, p  = 0.004 high-low:  β = 0.08 (SE = 0.03; t-value = 2.88, p = 0.004) high (-0.01±0.02) vs. low (-0.09±0.02) mA 

 Mean_m4     

  real vs. sham χ2 = 0.57, p  = 0.45 real-sham:  β = 0.02 (SE = 0.03; t-value = 0.76, p = 0.45) real (-0.04±0.02) vs. sham (-0.06±0.02)  

  high vs. low Hz χ2 = 1.74, p  = 0.19 high-low:  β = 0.04 (SE = 0.03; t-value = 1.32, p = 0.19) high (-0.03±0.02) vs. low (-0.07±0.02) Hz 

  high vs. low mA χ2 = 9.19, p  = 0.002 high-low:  β = 0.08 (SE = 0.03; t-value = 3.03, p = 0.002) high (-0.01±0.02) vs. low (-0.09±0.02) mA 
 

     

Resting-state task: Linear mixed models (model m4: StimIntFreq-LMM) for each time window (I-III): 

Supplementary Table S35. Distinct LMM (pupil dilation ~ trials + stimulation + intensity + frequency + (1|ID)) for each time window of the resting-state task ((I) 
the 3 sec during on stimulation, (II) the immediate response and (III) the delayed response) based on data at the level of individual trials (blue; Trial_m4) or on the 
average pupil dilation per session (grey; Mean_m4). 
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 model  Anova  β and t-value mean ± se 

(I) ON Trial_m4_1     
  real vs. sham χ2 = 2.69, p  = 0.1 real-sham: β = 0.03 (SE = 0.02; t-value = 1.64, p = 0.1) real (0.16±0.03) vs. sham (0.12±0.03)  

  high vs. low Hz χ2 = 2.85, p  = 0.1 high-low: β = 0.03 (SE = 0.02; t-value = 1.69, p = 0.1) high (0.16±0.02) vs. low (0.12±0.03) Hz 

  high vs. low mA χ2 = 28.79, p  < 0.001 high-low: β = 0.1 (SE = 0.02; t-value = 5.34, p < 0.001) high (0.20±0.03) vs. low (0.08±0.03) mA 

 Mean_m4_1     

  real vs. sham χ2 = 2.35, p  = 0.13 real-sham:  β = 0.04 (SE = 0.03; t-value = 1.53, p = 0.13) real (0.15±0.03) vs. sham (0.11±0.03)  

  high vs. low Hz χ2 = 2.04, p = 0.15 high-low:  β = 0.04 (SE = 0.03; t-value = 1.43, p = 0.16) high (0.15±0.03) vs. low (0.11±0.03) Hz 

  high vs. low mA χ2 = 14.69, p  = 0.0001 high-low:  β = 0.11 (SE = 0.03; t-value = 3.83, p < 0.0002) high (0.19±0.03) vs. low (0.08±0.03) mA 

(II) OFF Trial_m4_1     
  real vs. sham χ2 = 2.42, p  = 0.12 real-sham:  β = 0.04 (SE = 0.03; t-value = 1.56, p = 0.12) real (0.12±0.04) vs. sham (0.07±0.04)  

  high vs. low Hz χ2 = 0.09, p  = 0.76 high-low:  β = 0.008 (SE = 0.03; t-value = 0.30, p = 0.76) high (0.1±0.04) vs. low (0.09±0.04) Hz 

  high vs. low mA χ2 = 20.10, p  < 0.001 high-low:  β = 0.13 (SE = 0.03; t-value = 4.48, p < 0.001) high (0.17±0.04) vs. low (0.03±0.04) mA 
 Mean_m4_1     
  real vs. sham χ2 = 0.95, p = 0.33 real-sham:  β = 0.04 (SE = 0.04; t-value = 0.98, p = 0.38) real (0.12±0.04) vs. sham (0.07±0.04)  

  high vs. low Hz χ2 = 0.02, p  = 0.90 high-low:  β = 0.006 (SE = 0.04; t-value = 0.13, p = 0.95) high (0.1±0.04) vs. low (0.1±0.04) Hz 

  high vs. low mA χ2 = 6.43, p  = 0.01 high-low:  β = 0.12 (SE = 0.05; t-value = 2.54, p = 0.01) high (0.16±0.04) vs. low (0.03±0.04) mA 

(III) OFF Trial_m4_1     
  real vs. sham χ2 = 0.009, p  = 0.92 real-sham:  β = 0.003 (SE = 0.03; t-value = 0.09, p = 0.92) real (-0.05±0.02) vs. sham (-0.05±0.02)  

  high vs. low Hz χ2 = 0.68, p  = 0.41 high-low:  β = 0.02 (SE = 0.03; t-value = 0.82, p = 0.41) high (-0.04±0.02) vs. low (-0.06±0.02) Hz 

  high vs. low mA χ2 = 2.76, p  = 0.1 high-low:  β = 0.05 (SE = 0.03; t-value = 1.66, p = 0.1) high (-0.02±0.02) vs. low (-0.08±0.02) mA 

 Mean_m4_1     

  real vs. sham χ2 = 0.003, p  = 0.95 real-sham:  β = 0.002 (SE = 0.03; t-value = 0.06, p = 0.95) real (-0.05±0.02) vs. sham (-0.05±0.02)  

  high vs. low Hz χ2 = 0.81, p  = 0.37 high-low:  β = 0.02 (SE = 0.03; t-value = 0.90, p = 0.37) high (-0.04±0.02) vs. low (-0.06±0.02) Hz 

  high vs. low mA χ2 = 3.18, p  = 0.07 high-low:  β = 0.05 (SE = 0.03; t-value = 1.78, p = 0.08) high (-0.02±0.02) vs. low (-0.07±0.02) mA 

Resting-state task: Linear mixed models (model m4_1 StimIntFreq-VAS-LMM) for each time window (I-III)

Supplementary Table S36. Distinct LMM for each time window for resting-state task ((I) the 3 sec during on stimulation, (II) the immediate response and (III) the 
delayed response) based on data at the level of individual trials (blue; Trial_m4_1 (pupil dilation ~ trials + stimulation + intensity + frequency + VAS + (1|ID)) or on 
the average pupil dilation per session (grey; Mean_m4_1 (pupil dilation ~ stimulation + intensity + frequency + VAS + (1|ID)). 
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Changes in pupil dilation during real and sham stimulation for low and high stimulation intensity and frequency 

based on StimIntFreq-LMM and StimIntFreq-VAS-LMM (resting-state task) 

 

Supplementary Figure S21. Pupil diameters (z score) for a) real (turquoise) and sham (ochre) stimulation, b) high (turquoise) and low (ochre) intensity and c) high (turquoise) and low 
(ochre) frequency. The dashed vertical red lines indicate the time window when the stimulation was (I) on, the (II) immediate response following to the first dashed vertical black line 
and the subsequent (III) delayed response to the second dashed vertical black line. The boxplots for the individual time points are based on StimIntFreq-LMM and StimIntFreq-VAS-
LMM, the asterisks indicate significant differences between conditions. 
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