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1 Introduction 1

1 Introduction

Human faces are the fundamental key to social interaction (Martinez 2017; Zhao et al. 2018).
Thus, one of the most essential properties of the human brain for interindividual
communication is its ability for face perception, memory, and recognition. Impaired face
recognition is a severe limitation and prevents concerned people from normal participation

in society even up to placing them in social isolation.

Only recently, transcranial alternating current stimulation (tACS) as a form of non-invasive
brain stimulation (NIBS) has gained momentum for entraining oscillatory brain activity to
induce neuroplasticity (Antal et al. 2008; Ozen et al. 2010; Antal and Paulus 2013; Yavari et
al. 2018). This enables the exploration of functional brain changes underlying memory
formation. If implemented right, tACS can be a highly suitable tool for enhancing face
memory encoding processes, and eventually evolve into a valuable therapeutic approach for
patients suffering from prosopamnesia and prosopagnosia. This thesis will at first focus on
the still debated mechanisms of facial encoding into episodic long-term memory. It will be
considered the underlying oscillatory activity in the neocortex during the memory encoding
as shown with high-density electroencephalography. Then, this thesis will discuss how and
to what extent transcranial alternating current stimulation can leverage the
electroencephalography results to affect brain oscillations crucial for the encoding and

enhance subsequent facial recognition.

1.1  Memory

Memory is commonly defined as the persistence of brain states over time (Chaudhuri and
Fiete 2016). It ascribes changes in brain connections and neural activity enduring the internal
and external stimuli that induced these neural states. However, memory’s stability does not
necessarily mean resistance to changes that occur throughout the entire lifetime (Moscovitch
et al. 2016). A theory of memory traces by Richard Semon describes memorization or
learning as the activation of little neuronal cell groups resulting in persistent modifications
so that specific cues can reactivate them for retrieval (Poo et al. 2016). A criterion for dividing
memory into short-term memory (STM; or working memory) and long-term memory (LTM)
is the distinction in persistence times of memories (Chaudhuri and Fiete 2016). While STM
is believed to have limited capacity about tens of seconds due to continuous activity, LTM

can last for decades. This permanence is attributed to morphological chances as e.g. in
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synaptic weights and neuronal structure. Limiting factors for memory are noise perturbing
correct storage, decay, so that memory is lost due to its instability, and interference by other

memories that could interact and at worst eliminate each other.

The creation of memories is very complex, and its development requires distinct formative
steps (Walker and Stickgold 2004). These developmental stages are encoding, consolidation,
recall or retrieval, and reconsolidation. First, encoding describes the creation of a new
memory by rebuilding internal representations of perceived stimuli. Then, memory is
consolidated by transforming internal representations into stable brain states becoming
resistant to interference (Walker and Stickgold 2004; Dudai et al. 2015). Consolidation occurs
at a synaptic and systemic level (Dudai et al. 2015). While at the level of synapses memory is
transformed into an enduring form at the cellular basis in a neural circuit, system
consolidation comprises the rearrangement of impressions over ensembles of brain circuits.
When the encoded information corresponds existing knowledge, the mental schema helps
to induce rapid system consolidation by the upregulation of specific neural links. However,
consolidation does not only rely on the stabilization of memories but also refers to the
process of enhancement or reconsolidation arising during sleep (Buzsaki 1989; Walker und
Stickgold 2004). It has been assumed for a long time that consolidation is only completed
when two processing levels are passed (Geiger et al. 2016). At first, consolidation is believed
to occur in synaptic modifications lasting for several hours. Then, the second level could
exclusively be achieved during sleep as a condition for more complex system reorganization.
This concept has recently been challenged by some studies indicating that consolidation is
started directly and independently from sleep. Consolidated memory can then be retrieved
by recall or recognition (Walker and Stickgold 2004; Antony et al. 2017). During recognition
the presented stimulus is compared with existing knowledge and is then associated to it. In
contrast, recall makes reconstruction mandatory. With retrieval memory is returned to be
fragile as well as active and needs to be reconsolidated (Schwabe et al. 2014). Accordingly,
retrieval enables memory to be integrated into preexisting knowledge and facilitates
accessibility (Antony et al. 2017). Finally, reconsolidation allows the modification and even
the impairment of already consolidated information and results in a stable condition again

(Schwabe et al. 2014).

111 Long-term memory

In contrast to the time- and space-limited STM, that is only able to provide limited capacity
for actively holding information, LTM is believed to have a theoretically limitless store

capacity over time (Cowan 2008). Its durability is based on translational and transcriptional
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processes resulting in biochemical and morphological modifications in the course of neural
plasticity (see Chapter 1.2) (Kukushkin and Carew 2017). To guarantee persistence
independent of the lifespan of proteins and cells, brain states are very likely stabilized by
circuitry (Chaudhuri and Fiete 2016). Positive feedback enables these brain states to endure
the exciting stimulus and the ability of molecules to transfer their status to copies. For
instance, the active form of cytoplasmatic polyadenylation element binding protein, that is
responsible for protein translation in synapses, was found to be causal for memory

persistence and learning (Kandel et al. 2014).

4 N

E)_(ternal Seqsory . STM LTM
input register

Decay
Interference

Loss of
strength

Figure 1: Multistore model according to Atkinson and Shiffrin. 1. = attention; 2. = transfer; 3. = retrieval.

(Own illustration based on Atkinson and Shiffrin 1968, modified.)

In the last century, different LTM models have been formulated. In 1968, Atkinson and
Shiffrin published their concept of the multistore model of the human memory, that is
divided into three components: sensory memory, STM and LTM (see Figure 1) (Atkinson
and Shiffrin 1968). The sensory memory captures all perceptible input and is divided into
sub-categories aligned with the different senses. When attention is paid on a sensory stimulus,
information can enter the STM. However, information will fade due to displacement or decay
if it is not actively maintained. From STM information can be transferred into LTM. Even
here, memory can become inaccessible by interference, decay, or by failure during retrieval.
Retrieval is necessary to remember stimuli while information is relocated back to STM to

become available.
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In 1972, Tulving established a more detailed concept of the composition of LTM (Tulving
1986). While procedural memory includes unconscious knowledge comprising motor skills
like bicycling that can be performed automatically, semantic and episodic memory contain
conscious information and general facts. Accordingly, common knowledge is stored in the
semantic store, whereas the episodic component contains information about personal events

and biographic experiences.

Levels of processing

Shallow Structural processing (optic features)

Phonetic processing (sound)

<llllllllllllllll

Deep Semantic processing (meaning)

Figure 2: Levels-of-processing model according to Craik and Lockhart. (Own illustration based on Craik

and Lockhart 1972, modified.)

In contrast to these linearly structured models, Craik and Lockhart postulated the levels-of-
processing approach in 1972 (see Figure 2) (Craik and Lockhart 1972). This model considers
how and how deeply information is processed with regard to time, stimulus intensity, and
mental exertion during processing as the causal factors for memory robustness.
Consequently, deeper processed information will be stored longer and more resistant to

interference.
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Long-term memory

_—— T~

Decla(a_tive Nondeclarative
(explicit) (implicit)
Proce- Simple
Facts Events dural Priming | | classical Ngir;?i?/séo_
(skills and conditio- learnin
habits) ning 9
Emotional Skeletal
responses [[musculature
Medial
telrgggral Striatum Neo- Amyg- Cere- Reflex
dieni cortex dala bellum ||pathways
cephalon

Figure 3: Long-term memory model with procedural-declarative distinction and underlying anatomic

brain regions according to Squire and Zola. (Own illustration based on Squire and Zola 1996, modified.)

In 1980, Cohen and Squire extended the idea of a linearly structured memory model by
adding a distinction between declarative and non-declarative memory (Cohen and Squire
1980). In the following vyears this two-class model, dividing memory processes
dichotomously into conscious (declarative) and unconscious (non-declarative) operations,
was validated and developed until the substantial study by Squire and Zola in 1996 (see
Figure 3). According to that, non-declarative information (also referred to as implicit
memory) involves procedural memory (including motor skills, motor learning and emotional
processes), priming, non-associative learning and classical conditioning (Squire and Zola
1996). In contrast the declarative component (also referred to as explicit memory) is divided

into semantic and episodic memory. Moreover, the model reports the anatomic regions that
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represent the different memory entities: the declarative memory is dependent of the medial
temporal lobe (MTL) and the diencephalon, in contrast the non-declarative memory requires
various brain areas (procedural memory: striatum; priming: neocortex; classical conditioning:

amygdala and cerebellum; non-associative learning: reflex pathways).

Rapid encoding of Rapid encoding of
flexible single or unitized

associations items

,, l l

Slow encoding of
rigid associations

. Basal ganglia, Parahippocampal

Hippocampus, ceret?ellu?n gF;/F:us i
neocortex ’ ’
neocortex neocortex

v \4 \ 4

Procedural memory
Episodic memory semantic memory
classical conditioning

Familiarity,
priming

Figure 4: Processing-based memory model according to Henke. (Own illustration based on Henke 2010,

modified.)

In the last decade, the two-class model has created numerous controversies and raised
alternative models. For example, a corner-stone study by Henke in 2010 conceptualizes a
model based on memory processing and thereby independent of consciousness (see Figure 4)
(Henke 2010). The model suggests that only the fast encoding and the flexibility of memory
associations of the episodic memory are reliant on the hippocampus and the neocortex.
Encoding of stimuli based on priming or familiarity are hypothesized to be quickly stored in
dependence of the parahippocampal gyrus and the neocortex. In contrast, the semantic and
procedural memory as well as classical conditioning involve slow and inflexible storage of

memory and are encoded relying on the basal ganglia, cerebellum and neocortex.
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1.1.2 Episodic memory

The previous section also focused on the differentiation of memory types by temporal
duration and anatomic correlate; nevertheless, a substantial classification is made by the
content stored in various parts of the memory. When personal events and autobiographic
facts are memorized, information is integrated into episodic memory with a specific
representation of the time and place, where the information was acquired (Moscovitch et al.
20106). Tulving first described the concept of this notable cognitive system in contrast to
semantic memory in 1972 and declared it as unique in his autonoetic character as it is the
only store in the human brain connecting memories to personal remembrance and feelings
(Tulving 1986). According to Cohen and Squire’s memory model, it is part of the declarative
memory that contains LTM about conscious events (Cohen and Squire 1980). It is supposed
that episodic memory is a recent evolutionary step in the history of mankind that might have
grown out of semantic memory and is even in children not fully developed until the age of
four indicating that episodic memory is not fundamentally essential for survival (Tulving
2002). However, there is still a debate whether episodic memory exists across species or if it
is a special feature of the human brain (Allen and Fortin 2013). Even if episodic memory is
broadly accepted today as an existing sub-unit of LTM, investigation on this topic gained
currency only in recent time (Mahr and Csibra 2017). As the episodic memory saves spatial-
temporal information, it leads to the reexperience of the event (Tulving 2002; Mahr and
Csibra 2017). Lesions in the representative anatomical structures do not only affect the
recollection of episodes but additionally cause the loss of future planning indicating that
experiences are causal for the ability to imagine forth-coming incidents (Mahr and Csibra
2017). Patients are not able to speculate about possible scenarios or to legitimize their
behavior in the past. Hence, they are strongly impaired in social interactions and

communication leading to social exclusion.

1.1.3 Anatomical structures of the episodic memory

Several neuroimaging studies have documented the particular role of the MTL for episodic
memory and for the encoding of specific events into complex associations as well as for
retrieving them (Rugg and Vilberg 2013; Dudai et al. 2015; Ison et al. 2015; Eichenbaum
2017). Previous research has established the causal importance of the hippocampus in
binding new memories into episodic representations (Tulving 2002; Dragoi and Buzsaki
20006; Ison et al. 2015; Poo et al. 2016). Recent investigation in rodents suggests that the
dorsal hippocampus participates in creating locational representations, while ventral neurons

are involved in categorizing experiences in various contexts (Eichenbaum 2017). According



1 Introduction 8

to Buzsaki, it also operates as a navigator in the recollection of memory (Buzsaki 2013). The
dentate gyrus, a part of the hippocampus, is responsible for communicating with other brain
areas, for example, it serves as an entrance to input from the entorhinal cortex and projects
to various brain areas and interneurons (Poo et al. 2016). Encircling structures like the
entorhinal, perirhinal and parahippocampal areas are also involved in episodic memory (Rugg
and Vilberg 2013). Some authors believe that the parahippocampal cortex offers information
about the context, while the perirhinal cortex provides object information (Eichenbaum
2017). The hippocampus is then binding information from both sub-systems into contextual
episodes. Projections from the perirhinal and parahippocampal cortex go to the entorhinal
cortex, which in turn projects to the hippocampus that consequently integrates all

information (Moscovitch et al. 2016).

Some studies have proven interconnectivity between prefrontal areas and the hippocampus
(Barbas 2013; Eichenbaum 2017). The prefrontal cortex (PFC) is connected to executive
functions, e.g. attention and decision making, and to working memory (Alekseichuk et al.
2016; Girotti et al. 2018). It exercises control via top-down-processes and stores rather
abstract information about episodes (Eichenbaum 2017). Impairment does not directly affect
episodic memory, but it deteriorates remembrance with distraction and leads to disturbance
by irrelevant information. Several disconnection studies showed that bilateral damages as
well as inactivation of each of both regions in one hemisphere lead to deficits in episodic
memory, while ipsilateral lesions leaving the other hemisphere unattached result in normal
episodic memory. This indicates a crucial role of the collaboration of the PFC and

hippocampus in one hemisphere.

A famous and well-studied example for the causal role of the MTL in episodic memory was
the patient H.M., who suffered from untreatable epilepsy (Allen and Fortin 2013; Pfaff 2013;
Korte and Schmitz 2016). After a bilateral medial lobectomy his epilepsy was cured, but
instead he came down with a serious anterograde and retrograde amnesia. He could not
remember the last two years before surgery; however, earlier episodes were unaffected.
Additionally, working memory and semantic memory were intact. Moreover, H.M. was not
able to form new episodic LTM from the timepoint of the surgery. This pattern of disability
gives evidence for the fact that the MTL is highly important for the creation and retrieval of
episodic memory. However, this case raised the question to what extent the MTL in general
and the hippocampus in particular are responsible for the storage of LTM. There is still a
debate on whether episodic LTM always relies on the hippocampus or whether it might
become independent of it after time. Based on recent experiments, some authors believe that

episodic memory does not always stay in the hippocampus but can also be transferred to
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neocortex (Moscovitch et al. 2016). Evidence comes from amnestic patients whose remote
memories are unaffected but recent events are impaired indicating that the process of
memory reorganization storage might rely on neocortical structures (Squire et al. 2015).
Consequently, memory is first retained in the hippocampus and the neocortex and then by
system consolidation rearranged in neocortical areas into prior knowledge. Finally, memory

might be independent of hippocampal representations.

1.2 Neural plasticity

The capability of the neural circuitry to adjust to internal or external changes for the whole
lifetime is often referred to as brain plasticity (Pascual-Leone et al. 2005; Ganguly and Poo
2013). Plasticity is highly important for brain functioning not only for adapting to changing
circumstances and memory formation but also for regeneration after brain injury (Antal et
al. 2008). The adaption of neural circuits then leads to a modification of behavior, thoughts,
and morphological changes of brain structures (Pascual-Leone et al. 2005; Ganguly and Poo
2013). These modifications are regularly occurring activity dependent. As the human brain is
limited in space and power, neuroplasticity is an obligatory consequence to increase efficacy
(Pascual-Leone et al. 2005). In 1949, Donald Hebb introduced the idea of that learning relies
on synaptic connections and their inherent strength (Brown et al. 2009; Poo et al. 2016). He
raised the concept of two neurons being connected by an excitatory synapse when neuron A
is repetitively activating neuron B which will likely lead to higher interactions between the
neurons. Thus, the connection will get reinforced. In sum, Hebb’s concept highlights the

importance of locality, time of firing, and interactivity between neurons.

Synaptic plasticity refers to alterations of synaptic transmission (Citri and Malenka 2008).
The modifications at the level of synapses affecting the synapse efficacy and strength could
play a causal role in the encoding of STM and L'TM by transmitter levels and responses
(Rioult-Pedotti et al. 2007; Ganguly and Poo 2013). Therefore, memory is stored as specific
patterns of activity in neural networks (Citri and Malenka 2008). Short-term synaptic
plasticity is believed to have a decisive function in filtering for efficient information
processing. At the presynaptic level it is induced by the increased release of neurotransmitters
and by protein modification. At the postsynaptic terminal basic mechanisms as
desensitization and retrograde messengers might be involved. Long-term synaptic plasticity
refers to the encoding of memories into neural circuits via enduring activation. One
mechanism behind synaptic plasticity is the concept of long-term potentiation (LTP) and

long-term depression (LTD) (Cooke 2006; Ganguly and Poo 2013). While short high-
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frequency presynaptic firing results in the induction of LTP, lower frequencies induce LTD
(Feldman 2012; Andersen et al. 2017). A presumed fundamental mechanism for the creation
of memories is the alteration of preexisting relations induced by LTP and LTD as well as the
reconstitution and eradication of synaptic connections (Poo et al. 2016). Interestingly,
synaptic strength also depends on the spike timing labelled as the concept of spike-timing
dependent plasticity (STDP) (Park et al. 2017). Recent research revealed that there are
obligatory time windows defining the maximum distance between pre- and postsynaptic
spiking providing a very short period of 20 ms for LTP and an interval not longer than 100
ms for LTD (Poo et al. 2016). The order of spiking is causal as presynaptic before
postsynaptic spikes induce LTP, while postsynaptic before presynaptic spikes lead to LTD
(Feldman 2012; Andersen et al. 2017). Additionally, neuromodulators such as
norepinephrine and dopamine can switch L'TD signals into LTP (Andersen et al. 2017). For
LTM encoding and learning, LTP and LTD are both utilized (Citri and Malenka 2008;
Ganguly and Poo 2013). Following the multifactor plasticity rule, other factors such as firing
rate and postsynaptic voltage are involved as well (Feldman 2012). All mechanisms lead to
synaptic changes regarding existing synapses and result in new cell-cell connections (Rioult-
Pedotti et al. 2007; Bailey et al. 2015). Hence, changes in signaling induce the release of
transcription factors and gene products leading to synaptic changes such as detected in the
increase of the synaptic arbor in sensory neurons. Recent investigations suggested that the
modulation in dendrites and the addition of spines might be based on the close localization
of multiple mitochondrial ribonucleic acid (Poo et al. 2016; Bono et al. 2017). A major role
plays the reorganization of the cortex after injury when plastic effects lead to the overtaking
of specific functions by neighbored areas (Ganguly and Poo 2013; Nudo 2013). However, it
can also lead to illness as in overexpression in case of focal dystonia, especially in musicians,
and chronic pain (Pascual-Leone et al. 2005; Ganguly and Poo 2013). In general, many
psychiatric diseases such as Alzheimer’s disease, depression and Parkinson’s disease are
associated with irregular neuronal circuits (Cooke 2006; Citri and Malenka 2008; Brignani et
al. 2013). Neuroplasticity after stroke induces changes not only in dendritic formation but
also in axon sprouting (Ganguly and Poo 2013). An important issue rising with knowledge
about human neuroplasticity is its opportunity for establishing new diagnostic and
therapeutic tools. During the last decades non-invasive brain stimulation methods gained a
particular importance in that context as it allows access to the investigation of underlying
mechanisms and possible interventions (Ganguly and Poo 2013; Fertonani and Miniussi

2017).
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1.3  Face perception

Among all types of memory, facial memory is of particular importance due to its immense
and unique significance for human communication and social behavior. Undoubtedly, the
human face is elemental to interpersonal relationships and communication. Face perception
serves as an obligatory requirement for the comprehension of emotions through face
expression and is fundamentally important for identifying and distinguishing between people
(Leopold and Rhodes 2010; Martinez 2017). Even new-born children are reacting differently
to faces in contrast to other visual stimuli, which is highlighting the considerable weight of
faces in the history of mankind (Little et al. 2011). Since long it is believed that processing
faces relies on different, highly sophisticated mechanisms in contrast to object recognition,
but revolutionary evidence came from a study using functional magnetic resonance imaging
(fMRI) by Kanwisher and colleagues (Kanwisher and Yovel 2006). They could identify a
cortical area that was activated in 12 of 15 subjects by looking at human faces in contrast to
objects. The responding area named fusiform face area (FFA) was determined to be located
in the fusiform gyrus (see Figure 5). The specificity of this area to be exclusively responding
to faces was proved by also testing it against other parts of the human body as e.g. hands or
by removing the hair to prove it as a unique processing area of face recognition rather than
head recognition. Additionally, they could confirm lateralization by a greater activation of
the right versus the left fusiform gyrus in most subjects. Nevertheless, a study was conducted
with regard to the importance of the connectivity between both fusiform gyri in the left and
right hemisphere for the consolidation of facial memory (Geiger et al. 2016). They found out
that higher activity between the left and the right FFA after encoding leads to increased
stability in memory. Moreover, there were detected connections to the amygdala, the
hippocampus, and the inferior frontal gyrus, when higher connectivity was related to better
memory performance. While the anterior segment of the hippocampus was mainly involved
during encoding, the posterior segment had a causal role for the retrieval of faces.
Accordingly, it was shown that interactive processes between the FFA and the posterior
hippocampus occurring 15 minutes after the encoding of a facial stimuli led to higher

performance in retrieval.
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Figure 5: Schematic anatomical architecture of the brain (cross section). The yellow mark labels the
fusiform gyrus that is related to face perception. The illustration is distributed under the CCO license.

(https:/ /commons.wikimedia.org/wiki/File:Gray727_fusiform_gyrus.png)

However, face perception is a highly complex process involving more than one cortical
structure. When watching a face, the first specific area that the representation is attending is
the occipital face area (OFA) in the lateral part of the occipital lobe (Pitcher et al. 2011; Li et
al. 2016). This specialized area was found to be larger and more remarkable in the right
hemisphere. Input into the OFA comes from early visual cortical areas, when complex face
perceptions are holistically merged for the first time (Pitcher et al. 2011). In contrast to the
FFA, that processes faces in a holistic way, the OFA is also causal for the perception of face
parts (Arcurio et al. 2012). Initial evidence for the OFA as the first stage of face perception
came from patients with an impaired right OFA but preserved right FFA, suffering
limitations of recognizing faces, while object recognition and discrimination were still on a
regular level (Pitcher et al. 2011). In addition, experimental application of transcranial
magnetic stimulation (TMS) on the right OFA could thereupon induce an impairment of
face discrimination in contrast to tasks with objects or other parts of the body. Facial
representations are then believed to be passed to the FFA. After facial representations have
undergone the OFA and the FFA they attend higher cortical areas such as the superior
temporal sulcus (STS), principally its posterior part (Corrow et al. 2016; Kadipasaoglu et al.
2017). This region is related to various social perceptions, e.g. faces and voices. Here, faces

are analyzed on a higher level also with regard to emotional expression and gaze (Leopold
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and Rhodes 2010). Additionally, human motion and understanding behavior and language
are associated with processing in the STS, sometimes with coinciding areas (Deen et al. 2015).
Altogether, OFA, FFA, and STS form the core regions being selective for facial stimuli,
whereby the FFA shows the highest activation for faces (T'sao and Livingstone 2008). The
fact that faces are processed in a holistic way with internal patterns for upright faces and not
by analyzing face parts separately is also proved by the investigation of the Thatcher Effect
(Adachi et al. 2009; Little et al. 2011). It shows the difficulty to notice changes in an inverted

face while they would immediately be perceived in an upright one.

However, there is evidence that there are also other brain areas involved in the processing
of faces such as the amygdala, the anterior temporal lobe, and the PFC (Elbich and Scherf
2017). Additionally, the hippocampus plays a causal role in the storage of faces as its left and
right anterior segmentations are believed to be important for face processing and face
discrimination (Robinson et al. 2015). After processing, facial memory is stored in the
episodic memory. The patient H.M. (see Chapter 1.1.3) was not able to complete tests dealing
with facial identification and recognition revealing the importance of the MTL for the storage
of episodic memory involving faces (Eichenbaum 2017). Face perception comprises the
combination of two opposing processes (Tsao and Livingstone 2008). On the one hand, it
requires the detection of a face in contrast to objects and other parts of the body by using a
universal pattern for recognizing the typical T-shaped form of a face consisting of the eyes,
mouth, and nose. On the other hand, there is 2 demand for classification and identification
by observing differences between faces and comparing the presented face to internal

templates to allocate the face to a character.

As most studies are conducted on verbal memory, even though every-day episodic memory
is much more concerned with visual stimuli, there is a need for further research on memory
about it with special respect to faces as a basic tool for interpersonal skills and social

communication (Rugo et al. 2017).

1.4  Temporo-parieto-occipital area

In the study of anatomical correlates of face processing the cortical structure of the temporo-
parieto-occipital (TPO) area has received considerable critical attention. It involves
components of three brain lobes and serves as a highly connected integration area (De
Benedictis et al. 2014). It describes the area at the occipital end of the lateral sulcus that
incorporates a part of the parietal, occipital, and temporal lobe. Characteristic of the parietal

lobe is the processing of sensory information, while the occipital lobe is related to vision.
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The temporal lobe incorporates different structures and adds meanings to auditory and visual
input. The TPO area involves the region where the three lobes meet and serves as an
association area combining functions and signals for higher cognitive purposes. While in the
past the TPO area was mainly related to language perception, nowadays it was proved to be
an important element in many higher processing operations such as coordination of cognitive
functions (Wang et al. 2016). In fact, this area is important for the processing of auditory,
visual, and somatosensory stimuli. Important linguistic abilities are related to the TPO area
such as language, writing and reading (De Benedictis et al. 2014). Besides musical memory
and calculative skills it is also involved in face and object recognition. There was found
lateralization for each hemisphere indicating that the left TPO area is mainly involved in

language, while the right TPO area shows higher activity for face processing.

1.5 Brain oscillations

Coming from the anatomy to the physiology of the human memory, brain function does not
simply rely on the activity of individual cells but is dependent on connected cell assemblies
with efficient communication mechanisms. A fundamental mechanism for communication
are brain oscillations that are occurring ubiquitously in the brain (Buzsaki et al. 2013). They
are an elementary means for enabling neurons and neuronal networks to communicate and
to transfer and integrate information (Lin and Scott 2012; Buszaki and Schomburg 2015).
On the one hand, oscillations can encode information and induce plasticity and memory
formation (Lopes da Silva 2013; Pevzner et al. 2016). On the other hand, they are also able
to manipulate brain states or to reinforce an already existing state. Oscillations are formed as
a reoccurring periodic signal with various frequencies (Fell and Axmacher 2011). They are
characterized by their phase, amplitude, and frequency. The spectrum ranges from lower
frequencies as delta (<4 Hz) and theta (4 — 8 Hz) to higher frequencies such as alpha
(8 = 13 Hz), beta (13 — 30 Hz), and gamma that can be separated into low gamma (30 —
70 Hz) and high gamma (70 — 140 Hz) (Moran and Hong 2011). Frequencies above 140 Hz
are summarized as the “ripple range” (Korotkova et al. 2018). With regard to the origin of
neural oscillations, there is still little comprehension about the underlying mechanisms or
potential pacemakers. There is evidence that non-pyramidal cells, more precisely inhibitory
interneurons, play a major role in the formation of oscillations (Moran and Hong 2011; Lin
and Scott 2012; Buzsaki et al. 2013; Cohen 2017). Inhibitory interneurons using gamma
aminobutyric acid (GABA) as a transmitter are connecting many excitatory pyramidal cells

in order to influence their activity. Oscillatory synchrony is assumed to be based on their
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influence on the membrane potentials of pyramidal cells. Accordingly, the length of
inhibitory post-synaptic potentials slows down the frequency of the corresponding

oscillation.

For the communication of different brain regions phase synchronization of their oscillations
is crucial (Fell and Axmacher 2011; Bonnefond et al. 2017). This phenomenon is referred to
as ‘“‘communication-through-coherence”, as it facilitates interaction by creating time
windows when sensitivity for informational input is maximal (Fries 2005; Bonnefond et al.
2017). There is evidence that precision of phase synchronization increases the rate of later
remembered information during encoding. A possible mechanism behind this investigation
is that synchronization ensures that neuronal activity in one region leads to the adaption of
activity in another area that is coherent in oscillatory activity. Moreover, the induced
precision then leads to inputs occurring at the excitatory phases of the oscillations where it
is most effective (Lisman and Jensen 2013). Additionally, it provides the possibility to exempt
neural signals from noise that is transferred asynchronously (Nyhus and Curran 2010). This
efficiency in energy is of fundamental importance as 50 percent of the brain’s power is spent
on information transmission (Schnitzler and Gross 2005). Important conditions for
successful coherence are correlating frequencies and phases as well as an appropriate lag in
transmission (Fries 2005). In contrast, the gating-by-inhibition hypothesis states that the
blocking of regions which are not necessary for the performance of the task allows optimal
transfer of information (Jensen and Mazaheri 2010; Bonnefond et al. 2017). Apart from their
causal role for neural communication brain oscillations also support neural plasticity (Fell
and Axmacher 2011). STDP is increased when phase synchronization is established due to
the fact that action potentials induced by excitatory cells emerge more likely during the

depolarization (Nyhus and Curran 2010; Fell and Axmacher 2011).

Different frequencies were investigated to have different functions in neural communication.
The shorter the distances between neurons, the faster occurs oscillatory activity, while more
distant cell assemblies communicate via slower frequencies (Nyhus and Curran 2010).
Distinct brain functions and brain regions use different oscillatory frequencies, nevertheless,
one frequency is not unique to one area or cognitive function. A frequency widely
investigated in cognitive functions is the theta frequency, in rats defined in a range from 6 to
10 Hz, while in humans they comprise a slower range down to 4 Hz (Buzsaki et al. 2013;
Hanslmayr et al. 2016). This phenomenon is most likely based on the divergent brain size
suggesting that an increase in size is related to slower frequencies due to further distances

that need to be bridged.
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Theta oscillations are occurring in various brain regions and the underlying pacemaker
rhythms are still not fully elucidated. Hippocampal theta rhythm is most likely originated in
various brain structures, e.g. in the prefrontal and entorhinal cortex (Dtzel et al. 2010).
Additionally, the medial septal nucleus exhibits theta rhythm and is believed to be an
important theta generator of the hippocampus, while the nucleus basalis is responsible for
the synchronization of theta oscillations in cortical regions (Lisman and Jensen 2013). Lesion
studies confirm the correlation of the medial septum and fornix with theta origin leading to
significant impairments in memory tasks testing spatial memory (Korotkova et al. 2018).
There are also other subcortical nuclei being connected to control mechanisms of theta
rhythm such as the supramammillary nucleus or the nucleus incertus. These structures are

counterparts to the median raphe nucleus that is inducing hippocampal non-theta states.

Theta oscillations are assigned to various cognitive abilities such as attention, learning,
memorty, synaptic plasticity, arousal, and anxiety behavior (Brignani et al. 2013; Kleinert et
al. 2017; Korotkova et al. 2018). An important finding was the discovery of place cells in the
rodent’s hippocampus that are associated with spatial navigation and gained particular
attention (Dragoi and Buzsaki 2006). When the rat moves through a place field, theta
oscillations constantly occur in the hippocampus and increase in frequency and amplitude
with ascending speed and age (Diizel et al. 2010; Korotkova et al. 2018). With starting to
pass into a defined part of the location, place cells start to fire at gamma frequencies occurring
at the peak of each theta cycle (Dragoi and Buzsaki 2006). By moving further gamma
oscillations shift phases. This phenomenon is described as “theta phase precession”.
Matching investigations about theta rhythms were also made in the field of human spatial
orientation (Diizel et al. 2010). Interestingly, theta reflects the familiarity of the environment.
In fact, foreign locations induce lower theta frequencies in rats in comparison to familiar

environments.

Results from earlier studies also demonstrate a strong and consistent association especially
between oscillations in the theta and gamma range and memory function (Buzsaki and Silva
2012; Brignani et al. 2013; Hanslmayr et al. 2016; Albouy et al. 2017). They are assumed to
support communication between brain regions and seem to be determinant for the encoding
of spatial impressions and objects (Diizel et al. 2010). For instance, brain activity during
spatial memory tasks showed theta coherence between the hippocampus and other brain
areas such as the PFC. The oscillatory synchrony between the PFC and the hippocampus
varies depending on the context. During memory retrieval oscillations in the PFC go ahead
of oscillations in the hippocampus while this is reversed during a memory delay indicating

the direction of information transfer (Eichenbaum 2017). Moreover, there is evidence that
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theta phase synchronization between the frontal and temporal cortex as a sign for neural
communication is important for the formation of long-term memories (Fell and Axmacher
2011). This is based on the organization of simultaneous synaptic input that leads to the
facilitation of depolarization and consequently to higher efficiency in inducing action
potentials and exciting postsynaptic neurons. Besides phase coherence, oscillatory activity
can provoke the firing of neurons as subthreshold activity can be added by synchronized
organization to gain suprathreshold activity (Pevzner et al. 2016). Furthermore, oscillatory
activity in the theta range is not only important for long-range brain communication, but it
is also associated with the induction of synaptic plasticity (Fell and Axmacher 2011; Berens
and Horner 2017). Excitatory inputs during the peak of theta oscillations then induce LTP,
while when occurring at the trough they induce LTD. During synchronized excitatory phases

LTP enables the formation of LTM.

Recent work has shown that theta-gamma phase-amplitude coupling is crucial for working
memory (Lisman und Jensen 2013; Alekseichuk et al. 2016). The concept describes the
occurrence of theta and gamma frequencies operating in interaction and assumes that
memory items are encoded in gamma cycles, which are then organized in theta phases. This
mechanism secures the maintenance of several objects and their correct temporal order
(Diizel et al. 2010). The concept of theta-gamma coupling was strengthened by a study where
they used stimulation with transcranial alternating current to slow down the theta rhythm in
order to increase the number of gamma cycles fitting into it and expand working memory
load (Vosskuhl et al. 2015). Accordingly, this mechanism plays a major role for the
information transfer between neocortex and hippocampus and therefore for consolidating
STM into LTM (Guderian et al. 2009; Lisman and Jensen 2013). Theta-gamma coupling has
been discovered in several brain regions revealing it as a fundamental mechanism for memory
encoding (Lisman 2010; Belluscio et al. 2012). There is also evidence for a positive correlation
between theta amplitude and the subsequent memory effect (defined as successful memory
encoding based on a particular neural activity pattern), as higher amplitudes shortly before
the presentation of the stimulus led to a higher amount of later correctly recalled words and
therefore must be connected to encoding mechanisms (Guderian et al. 2009). A similar
correlation was shown for theta synchronization between the hippocampus and rhinal
cortices (Duzel et al. 2010). Various studies revealed that increased theta power in the MTL
provokes enhanced learning achievements, e.g. improved episodic memory encoding (Diizel
et al. 2010; Berens and Horner 2017). Accordingly, theta seems to operate as a coordinator
for transferring and integrating information from distinct brain regions and for securing the

exact timing of all inputs to induce LTP (Buszaki and Schomburg 2015; Berens and Horner
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2017; Clouter et al. 2017). In fact, oscillatory activity is crucial for episodic memory
(Hanslmayr et al. 2016). As aforementioned, theta-gamma coupling is responsible for the
binding of stimuli into internal representations and this also applies for the binding of
episodes in the MTL. Moreover, oscillatory activity in the theta range was proven to be
crucial for two memory processes. On the one hand, it is highly correlated with successful
memory encoding, e.g. by the temporal organization of activity during LTM formation
(Antonenko et al. 2016; Berens and Horner 2017). On the other hand, theta is also highly
important for later correctly retrieved information as slow theta predicts successtul recall in
contrast to fast theta that was recorded in relation to processes of interference (Lisman and
Jensen 2013; Pastotter and Bauml 2014). It was shown that stimulation in one phase can
induce encoding while in another it provokes retrieval supporting the fact that these
processes depend on different theta phases (Korotkova et al. 2018). There is given evidence
from a study by Clouter et al. that episodic memory inputs synchronized in the theta-band
are better memorized in contrast to asynchronously presented inputs (Clouter et al. 2017).
Additionally, they tested theta synchronization in contrast to other frequencies and found

this effect as unique for theta compared to delta- or alpha-modulated stimuli.

The importance of functioning synchronization in the human brain becomes obvious with
the pathological mechanisms behind different neuropsychological diseases. For example
Alzheimer has been shown to correlate with the functional interruption of brain networks
and reduced synchronization within various frequency bands (Schnitzler and Gross 2005).
Moreover, investigation of underlying mechanisms behind schizophrenia reveals failure in
gamma synchronization followed by impaired connectivity between brain areas (Schnitzler
and Gross 2005; Lopes da Silva 2013). At last, there are several motor disorders such as
Parkinson’s disease, which reveal a failure of long-range synchronization (Schnitzler and

Gross 2005).

1.6 Neuroimaging — electroencephalography (EEG)

The electroencephalography (EEG) is a non-invasive electrophysiological technique first
established by Hans Berger in the 1920s for the recording of neural activity (Herrmann et al.
2016a). For the measurement small electrodes are attached to the scalp to record brain
oscillations reflecting synchronized and reoccurring activity of neuronal assemblies (Moran
and Hong 2011; Jackson and Bolger 2014). This method cannot measure single neuronal
activity but only the summation of extracellular currents of large populations of pyramidal

cells (Fell and Axmacher 2011; Cohen 2017). Accordingly, the summation of postsynaptic
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potentials of many pyramidal cells forms local field potentials (LFP) that are detected by
EEG. Moreover, brain activity can only be recorded when an electrode is not equidistant but
closer to one pole making a dipole measurable (Jackson and Bolger 2014). Within the brain,
the neural signal is transferred via volume conduction and between different volumes it is
transmitted through the mechanisms of capacitance. Therefore, the finally recorded signal
highly underlies the physical composition and the electrical conductivity of the different brain
tissues (Lopes da Silva 2013; Jackson and Bolger 2014). EEG data provides information
about brain oscillations that are a correlate for different neuronal processes with a scope
ranging from motor to cognitive processes (Cohen 2017). Regional frequency-specific
modifications in power in reaction to a stimulus are often reported as event-related
synchronization (ERS) indicating an increase in oscillatory power and event-related
desynchronization (ERD) referring to the opposite (Fell and Axmacher 2011). An
outstanding advantage of EEG is its high temporal resolution. Furthermore, its non-
invasiveness provides the possibility to get insights into the functioning of human brains not
only in diseased but also in healthy people expanding the substrate for investigation in
neurophysiology. Consequently, EEG is a highly appropriate method to elucidate dynamic

cognitive processes connected to the encoding of facial stimuli.

1.7 Neuromodulation techniques

1.7.1 History of the application of electrical current on the human brain

The idea of using electric current in order to influence the human brain is not new as far as
the origins of applying electricity on humans date back to the antiquity. Long ago in 46 AD
under the Roman Emperor Claudius, first discoveries of electric fish like electric eel and
crampfish were made by Scribonius Largus in conjunction with pain (Priori 2003; Brunoni
et al. 2012). He found out that a torpedo fish placed on the scalp relieved the pain of
headache and thereby established a new treatment for pain during the ancient world. Other
researchers coming to the same solutions were Pliny the Elder and Galen of Pergamum. The
latter constituted the effect on the fish’s torpor, numbness, and narcotic effect. Ibn-Sidah,
living in 11" century, also used a catfish for treating epilepsy. Around 1780, Luigi Galvani
made a historical discovery: he found out, that the stimulation of a frog’s leg by electric
current caused muscle contraction, which was followed by other experiments using galvanic
current on animal electricity (Piccolino 1998). His nephew Aldini expanded the scope of
application by stimulating patients who suffered from melancholia (Zaghi et al. 2010).

Applying the current on his own head at first, he reported insomnia as a consequence next
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to an uncomfortable feeling (Priori 2003). Another milestone in the history of brain
stimulation was the investigation of the first battery by Volta around 1800, which cleared the
way for an increasing research with focus on the impact of electric current on the brain
(Paulus 2011). Until the middle of the 20™ century the more qualitative experiments and the
missing protocols and measuring methods complicated the conditions for progressing
investigation of brain stimulation because of inconsistent results that were neither reliable
nor reproducible. While the investigation of high-intensity transcranial stimulation by Bini
and Certletti brought up a new treatment for depression of mental disorders that was called
electroconvulsive therapy and is still used today, experiments with low-intensity stimulation
became popular not until the 1960s again (Priori 2003). In 1963, Limoge made the causal
discovery of the impact of stimulation in anesthesia using low-intensity alternating
transcutaneus cranial electrical current (Limoge et al. 1999). The so-called “Limoge’s current”
seemed to be a method for anesthesia being gentler due to its minor demand for narcoleptics.
During the second half of the 20" century there were many experiments with various main
focuses making use of transcranial current (Priori 2003). One year later, Bindman et al.
applied direct current to the scalp of rats and detected enduring effects beyond the duration
of stimulation (Bindman et al. 1964). This was followed by further studies investigating the
effect of direct current on patients with psychological diseases (Lefaucheur et al. 2017). The
important reversal point was reached with the development of TMS when weak magnetic
fields were discovered to have an impact on cortical excitability by Barker in 1985. It is a
non-invasive method working with magnetic pulses applied on the scalp and resulting in an
excitation of cortical neurons changing cortical plasticity (Lage et al. 2016). It was the first
alternative to other stimulation methods at that time since it was painless and did not require
surgery (Ziemann 2017). This induced a renewed interest in the investigation of the impact
of electric current on the brain also due to improved protocols and increased reproducibility
of experiments (Zaghi et al. 2010). The last decades then led to the development of non-
invasive brain stimulation (NIBS) and the application of current on the human scalp in order
to manipulate cortical excitability and neuroplasticity, not only to investigate brain functions
but also to find new therapeutic strategies for neurological diseases (Zaghi et al. 2010;

Santarnecchi et al. 2015).

Nowadays there are different forms of manipulating the brain by using different techniques
collectively referred to as ‘neuromodulation’. Methods can be divided into invasive and non-
invasive methods. Invasive methods include particularly deep brain stimulation (DBS), which
describes a neuro-surgical method where a stimulation electrode, which is connected to a

stimulator that is implanted as well, is placed at a specific part in the brain — typically at the
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basal ganglia nuclei — and delivers pulses of direct current to the targeted area (Rossi et al.
2016). This technique was already brought up in the 1980s and the scope of application is
still growing (Gildenberg 2005; Vedam-Mai et al. 2014). The intervention is reversible and
intends to influence a neural target that is causal for the disorder’s symptoms that the patient
is suffering from in order to improve them. Even if there is not much known about the
theoretical background of the mechanisms, DBS is commonly used in various different
diseases such as tremor or chronic pain (Gildenberg 2005; Rossi et al. 2016). Non-invasive
methods are techniques based on the application of low-intensity transcranial electric
stimulation (tES) on the scalp and mainly refer to three methods: At first, transcranial direct
current stimulation (tDCS) delivers constant direct current. Secondly, transcranial random
noise stimulation (tRNS) transmits randomly distributed currents with a frequency spectrum
between 0.1 and 600 Hz. At last, transcranial alternating current stimulation (tACS) is a
method where a sinusoidally oscillating current is entraining brain oscillations. Accordingly,
small electrodes are applied to the scalp in order to deliver different forms of current with
respect to the method on the brain, particularly on the underlying area as the region of
interest. In contrast to the effects occurring during the stimulation summarized as online
effects, there can also arise after-effects from minutes to even hours beyond the application
(Lefaucheur et al. 2017). While online effects might be caused by direct influence of the
stimulation on membrane potentials, after-effects could be a consequence of brain plasticity
and altered synaptic connections with long-lasting changes of neuronal excitability (Antal

and Herrmann 2016; Yavari et al. 2017).

Today, non-invasive brain stimulation techniques (NIBS) are used for different interests. On
the one hand, they are applied in order to investigate the physiology of the human brain and
the stimulation’s impact on the neuronal activity and plasticity (Yavari et al. 2018). On the
other hand, tES is regarded as a promising means to treat neurological and psychiatric
disorders (Abd Hamid et al. 2015; Fertonani und Miniussi 2017; Lefebvre and Liew 2017;
Wortman-Jutt and Edwards 2017). Since for our experiments tACS was the method of choice
as meeting our requirements most, the next section will provide detailed information and

enhanced insights into scientific findings and recent studies on the field.

1.7.2 Transcranial alternating current stimulation (tACS)

In the last decade, the use of transcranial alternating current stimulation (tACS) as a non-
invasive stimulation method gained growing interest. Already in 2006, Marshall et al.
combined tDCS with low-frequency tACS (0.75 Hz) to induce a boost in memory during
non-rapid-eye-movement sleep (Paulus 2011; Antal and Paulus 2013). Unfortunately, the
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study did not include necessary control experiments for verifying the mechanism of memory
improvement. In a pioneer study in 2008, Antal et al. applied tACS reclusively with several
frequencies between 1 and 45 Hz on the motor cortex with an intensity of 0.4 mA, that
resulted in an improved implicit motor learning effect for the frequency of 10 Hz (Antal et
al. 2008; Lefaucheur et al. 2017). Other studies followed with focus on diverse abilities and
also diseases (Abd Hamid et al. 2015). With tACS, a weak biphasic and sinusoidal electric
current is externally applied by electrodes on the scalp in a biphasic and sine-wave form
intending to reach the underlying brain area and entrain brain oscillations with adapting the
internal rthythm to the externally applied frequency (see Figure 6) (Paulus 2011; Frohlich et
al. 2015). The adapting internal oscillations lead to endogenous synchronization not only
between neurons being located in the targeted area but also between distant brain areas

(Schutter 2014).

Figure 6: Transcranial alternating current oscillates with a sinusoidal wave form. The y-axis depicts the

amplitude (F), the x-axis displays the time (t). (Own illustration.)

There are several determinant parameters for the application of tACS. Next to the phase (the
temporal correspondence between the phase of the endogenous rhythm and the external
alternating stimulation), the frequency and intensity are crucial for the induction of oscillatory
effects (Antal and Paulus 2013; Antal and Herrmann 2016). While a frequency lower than
the endogenous rhythm is hypothesized to slow down internal brain oscillations, a higher
frequency might speed them up (Antal and Herrmann 2016). Different frequencies were
investigated to have diverse effects on human behavior. Regarding motor performance,
stimulation in the alpha range was found out to improve it; in contrast beta stimulation
worsened the outcome (Antal and Paulus 2013). While in the beginning tACS studies mainly

focused on motor functions, recent studies expanded the scope of application to cognitive
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processes and memory function. Especially theta and gamma frequencies were identified to
have a highly relevant effect on attention and memory (Antal and Paulus 2013; Schutter
2014). As an example, stimulation of the frontal cortex in the gamma range enlarges the
cognitive load and relieves the access to it (Schutter 2014). In contrast to that are frequencies
exceeding the frequency spectrum of EEG. The so called “ripple range” involving high
frequencies from 80 to 250 Hz is not only supposed to affect the motor cortex (M1) in an
intensity-dependent manner, these frequencies are also considered to be associated with
memory encoding (Antal and Paulus 2013; Lefaucheur et al. 2016). Finally, stimulation in the
high kHz dimension of about 200 kHz is assumed to have an effect in cancerous diseases
(Antal and Paulus 2013). Interestingly, the application of tACS does not only entrain internal
brain rhythms in the applied frequency range but also in frequencies that are subharmonics
to the externally applied and closer to the internal frequency of the targeted area (Herrmann

et al. 2016b)

Another fundamental parameter for the application of tACS is the phase of stimulation
(Antal and Paulus 2013). For instance, a phase-specific effect was detected during the
stimulation of left frontal and parietal targets with a frequency of 6 Hz. An in-phase
stimulation of the mentioned brain areas led to an enhanced performance of working
memory, whereas the application of anti-phase stimulation deteriorated the outcome (Polania
et al. 2012). Another study elucidated that the phase and the optimal listening behavior are
coupled indicated by decreased response times occurring with the individual optimal delta

phase (Henry and Obleser 2012).

In fact, also the intensity plays an important role for the induced after-effects of tACS (Antal
and Paulus 2013; Antal and Herrmann 2016). While an intensity of 0.2 mA has no measurable
effect, 0.4 mA appears to be inhibitory leading to the conclusion that inhibition might be
related to lower intensities. Besides, there are other relevant influential aspects, for example
electrode size and shape as well as the montage of the device. More factors such as duration
still need to be investigated with regard on their importance and impact on possible after-

effects (Antal and Paulus 2013).

Even after one decade of investigation the mechanisms behind tACS are still debated.
Indeed, there are some suggestions about the modification of biochemical equilibriums,
which might be causal for the induction of after-effects by provoked synaptic plasticity,
possibly due to calcium accumulation in the presynapsis (Antal and Paulus 2013). However,
the dominant theory of tACS suggests an entrainment of brain oscillations to the externally

applied oscillating current as the mechanism of action. The entrainment of brain oscillations
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is determined by the electric polarization of neurons, which is permanently changing its
polarity due to the alternating current and might lead to the periodical adaptation of
transmembrane potentials (Fréhlich et al. 2015). This also serves as an explanation for the
effect of tACS in neurological diseases that are often connected with faulted and
desynchronized internal brain oscillations and might be resynchronized by externally applied
alternating current (Abd Hamid et al. 2015; Frohlich et al. 2015; Antal and Herrmann 20106).
In contrast to TMS, where short high-intensity impulses influence the underlying cortex in a
suprathreshold manner, tACS does not induce action potentials but has subthreshold effects
on neuronal resting membrane potentials with impact on firing rates due to the application
of low intensities (Yavari et al. 2018). The alternating current entrains internal brain
oscillations and leads to synchronization within and between brain networks. While altered
membrane potentials are a plausible explanation for online effects, they do not fully explain
after-effects. Consequently, it is suggested, that tACS also induces morphological adaptation
processes by interfering with cellular mechanisms on a genetic level such as the regulation of

genes and the induction of protein synthesis (Cirillo et al. 2017).

1.7.3 Current state of the art

In the last years, tACS has attracted increasing attention after some studies revealed
promising results (Antonenko et al. 2016). Until today, there has been published various
literature investigating the effect of tACS on attention, perception, motor function as well as
on higher cognitive functions, memory, and learning (Tavakoli and Yun 2017). After the
discovery of the impact of tACS on implicit motor learning by Antal et al. in 2008, many
other studies followed concerning stimulation effects in motor functions. For instance,
Schutter and Hortensius applied delta, theta, alpha, and beta frequencies on the left and right
motor cortex with an intensity of 1 mA for 10 minutes (Schutter and Hortensius 2011). The
results revealed that both theta and beta frequencies increased the cortical excitability of the
primary motor cortex. Due to the promising findings, investigators gradually expanded the
scope from motor cortex to other brain areas and related functions. Consequently, there
were also conducted many studies with regard to cognitive skills (Abd Hamid et al. 2015;
Antonenko et al. 2016). As theta oscillations are highly related with memory formation and
plasticity effects, several studies investigated the impact of theta-tACS on memory processes.
To test the impact of tACS on the fluid intelligence and executive control Pahor and Jausovec
conducted a study with a problem-solving and visual-spatial reasoning task (Pahor and
Jausovec 2014). They applied theta-tACS with a frequency of about 5 Hz at the left frontal

and parietal cortex with an intensity from 1 to 2.2 mA for 15 minutes. Right after, all subjects
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had to perform the tasks. The recorded EEG revealed an increase in frontal theta power and
a decrease in posterior alpha power. The parietal stimulation group showed improved
performance in comparison to the frontal and the sham stimulation group. Pahor and
Jausovec interpreted the results as an indicator for the increase in working memory capacity
and as an after-effect of theta-stimulation. Furthermore, it was detrived a connection between
frontal theta-tACS and attentional control. In 2015, Vosskuhl et al. also investigated the
impact of tACS on the capacity of working memory (Vosskuhl et al. 2015). Referring to the
assumption that the memory capacity is based on the theta-gamma coding theory, the
stimulation frequency was always chosen below the individual theta frequency that was
detected by an EEG measurement before the application of stimulation and never exceeded
5 Hz (Lisman 2010; Vosskuhl et al. 2015). This was intended to downregulate every subject’s
theta frequency and thereby make more gamma cycles fit into one theta cycle in order to
extend memory capacity. In comparison with sham an alternation of performance under
stimulation was seen in the forward digit span indicating an increase in STM capacity as an
online effect. A recorded after-effect was the increase of the theta-amplitude that stayed
elevated even beyond the duration of stimulation. Another study focusing on the influence
of tACS on cognitive functions was carried out by Santarnecchi et al. in 2016. With an
abstract-reasoning test, a delayed-match-to-sample test, and a control task the response time
was measured while the PFC was stimulated with gamma-tACS with a frequency of 40 Hz
and an intensity of 0.75 mA for 30 minutes (Santarnecchi et al. 2016). For control, it was also
applied a theta-tACS of 5 Hz, tRNS, and sham. As a result, the application of gamma-tACS
unveiled shorter responding times for this specific frequency. The importance of theta
oscillations for memory processes and its causal role in phase synchronization between
frontal and parietal cortices for memory processes was investigated by Polania et al., who
applied synchronized theta-tACS to both brain regions and recorded significantly improved
reaction times in a delayed letter recognition task (Polania et al. 2012). A recent study by
Javadi et al. focused on the encoding into and retrieval from LTM (Javadi et al. 2017). Here,
tACS was applied in the gamma frequency spectrum during encoding and retrieval to entrain
internal brain rhythms. For the application of the same frequency it was found a significant
effect in memory improvement in contrast to the utilization of different gamma-frequencies
in encoding and retrieval processes. Altogether, these studies provide an insight into former
literature proving the efficacy of tACS as a powerful tool not only for the investigation of
causal relationships between brain oscillations and behavior. It is also a highly adequate
technique to interfere with cortical activity and manipulate brain functions to affect memory

capacity, performance, and reaction time.
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1.7.4 Clinical applications

Besides its promising potential to investigate the connection between specific brain rhythms
and their associated brain functions, tACS also offers the possibility of application for
therapeutic purpose (Vosskuhl et al. 2015). Oscillatory desynchronization as a potential cause
for neurological dysfunction has been observed in several brain disorders such as Alzheimer’s
disease and Parkinson’s disease. Consequently, tACS might have the potential as a new tool
concerning the differential diagnosis of neuropsychiatric maladies and improve prevention
as much as early detection before the onset of clinical signs and thereby an eatly intervention
(Brignani et al. 2013; Naro et al. 2016). Furthermore, it offers the opportunity to
resynchronize brain activity and relieve symptoms. There have been several studies testing
the impact of tACS on different neurological and psychiatric disorders, for example on
tinnitus, glioblastoma, or on schizophrenia (Lefaucheur et al. 2017; Sreeraj et al. 2017). In
the main focus for the clinical application of tACS are various disorders that are connected
to abnormal oscillation patterns such as Parkinson’s disease or schizophrenia (Antal and
Paulus 2013). By applying external current desynchronized oscillations shall be readjusted to
their physiological thythm (Frohlich et al. 2015). In several studies it was also found evidence
for the enhancement of visual damage by the application of alpha-tACS (Abd Hamid et al.
2015). While for patients suffering from visual restraints a reduced oscillatory power was
measured, tACS could increase the alpha oscillations and lead to improved visual fields and
better functioning in optic nerve neuropathy. These promising results reinforce the demand
for further research on tACS not only for investigation approaches but also for the clinical

application in the future.

1.7.5 Safety aspects of tES

In fact, there are many studies giving evidence for the safety of the application of transcranial
electric current on the human scalp if the safety requirements are fulfilled (Abd Hamid et al.
2015; Fertonani et al. 2015; Santarnecchi et al. 2015; Bikson et al. 2016). All reported adverse
effects (AE) in literature were on a mild sensational level. Only recently, Antal et al. published
an extensive synoptic paper about the safety, the legal framework and application
recommendations of tES (Antal et al. 2017). In a comprehensive review they evaluated AEs
occurring simultaneously or subsequently to the stimulation in more than 18000 sessions
since 2000. There were not reported any serious AEs in none of the sessions with regard to
standard protocols applying current with an intensity below 4 mA and a duration shorter
than 60 minutes. As mild side effects there were documented local skin sensations. Coupled

with the induction of vasodilatation through the application of weak electrical current on the



1 Introduction 27

skin there may occur different skin irritations such as pinching, itching or tingling, potentially
in combination with redness (Fertonani et al. 2015; Jamil et al. 2017; Reinhart et al. 2017).
Furthermore, there have been described mild sensations underneath the electrode, albeit they
are mentioned rarely for tACS and tRNS due to the continually changing current in contrast
to tDCS where a constant current is applied (Schutter 2014; Fertonani et al. 2015). Actually,
for having the same perception the intensity of tRNS must be three times higher than for
tDCS, also indicating that a higher intensity aggravates the sensations as well as larger
electrodes reinforces them (Fertonani et al. 2015). Conversely, there could not be observed
an influence on sensations by other parameters such as the montage of the device on the
scalp, timing or density of the current. Moreover, literature revealed other mild side effects
such as weak headache, fatigue, and slight nausea (Schutter 2014; Abd Hamid et al. 2015;
Antal et al. 2017). Also associated with tES is the occurrence of phosphenes during the
application (Abd Hamid et al. 2015). Cutaneous as well as phosphene perception were shown
to be dependent on the stimulation frequency with a peak in the beta and gamma frequency
spectrum (Turi et al. 2013). Some studies included a montage of electrodes with local
proximity to the mouth, tongue or trigeminal nerve, whereby a low percentage told about a
metallic taste (Schutter 2014; Fertonani et al. 2015; Reinhart et al. 2017). Most of these
sensations are only reported during and shortly after the stimulation, whether one week after
no subject had perceptions related to the application of current anymore (Abd Hamid et al.
2015). In contrary, for tES there were not determined any AEs regarding cognitive or
perceptual capabilities (Antal et al. 2017). Particularly with regard to tACS, Antal et al.
confirmed the method as safe due to the absence of pathological, structural or functional
changes in recordings of neither EEG and magnetic resonance imaging nor in enzymatic
levels (Antal et al. 2017). Finally, they propose a checklist and a screening questionnaire prior
to tES sessions for enhanced precaution and a standardized survey of possible AEs right
after to maximize comparability between studies. Altogether and with regard to existing data,

tACS is proven a safe technique with only mild side effects.

1.7.6  Advantages and disadvantages of tES

Transcranial electric current stimulation seems to be a rising method in research questions
as much as in daily clinical practice. With regard to tACS, it appears to be a promising
technique for the investigation of the relation between specific neural oscillations and the
associated brain functions as well as the link between brain function and behavior not only
in healthy but also in diseased people (Fertonani et al. 2015). In contrast to other techniques

for measuring brain activity, tES is also able to not only prove correlation between specific
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oscillations and a related cortical function or behavior, but it is also suitable to create causality
by interfering with oscillations and thereby changing a variable to observe altered cognitive
functions and behavioral outcome (Tavakoli and Yun 2017). Compared to other stimulation
methods tES enables to reach the target region without any detours via sensory cortices as
in case of visual flickering (Brignani et al. 2013). A major benefit of tACS is its frequency-
specific entrainment of large neuronal networks at a nearly appreciable level (Tavakoli and
Yun 2017). Additionally, it was shown to have a higher effect for entraining neuronal
populations in contrast to other tES techniques such as tDCS. Concerning the application in
patients, it also provides many benefits for clinical treatment as it is non-invasive and
therefore makes a surgery obsolete (Abd Hamid et al. 2015). Additionally, the burden for
patients during the treatment can be reduced as tES does not cause severe adverse effects
and the device does not produce disturbing sounds (Antal and Paulus 2013; Schutter 2014).
Patients who suffer from disorders where pharmacological options are missing or do not
come into question due to drug intolerance, interactions with other medicaments or
pregnancy might profit from this alternative (Brunoni et al. 2012). Moreover, it might not
only have an effect in exclusive application but also in combination with other therapeutic
treatments in order to enhance the curative effect. Devices for the application of weak
current are smaller, low-priced and manageable, which also opens doors for the home-use
of tES (Lefaucheur et al. 2017). On the one hand, patients with chronic disorders can exploit
that because the probable need for regular sessions can be complied more easily. On the
other hand, it is also affordable for poor countries where money for medical care and
equipment is missing (Brunoni et al. 2012). However, the feasibility and the facilitated
handling at home also contain risks due to improper use of non-professionals (Brignani et
al. 2013; Lefaucheur et al. 2017). Additionally, the simple access and affordability also raise
the question, whether healthy people might use it to enhance their cognition and leads to the
ethical discussion of neuroenhancement (Santarnecchi et al. 2015). This is also of particular
importance in relation with the still not fully elucidated mechanisms behind tES and non-
linearity and to a certain extent unpredictability of experimental results (Fertonani and
Miniussi 2017). This enhances the demand for further studies to gain deeper knowledge

about underlying mechanisms and improve application parameters.

1.8  Aim of the study

The topic of memory has gained growing interest in the last years. While working memory,
attention, and cognitive control were target in various studies, surprisingly, effects of tACS

on episodic LTM have not yet been systematically and comprehensively examined
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(Antonenko et al. 2016). Recent studies on declarative LTM mainly focused on the
application of tACS during sleep but there is a notable paucity of well-controlled studies
specifically investigating stimulatory effects in healthy participants in an alert state (Marshall
et al. 2011; Antonenko et al. 2013; Eggert et al. 2013; Prehn-Kristensen et al. 2014). The aim
of this work was to identify the causal role of brain dynamics in the encoding of episodic
memory in humans. How oscillations are involved in facial processing and what neocortical
area is particularly crucial for this process still forms an area of open research. Even though
there is already a large amount of literature, most studies only found correlative relation

between brain oscillations and memory encoding.

Our research objective was firstly to define a specific neocortical area and oscillatory pattern
highly connected to facial LTM encoding processes and secondly to manipulate this area by

using tACS in the notified frequency to improve the encoding of faces into episodic memory.

We developed two main hypotheses: (i) At first, we assumed that oscillatory dynamics in the
neocortex during facial memory encoding reflect the subsequent memory effect.
Accordingly, the first experiment included the recording of EEG during facial encoding
focusing on the pivotal oscillatory dynamics in the neocortex. We hypothesized, that this
experimental stage will reveal a certain neocortical area and a specific oscillatory frequency
with a significant correlation to successfully encoded and subsequently remembered faces.
Moreover, we suspected the detected brain area and frequency concerning LTM encoding to
differ from EEG data during the STM task and eventually to be unique for LTM encoding

processes.

The results of this work should not only stay at a descriptive level of correlation between
certain brain oscillations over a defined neocortical area and LTM encoding but also
demonstrate a causal link between them. Hence, we secondly hypothesized that (ii) online
tACS in the priorly detected frequency over the neocortical target region will alter the
oscillatory dynamics during facial memory encoding and improve LTM performance.
Accordingly, we will use the parameters concerning the neocortical area and the stimulatory
frequency that we derived from the EEG experiment. The induction of behavioral changes
by the application of model-driven, multi-electrode tACS in the second experiment will

manifest in changes in accuracy ratio and confidence during the recognition part of the task.

Finally, we hypothesized the effect of tACS applied with the parameters, that were derived
from the EEG experiment, to be exclusively unique for an improvement of the LTM
encoding and will not have an effect on STM. In that regard, we also tested the memory

retrieval after a short time interval to assess behavioral changes for STM performance and
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reaction times. If the parameters of target region and stimulation frequency are exclusive,
there will not occur notable alterations in the accuracy and reaction time of the STM

recognition task.

Lastly, since there is still little knowledge about tACS as a relatively recent method, this thesis
shall provide further insights and deeper understanding particularly concerning its
manipulative influence on memory formation. Previous studies using tACS mainly focused
on motor functions, while manipulation with cognitive functions reached increasing interest
only recently. However, there is still a lack of knowledge about the mechanisms behind the
encoding of faces into episodic memory. In a broader sense, this study takes advantages of
tACS to reveal mechanisms behind memory formation and the induction of neuroplasticity.
Eventually, the experimental results might get us closer to gain knowledge about
physiological structures behind episodic LTM and neural circuits in the brain and — in the
long-term — enable the transfer of findings in healthy human adults to diseased patients to

be a guideline for the further development of diagnostic methods and therapeutic strategies.
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2 Methods

2.1  Subjects

The study was conducted in the Department of Clinical Neurophysiology, University Medical
Center Gottingen, Germany. All studies together included 60 healthy participants, who were
recruited through the university job market. The participation was reimbursed at the rate of
8.5 euro per hour. All volunteers had normal or corrected to normal vision, and met the
following inclusion criteria: non-smoker, no history of any psychiatric illnesses or
neurological disorders, no symptoms of migraine, no epileptic history, no previous events of
traumatic head injury, no substance abuse, no chronic medications (exception: oral
contraceptives), no participation in another study (in parallel or in the previous two weeks),
no metal implants including drug pumps, pace makers and hearing aids and no pregnancy or

breast feeding.

Prior to the participation each subject was informed about the exclusion criteria, the task
description, data storage policy, and possible side effects. All experiments were approved by
the Ethics Committee of the University Medical Center Géttingen (ethics number 24/9/16)

and were conducted in accordance with the Declaration of Helsinki.

2.1.1 Experimental design

The project included three studies with separate recruitment calls (see Figure 7). At first,
three rounds of pilot experiments with 5 participants each were conducted in order to
optimize the task and determine the parameters for the task: the delay between the Encoding
and the LTM Retrieval Part and the span of face-money combinations during the Encoding
Part. Altogether 15 subjects were recruited (7 female, 15 right-handed, mean age: 24.2 & 2.8,
mean of years of education: 17.1 £ 2.1, BMI: 21.9 £ 2.7). Secondly, the EEG experiment
was conducted on 20 participants (12 female, 18 right-handed, mean age: 24.3 * 3.1, mean
of years of education: 17.2 £ 3.5, BMI: 22.5 £ 2.6). The final experimental stage — the tACS
study — was based on the results of the EEG experiment, and included 25 subjects (13 female,
21 right-handed, mean age: 23.3 £ 2.4, mean of years of education: 16.6 = 1.9, BMI: 23.3 £
3.8). The sample size was calculated using a paired, non-parametric Wilcoxon test to detect
an effect size of 0.6 standards deviations or higher with 95 % certainty (at alpha level = 0.05
and beta level = 0.8). The effect size is defined as the difference in the memory performance

in the main stimulation group relative to the placebo group.
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Figure 7: Organization of the project. (Own illustration.)

2.1.2 Introductory meeting

Each stage of the study included an introductory meeting that every subject attended prior
to the participation in the experiments. Besides the organizational aspects, this was intended
to make the subjects acquainted with the environment of the laboratory. All were informed
verbally and in the written form about the detailed procedure of the sessions, about the
methods of EEG or brain stimulation, and gave a written informed consent. All volunteers
were questioned about the exclusion criteria (such as epilepsy, migraine, cardiac diseases, and
metal implants), the blood pressure and pulse were measured, and all subjects passed a basic
neurological checkup (correctness of pose, walk, balance, and oculomotor response). Finally,
every subject was instructed about the memory tasks and trained on its demo version. They
were briefed to not consume alcohol 24 hours and caffeinated drinks 4 hours before the

experimental session.

2.2  Memory test

The subject was seated on a comfortable chair with a headrest at a table directed to the screen
in front of a white wall. The touchpad as well as the mouse could be handled easily by laying
both arms on the table. The distance between the subject’s eyes and the screen was
approximately 50 centimeters. The stimuli were displayed on the 24” monitor. The memory
task was divided into 3 blocs: (1) an Encoding and Short-Term Memory Retrieval Part, (2) a
delay of 20 minutes, (3) and a Long-Term Memory Retrieval Part. The structure of the whole
memory task is shown in Figure 8. The PsychoPy software was used to implement the test

(Peirce 2007).
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Encoding
Encoding Maintenance =~ STM Retrieval
4-6 items x 3 s 10s up to 3 s x item

After 20 min
LTM Retrieval

Old p—~———— New

Figure 8: Memory task. Encoding and Short-Term Memory (STM) Retrieval: At first, 4 to 6 items (face-
money combinations) were displayed, each for 3 seconds. After a short maintenance of 10 seconds, all faces
were shown again one by one in a pseudo-randomized order. All volunteers were asked to decide between 2
amounts of money presented below each face in a two-alternative forced-choice task. Long-Term Memory
(L'TM) Retrieval: For each displayed face, participants were asked to indicate whether the face was presented
in the Encoding Part (Old) or not (New) in a 6-point Likert Scale. (Own illustration. The photo images
contained in this figure are taken by Dr. Ivan Alekseichuk and are distributed under the Creative Common

license (CC-BY-NC-ND 4.0). The photos are reused with permission.)

The Encoding and STM Retrieval block consisted of an encoding, a maintenance, and a
recognition part. The volunteers needed to memorize two linked stimuli: the facial item
(adult, Caucasian, male or female), and the numeric item (money value). Using pairs of facial
and numerical stimuli instead of solely faces as memory items resulted from the fact, that the
amount of necessary faces as lure items to present to reach sufficient difficulty in the STM
task would have interfered with the performance in the LTM Retrieval Part. The facial items
were taken from the gallery “Humanae” by Angelica Dass (www.angelicadass.com). The span
— summarizing the number of face-money-combinations in one encoding block — was
established in the first pilot experiment with 5 participants (see Figure 9). We aimed to
allocate the participants’ performance between 70% to 80% to neither set accuracy to chance
level nor to set it too high to still allow optimization using brain stimulation. Altogether there

were 90 trials.
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Figure 9: Performance in the first pilot experiment during the Short-Term Memory Retrieval Part as
the function of the span. The pilot experiment included 5 participants. The x-axis displays the span
representing the number of face-money combinations per task block in a range from 3 to 6. The y-axis shows
the proportionate performance from 0.5 to 1 in decimal fractions calculated by the hit rate minus false alarm
rate, when 1 is equivalent to all answers are correct. Data are shown as mean * standard error of the mean

(SEM). The graphic shows a decline in performance in the range from 4 to 6. (Own illustration.)

After the encoding and short (10 s) maintenance, subjects were required to attend the testing
block, which was organized as a two-alternative forced-choice task. The facial items were
presented again in a pseudo-randomized order, this time with two different numeric items
displayed below. The participants were asked to press the left or the right button on the
response pad (RB-740, Cedurus, USA) with the respective index finger to indicate the correct
numeric item. The response period lasted for 3 seconds. All subjects were asked to decide as
accurately and fast as possible. The whole task block took approximately 20 minutes to

complete.

Then the long delay was introduced. Its time length was established in the second and third
pilot experiment with 5 participants each and was set to 20 minutes. While in the second
pilot experiment the LTM Retrieval Part started after a delay of 20 minutes and resulted in a
performance of 72%, performance declined to 50% in a third pilot experiment equivalent to
chance level when the delay was extended to 24 h (see Figure 10). The subjects were asked

to stay in the chair and relax but to not close their eyes.
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Figure 10: Performance in the second pilot experiment during the Long-Term Memory Retrieval Part
as the function of the time delay between Encoding and LTM Recognition. The pilot experiment
included 10 participants (5 participants with a delay of 20 minutes, 5 participants with a delay of 24 hours). The
x-axis displays the time scale with a delay of 20 minutes compared to 24 h in between for 5 participants each.
The y-axis shows the proportionate performance from 0.4 to 1 in decimal fractions calculated by the hit rate
minus false alarm rate, when 1 is equivalent to all answers are correct. Data are shown as mean = SEM. The
performance decreases from 0.72 with a time delay of 20 minutes to 0.5 after a delay of 24 h corresponding to

chance level. (Own illustration.)

The LTM Retrieval was designed in a Six-point Likert scale in an old-new recognition
paradigm. Participants were requested to decide whether the face had been presented to them
in the first part (“old”) or not (“new”), and they were asked to indicate how certain they were
about their decision by electing one of six options on a symmetrical scale (“definitely old”,
“probably old”, “maybe old”, “maybe new”, “probably new”, and “definitely new”). A Likert
scale is a psychometric scale, that is highly suitable not only to inform about the presence or
absence of the item in the memory but also to detect the participant’s level of confidence
and range the participants’ decision from low to high, while the options are balanced. We
decided for a Six-point Likert scale and against a Five- or Seven-point scale to prevent
participants to pick the neutral option but rather to force them to make a choice to generate
more substantive data. Moreover, an improvement or deterioration in recognition does not
only become visible by the various ratio of right and false answers. It is also reflected in the

changing certainty visualized by the nuances of the levels of confidence that the decision is

based on.

180 faces were presented one by one (90 “old” and 90 “new” faces). Participants were
requested to decide whether the face had been presented to them in the first part or whether

it was new, and they were asked to indicate how certain they were about their decision by
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electing one of six options: “definitely old”, “probably old”, “maybe old”, “maybe new”
“probably new”, and “definitely new”. No time restriction was imposed. This task block took
approximately 20 to 25 minutes to complete depending on the individual speed of each

participant.

2.3  Electroencephalography (EEG)

2.3.1 EEG recording

During the task an EEG was recorded with the active amplifier (Brain Vision ActiChamp
128, Munich, Germany) from 128 scalp positions according to the International 10-05 EEG
system. All recordings were referenced to FCz. According to the individual head size, a
corresponding elastic electrode cap (ActiCAP, Munich, Germany) with the mounted
electrodes was located on the head, and electrode gel (HighViscosity Electrolyte-Gel Super
Visc, Munich, Germany) was applied between each electrode and the scalp to ensure the
electrodes’ conductance. Impedance was checked before every measurement and was kept
below 20 kOhm. The sampling rate was set to 2 kHz. All data were recorded from DC to
Nyquist frequency. EEG was recorded during the whole memory task with trigger marked

memory encoding.

2.3.2 EEG analysis

The analysis was performed by using the MATLAB FieldTrip Toolbox. During the
preprocessing the EEG data was bandpass filtered from 0.2 to 45 Hz and split into the
epochs around the timepoint of memory encoding. After detrending the epochs, the data
was downsampled to 500 Hz. The data was visually inspected utilizing a semi-automatic
routine showing the preprocessed data and removing noisy trials related to physiological
artifacts such as excessive amount of muscle activity. Trials with a maximum amplitude three
times higher than the average maximum amplitude among all trials were excluded. Moreover,
disturbed channels were interpolated to reduce the amount of variance in the data. Finally,
the EEG signals were re-referenced to the common average and the independent component
analysis (ICA) was used to clean the data from the ocular artifacts (one or two rejected

components per dataset).

Then, the power analysis was performed. The data was normalized and epoched according
to the time interval of interest: from O s to 1 s after the presentation of a memory item during

the encoding stage (to 0.5 s for the STM analysis). Then the single tapper method (Slepian
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window function) was used to estimate the power of oscillations from 1 to 45 Hz. The trials
were sorted on two categories — the subsequently recognized and unrecognized items —
separately according to the STM and LTM retrieval. The trials were averaged per category
and subjected to the non-parametric, cluster-based permutation test (two tailed peor < 0.05).

The corresponding topoplots were generated and are reported in the Results.

2.4 Transcranial alternating current stimulation (tACS)

During the brain stimulation study, tACS was used to manipulate with the oscillation of
interest (Antal et al. 2008). This study was a double-blinded, randomized, cross-over and
placebo-controlled investigation. Three different stimulation conditions were introduced
based on the results of the EEG experiment: at first the target stimulation with applying
tACS on the right hemisphere, secondly the active control condition with applying tACS on
the left hemisphere and finally the placebo condition with the application of sham
stimulation in a fade-in/fade-out protocol. The sham stimulation ensured the placebo-
controlled design. Neither the participants nor the investigator knew whether during a
session it was applied sham stimulation or tACS, therefore the conditions were coded and
labeled as alphabetic letters in the stimulation device and the randomization table. All
participants completed the three stimulation conditions in a counterbalanced order and were
allocated randomly to the sequence of conditions. The randomization was implemented
using the MATLAB function randperm.m. Between two sessions we set a minimum distance
of three nights between to diminish carry-over effects. At the beginning of every session, the
scalp location for the electrodes were marked according to the 10-20 system, and the skin
was disinfected with alcohol-based skin antiseptic (Kodan). A conductive cream (Ten20
paste, Weaver and Company, Aurora, USA) was applied at the scalp to fix five round rubber
electrodes (r = 1 cm) and reduce the impedance caused by the skin. The stimulation was
delivered via the StarStim stimulator (Neuroelectrics, Barcelona, Spain), and controlled by
NIC 2 software (same company). At the end of every session, all participants filled in a

standardized questionnaire (Antal et al. 2017) about their sensations during the session.

2.4.1 Stimulation protocol

Every participant received alternating current or sham during the Encoding and STM
Retrieval task block. The current was applied in three different conditions: sham stimulation,
stimulation of the right temporo-parieto-occipital (TPO) area, as this brain region was

identified in the EEG experiment, and stimulation of the left TPO area. The current was
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applied with an intensity of 1.5 mA peak-to-baseline and with a frequency of 4 Hz, which
was identified in the EEG experiment. Current was built up for 10 seconds and lasted for 20
minutes, i.e. for the whole length of the task block. The electrodes were fixed according to
the international 10-05 system and impedance always remained below 20 kOhm. The right
TPO area was targeted by using the electrodes at the positions P4, C2, CP1, T8 and Oz (see
Figure 12). For the control condition, the electrodes were located at the positions P3, C1,
CP2, T7 and Oz (see Figure 12). The central electrode (right TPO: P4, left TPO: P3)
delivered 100 percent of the electrical current, all others conducted 25 % of current each.
The same electrode montages were used for the sham stimulation, when the current was
applied in a fade-in-fade-out manner only for 10 seconds at the beginning and at the end of

the task block (see Figure 11).

Current

—  tACS

—  sham stimulation

v

Time

Figure 11: Current application. The application of current during the active tACS (blue) in contrast to the
application during the sham stimulation (red). The x-axis shows the time, the y-axis shows the corresponding
current during the experimental procedure. In the active conditions the current was built up for 10 seconds and
turned off after 20 minutes. For the sham stimulation the current was ramped up for 10 seconds and then

turned off at the beginning and at the end of the task block. (Own illustration.)
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Figure 12: Electrode montage. Left: Electrode montage duting the stimulation of the left hemisphere. The
electrodes were positioned at P3, T7, C1, CP2 and Oz., while alternating current flows between the central
electrode P3 (red) and the reference electrodes (blue). Right: Electrode montage during the stimulation of
the right hemisphere. The electrodes were positioned at P4, T8, C2, CP1 and Oz, while alternating current
flows between the central electrode P4 (red) and the reference electrodes (blue). The image was made using

NIC software (Neuroelectrics, Spain).
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Figure 13: Simulation of the electric field during the stimulation of the left TPO area. Color-coded from
0 (datk blue) to 0.3 mV/mm (datk red). Left: shows a top view on the left hemisphere. Right: shows a side
view on the left hemisphere. Both graphics show an electric field of 2 0.1 mV/mm in the left TPO area. The

brain images were made using NIC software (Neuroelectrics, Spain).

Figure 14: Simulation of the electric field during the stimulation of the right TPO area. Color-coded
from 0 (dark blue) to 0.3 mV/mm (dark red). Left: shows a top view on the right hemisphere. Right: shows a
side view on the tight hemisphere. Both simulation models show an electric field of = 0.1 mV/mm in the right

TPO area. The brain images were made using NIC software (Neuroelectrics, Spain).
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The electric field induced by the corresponding montages on the left and right hemispheres
were projected on the brain surface between the white and grey matter (see Figure 13 and
14). They were generated according to Miranda et al. (2013) by using the build.in head model
in the NIC 2 software (Neuroelectrics). For each hemisphere the models show a maximum
electric field in the TPO areas with values above the critical threshold level (0.1 mV/mm)

for inducing the entrainment effects.

2.5 Behavioral analysis

Statistical analysis was performed with MATLAB. For the STM subtask, the performance
(false alarm rates deducted from the hit rates, given in in % of correct responses) and reaction
time (in seconds) were analyzed under the active stimulation conditions relative to the sham
stimulation. A two-tailed, non-parametric, paired Wilcoxon test was utilized (p < 0.05). All
data is reported as mean and standard error of the mean (SEM). For the LTM subtask, the
performance score (false alarm rates deducted from the hit rates, given in % of correct
responses) and decision confidence (in confidence points, from 1 to 3) were analyzed
separately, as well as their cumulative product, the weighted performance. The weighted
performance is the total score, where for every correct task choice a volunteer received +3
if the decision was very confident, +2 if it was confident, and +1 if it was not confident. For
every wrong task choice, the same number of points was deducted from the total score. A
two-tailed, non-parametric, paired Wilcoxon test was utilized for the statistical comparison
of the performance and confidence under active stimulation vs. sham stimulation for each

hemisphere (p = 0.05). All data is reported as mean and SEM.
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3 Results

3.1 The EEG experiment

3.1.1 Behavioral results

The EEG experiment aimed to identify the anatomical brain region where the activity during
memory encoding relates to subsequently recollected answers. Every participant’s individual
performance was estimated by deducting the false alarm rates from the hit rates. The analysis
of the Short-Term Memory Recognition Part revealed decreasing performance over all 20
participants with the increasing number of items (mean performance in % * standard error
of the mean (SEM), 4 items: 87 + 2%, 5 items: 80 * 2%, 6 items: 72 £ 3%) with a mean
performance of 80 £ 2% as total average. The opposite trend appeared for the reaction times
(mean reaction time in seconds £ SEM, 4 items: 1.34 £ 0.07s, 5 items: 1.39 £ 0.07s, 6 items:

1.48 £ 0.07s) providing a mean reaction time of 1.4 + 0.07s SEM.

Further, the accuracy of responses in the Long-Term Memory Part was analyzed. The results
showed a mean accuracy of 77 * 2% SEM with a mean level of confidence of 2.18 *

0.09 SEM (where 1 is the lowest and 3 is the highest level of confidence).

3.1.2 EEG results

A non-parametric, cluster-based permutation test (two tailed per = 0.05) was employed to
investigate the significant differences in the brain activity recorded in the EEG for 20
participants during memory encoding in comparison to the baseline using the EEG data with
one second periods immediately before the presentation of the memory item. The analysis
was performed in the sensor-space — referring to a depiction of EEG data at the stage of the
original sensors without further transformations — for all 128 channels (10-05 electrode

placement system). The full EEG spectrum from 1 to 45 Hz was analyzed.

3.1.2.1 Short-Term Memory Part

The topographic maps (see Figure 15-17) show the brain activity during the Encoding Part
of STM. For subsequently forgotten items in the Short-Term Memory Part it could be
observed an increase in low theta power (mean power 4 £ 1 Hz SEM) in the posterior areas
of the neocortex (see Figure 15). In contrast, Figure 16 shows the brain activity for correctly
recognized memory items. In addition to the posterior cluster, the medial frontal cluster

demonstrates an increase in low theta activity. The difference between the remembered and
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forgotten trials highlights a major increase in power, i.e. in local synchronization of brain

activity in the frontal cortex in the low theta range (see Figure 17).

0.5

-0.5

Figure 15: Topographic map of the human brain during memory encoding for subsequently forgotten
items in the Short-Term Memory Task. (EEG experiment.) The map includes the data of 20 participants.
The brain synchronization is color-coded in relative units from -0.5 in dark blue representing desynchronization
to 0.5 in yellow depicting synchronization. The frequency analysis reveals an increase in low theta power in the

posterior cortex. (Own illustration.)
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Figure 16: Topographic map of the human brain during memory encoding for subsequently
remembered items in the Short-Term Memory Task. (EEG experiment.) The map includes the data of 20
participants. The brain synchronization is color-coded in relative units from -0.5 in dark blue representing
desynchronization to 0.5 in yellow depicting synchronization. The frequency analysis reveals an increase in low

theta power in the posterior and the frontal cortex. (Own illustration.)

0.3
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Figure 17: Difference in brain activity during encoding between subsequently remembered and
forgotten answers in the Short-Term Memory Task. (EEG experiment.) The map includes the data of 20
participants. The brain synchronization is color-coded in relative units from -0.3 in dark blue representing
desynchronization to 0.3 in yellow depicting synchronization. The arithmetic difference of the frequency
analysis between brain activity during remembered and forgotten trials reveals a significant increase in power

in the low theta range in the frontal cortex. (Own illustration.)
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3.1.2.2 Long-Term Memory Part

For the investigation of brain activity during the encoding of LTM, the trials of all 20
participants were sorted depending on the response in the Long-Term Memory Recognition
Part. The analysis of the subsequently forgotten items shows a decrease in low theta power
(mean power 4 * 1 Hz SEM), i.e. local desynchronization, in the left prefrontal cortex and
in the right temporo-parieto-occipital cortex (see Figure 18). Interestingly, synchronization
of brain activity was detected in the frontal and the posterior cortex for subsequently
recognized answers (see Figure 19). Figure 20 demonstrates locations of two clusters of
difference between the subsequently remembered and forgotten items in the left frontal

cortex and the right temporo-parieto-occipital area. Both clusters emerge at the low theta

0.3
0
-0.3

Figure 18: Topographic map of the human brain during memory encoding for subsequently forgotten

range.

items in the Long-Term Memory Task. (EEG experiment.) The map includes the data of 20 participants.
The brain synchronization is color-coded in relative units from -0.3 in dark blue representing desynchronization
to 0.3 in yellow depicting synchronization. The frequency analysis shows a decrease in low theta power for the

left prefrontal and the right temporo-parieto-occipital (TPO) area. (Own illustration.)
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Figure 19: Topographic map of the human brain during memory encoding for subsequently
remembered items in the Long-Term Memory Task. (EEG experiment.) The map includes the data of 20
participants. The brain synchronization is color-coded in relative units from -0.3 in dark blue representing
desynchronization to 0.3 in yellow depicting synchronization. The frequency analysis shows an increase in low

theta power in the frontal and occipital cortex. (Own illustration.)

0.3

-0.3

Figure 20: Difference in brain activity during encoding between subsequently remembered and
forgotten answers in the Long-Term Memory Task. (EEG experiment.) The map includes the data of 20
participants. The brain synchronization is color-coded in relative units from -0.5 in dark blue representing
desynchronization to 0.5 in yellow depicting synchronization. The arithmetic difference of the frequency
analysis between brain activity during remembered and forgotten trials reveals a significant increase in power

in the low theta range in the left prefrontal and the right TPO area. (Own illustration.)
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3.2 The tACS experiment

3.2.1 Stimulation results

To further investigate the relationships between the low theta activity and memory encoding
the tACS experiment was conducted. It was designed as a double-blinded, placebo-
controlled, counterbalanced, randomized, and crossover study. Three stimulation conditions
were introduced: 4 Hz stimulation over the right TPO area, 4 Hz stimulation over the left
TPO area, and sham stimulation. The entirety of 25 participants of this experimental stage is
included in the calculations. The results of sham stimulation form the baseline and are

compared with each of both tACS conditions.

3.2.1.1 Short-Term Memory Part

The purpose of this experimental stage was to stimulate the earlier identified hotspots during
the memory encoding that were shown to correlate with the successful LTM performance.
For analysis, the accuracy (hit rates minus false alarm rate) was calculated in percent and
compared over the rising number of items. The results are displayed in Figure 21 (mean
performance in % * SEM, 4 items: sham 84 £ 1%, tACS over left hemisphere (LH) 85 £
1%, tACS over right hemisphere (RH) 86 £ 2%; 5 items: sham 80 £ 2%, LH tACS 82 £ 2%,
RH tACS 79 £ 2%; 6 items: sham 76 * 2%, LH tACS 77 = 2%, RH tACS 77 £ 2%). As
shown in Figure 22, the overall average accuracy for the Short-Term Memory Part was 80 £
2% SEM for sham condition, 81 £ 1% SEM for the stimulation of the left hemisphere and
80 + 2% SEM for the stimulation of the right hemisphere. Further statistical analysis using
a two-tailed, non-parametric Wilcoxon test revealed no significant differences in
performance between sham stimulation and the stimulation of the left or right hemisphere
(mean performance during LH tACS compared to sham stimulation for 4 items: p = 0.58,
mean performance during RH tACS compared to sham stimulation for 4 items: p = 0.37;
mean performance during LH tACS compared to sham stimulation for 5 items: p = 0.29,
mean performance during RH tACS compared to sham stimulation for 5 items: p = 0.38;
mean performance during LH tACS compared to sham stimulation for 6 items p = 0.85,
mean performance during RH tACS compared to sham stimulation for 6 items p = 0.78).
The same applies for the overall averaged accuracy for all items (see Figure 22; mean
performance during LH tACS compared to sham stimulation for 4-6 items: p = 0.76, mean

performance during RH tACS compared to sham stimulation for 4-6 items: p = 0.97).
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Short-Term Memory Performance

0.1

agq 0.05 } :

=

§

=)

1

g 0 J J

o]

z

Q

L

<P

(S

k=

o, —005 B 7
0.1 — : ; : : :
& & & & & &
& ¥ ¥

Figure 21: Placebo normalized changes of the mean performance during the Short-Term Memory Part.
(tACS experiment.) The diagram includes the data of 25 participants. Placebo-normalized changes comprise
the mean performance in the stimulation group relative to the placebo group and are estimated as the difference
between the performance in the stimulation group and placebo group divided by the performance in the
placebo group. LH Stim: tACS over left hemisphere, RH Stim: tACS over right hemisphere. The single digits
on the x-axis (4, 5 or 6) indicate the number of the memory items per single task block. Each bar displays a
single stimulation condition. The placebo normalized changes are plotted as decimal fractions on the y-axis
where the baseline is defined by the mean performance in the placebo group. Positive values show an increased
performance, negative values show a deterioration of the performance. The error bars display the standard

error of the mean (SEM). (Own illustration.)
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Figure 22: Mean memory performance in the Short-Term Memory Part. (tACS experiment.) The diagram
comprises the data of 25 participants. Each bar plotted on the x-axis illustrates one stimulation condition: sham
stimulation (Sham), stimulation of the left hemisphere (ILH Stim) and stimulation of the right hemisphere (RH

Stim). The y-axis indicates the mean performance in percent. The error bars display the SEM. (Own illustration.)

Also, reaction times show no significant differences (mean reaction time in seconds + SEM,
4 items: sham 1.31 = 0.05s, LH tACS 1.32 £ 0.05s, RH tACS 1.28 *+ 0.04s; 5 items: sham
1.38 £ 0.04s, LH tACS 1.40 £ 0.04s, RH tACS 1.35 * 0.04s; 6 items: sham 1.42 + 0.04s, LH
tACS 1.43 + 0.04s, RH tACS 1.38 £ 0.04s; see Figure 23). For all trials, the mean reaction
time approached 1.37 * 0.04s SEM for sham stimulation, 1.38 £ 0.04s SEM for the
stimulation of the left hemisphere and 1.34 * 0.04s SEM for the stimulation of the right
hemisphere (see Figure 24). The two-tailed, non-parametric Wilcoxon test indicates no
statistically significant changes due to the stimulation (4 items: mean reaction time during
LH tACS compared to sham stimulation p = 0.89, mean reaction time during RH tACS
compared to sham stimulation p = 0.55, 5 items: mean reaction time during LH tACS
compared to sham stimulation p = 0.83, mean reaction time during RH tACS compared to
sham stimulation p = 0.31, 6 items: mean reaction time during LH tACS compared to sham
stimulation p = 0.99, mean reaction time during RH tACS compared to sham stimulation
p = 0.43). Consequently, there were no significant differences with respect to the mean

reaction time for overall trials (mean reaction time during LH tACS compared to sham
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stimulation for 4-6 items: p = 0.73, mean reaction time during RH tACS compared to sham

stimulation for 4-6 items: p = 0.32).

Short-Term Memory Reaction Time
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Figure 23: Placebo normalized changes of the mean reaction time during the Short-Term Memory
Part. (tACS experiment.) The diagram includes the data of 25 participants. Placebo-normalized changes
comprise the mean performance in the stimulation group relative to the placebo group and are estimated as the
difference between the performance in the stimulation group and placebo group divided by the performance
in the placebo group. LH Stim: tACS over left hemisphere, RH Stim: tACS over right hemisphere. The single
digits on the x-axis (4, 5 or 6) indicate the number of the memory items per single task block. Each bar displays
a single stimulation condition. The placebo normalized changes are plotted as decimal fractions on the y-axis
where the baseline is defined by the mean performance in the placebo group. Positive values show an increased
performance, negative values show a deterioration of the performance. The error bars display the SEM. (Own

illustration.)
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Figure 24: Mean reaction time in the Short-Term Memory Part. (tACS experiment.) The diagram
comprises the data of 25 participants. Each bar plotted on the x-axis illustrates one stimulation condition: sham
stimulation (Sham), stimulation of the left hemisphere (LH Stim) and stimulation of the right hemisphere (RH
Stim). The y-axis indicates the mean reaction time in seconds. The error bars display the SEM. (Own

illustration.)

3.2.1.2 Long-Term Memory Part

For the analysis of the Long-Term Memory Part we evaluated the performance, confidence
levels and weighted performance. The confidence levels (1 — “maybe”, 2 — “probably”,
3 — “definitely”) reflect the participant’s certainty regarding the recognition of faces. Figure
25 shows the mean confidence levels for the corresponding stimulation condition with a
mean confidence level of 2.11 £ 0.06 SEM for sham stimulation, a mean confidence level of
2.14 £ 0.06 SEM for the stimulation of the left hemisphere and a mean confidence level of
2.13 £ 0.07 SEM for the stimulation of the right hemisphere. For stimulation, confidence
increased numerically but did not reach statistical significance (mean confidence level during
LH tACS compared to sham stimulation p = 0.24, mean confidence level during RH tACS

compared to sham stimulation p = 0.59).
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Figure 25: Mean confidence levels during the Long-Term Memory Part. (tACS experiment.) The diagram
comprises the data of 25 participants. Each bar plotted on the x-axis illustrates one stimulation condition: sham
stimulation (Sham), stimulation of the left hemisphere (LH Stim) and stimulation of the right hemisphere (RH
Stim). The y-axis indicates the mean confidence levels that were selected for all decisions during the Long-
Term Memory Retrieval. Confidence level 1 represents the option “maybe”, 2 stands for the option “probably”

and 3 symbolizes “definitely”. The error bars display the SEM. (Own illustration.)

As the next step, the performance for the Long-Term Memory Part was determined (see
Figure 26). The mean performance for sham stimulation (72 * 1% SEM) was compared with
the mean performance during the left hemisphere stimulation (73 = 2% SEM) with a
nonparametric two-tailed Wilcoxon test and revealed no significant difference (p = 0.05;
mean performance during LH tACS compared to sham stimulation p = 0.51). However, for
the stimulation of the right TPO area we observed a significant increase in the mean
performance (75 £ 2 % SEM, Wilcoxon test: mean performance during RH tACS compared

to sham stimulation p = 0.03).
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Figure 26: Mean memory performance in the Long-Term Memory Part. (tACS experiment.) The diagram
comprises the data of 25 participants. Each bar plotted on the x-axis displays one stimulation condition: sham
stimulation (Sham), stimulation of the left hemisphere (LH Stim) and stimulation of the right hemisphere (RH
Stim). The y-axis shows the mean performance in percent. The error bars display the SEM. (¥) shows statistical
significance against sham stimulation (non-parametric, two-tailed, paired Wilcoxon test p = 0.05). (Own

illustration.)

Finally, the weighted performance in the Long-Term Memory Part was calculated by
counting correct answers as positive points and wrong answers as negative and multiplying
them by the level of confidence (see Figure 27). The points were then averaged, revealing a
weighted performance of 209.7 + 14.5 SEM for sham stimulation and 218.4 £ 19.2 SEM for
the stimulation of the left hemisphere. Comparing the weighted performance during tACS
of the left TPO area to the weighted performance of sham stimulation, no statistically
significant differences were found (non-parametric, two-tailed Wilcoxon test p = 0.5).
During the stimulation of the right hemisphere the weighted performance was 233.2 £ 18.1
SEM. There was observed a significant difference between the weighted performance during
tACS over the right TPO area and sham stimulation (non-parametric, two-tailed Wilcoxon

test p = 0.04).
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Figure 27: Weighted performance during the Long-Term Memory Recognition. (tACS experiment.) The
diagram comprises the data of 25 participants. The weighted performance in the Long-Term Memory Part was
calculated by counting correct answers as positive points and wrong answers as negative and multiplying them
by the level of confidence. Each bar plotted on the x-axis represents one stimulation condition: sham
stimulation (Sham), stimulation of the left hemisphere (LH Stim) and stimulation of the right hemisphere (RH
Stim). The y-axis shows the mean weighted performance in points. The error bars represent the SEM. (¥)
highlights the statistical difference in comparison to the sham stimulation according to the non-parametric,

two-tailed, paired Wilcoxon test (p < 0.05). (Own illustration.)

For an illustration of the effect size of the stimulation of the right hemisphere see Figure 28.
The graphic displays the relative change in performance during the stimulation of the right
TPO area in comparison with the baseline performance during sham stimulation. It reveals
that 18 subjects benefited from tACS over the right TPO area. However, for 5 participants
the relative performance decreased, while 2 subjects did not show a response to the

stimulation.
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Figure 28: The individual petformance (in %) in the Long-Term Memory Part during tACS over the
right TPO area relative to the sham stimulation. The diagram comprises the data of 25 patticipants. The
x-axis lists the number of participants re-arranged according to their performance in an ascending order from
worse (left) to best (right). The y-axis indicates the relative performance in percent where the baseline is formed
by the performance of every participant during sham stimulation. Negative percentages display a relative

decrease in performance, while positive show a relative increase. (Own illustration.)

3.2.2 Adverse effects

All participants tolerated the stimulation with tACS well and no session had to be interrupted

due to adverse effects. None of the participants reported any phosphenes (the perception of

flickering).
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Figure 29: Severity of skin sensations. The x-axis depicts the severity of sensations where each bar represents
a severity level. Severity ranges from 1 (lowest) to 10 (highest) displayed for all 25 participants in the tACS
experiment. The y-axis shows the number of participants. The reported sensations are grouped with regard to
the stimulation conditions. Left: sham stimulation, Middle: left hemisphere (LH) stimulation, Right: right
hemisphere (RH) stimulation. Each bar represents a level of sensation severity. No participant reported a

severity higher than 5 points out of 10. (Own illustration.)
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However, there were reported minor skin sensations. Figure 29 displays the skin sensations
for all sessions during the tACS experiment with regard to the severity (from 1 as lowest to
10 as highest). No intense perceptions were reported as none of the subjects declared a
severity level higher than 5. The mean sensation severity level for sham stimulation was
1.56 £ 1.5 standard deviation, for the stimulation of the left hemisphere it was about 1.43 *
1.3 standard deviation and for the right hemisphere there was reported a mean severity of
1.52 £ 1.5 standard deviation. A two-tailed, non-parametric, paired Wilcoxon test did not
reveal any significant differences for skin sensations between the stimulation of the right nor
the left hemisphere in comparison to the sham stimulation (mean sensation severity level
during tACS of the right hemisphere in comparison to sham stimulation p = 0.74, mean
sensation severity level during tACS of the left hemisphere in comparison with sham

stimulation p = 0.7).
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4 Discussion

Memory consolidation and learning processes are related to plasticity changes and oscillatory
activity within and between brain areas. Recording this activity and manipulating it with
external sinusoidal currents provide further insights into the relationships between brain
oscillations and face encoding in episodic memory. The primary aim of this study was to

investigate the oscillatory correlate behind episodic memory encoding processes.

At first, EEG was recorded to determine the activity in a specific brain region as well as an
oscillatory frequency that correlates with the successful encoding of faces. In result, we
identified the frontal cortex to be significant for the efficient STM encoding of face-money-
combinations in the low theta thythm (4 Hz). In contrast, for successful long-term encoding
the crucial role of the posterior low theta thythm in the right TPO area could be revealed.
Then, tACS at the frequency of 4 Hz over the right TPO area and the stimulation of the
symmetrical area over the left hemisphere were compared in contrast to the sham
stimulation. According to literature, we expected the stimulation, which was applied during
the encoding of facial memory items, to entrain internal low theta oscillations and increase
the resulting retrieval performance. In line with our expectations, it could be found a
significant increase in the performance and the weighted performance in the LTM retrieval
of faces ensuing the low theta-stimulation of the right TPO area during encoding, while there
could not be observed an effect on performance or reaction time during STM retrieval. The
results confirm the initial hypotheses and data analysis let us draw two main conclusions: (i)
At first, low theta oscillations in the right temporo-parieto-occipital area during facial
encoding reflect the subsequent memory effect. In addition, the right TPO area is unique for
facial LTM encoding as successful STM encoding particularly correlates with frontal cortex
synchronization. (ii) Secondly, low theta-tACS over the identified right TPO area during
encoding increases the LTM recognition performance while it leaves STM retrieval

unaffected.

41 The EEG experiment

During this experimental stage the brain regions and related frequencies that are responsible
for the encoding of later successfully retrieved facial stimuli were investigated. Low theta
rhythm (4 Hz) was shown to be positively correlated with successful memory encoding. For
the encoding of later correctly remembered face-money combinations into STM our results
revealed synchronized low theta activity in the frontal and posterior cortex. The difference

underlines the pivotal role of the frontal cortex for the successful encoding in STM. In fact,
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literature has often described the causal role of the frontal cortex with special focus on the
PFC in the context of STM. This area is predominantly related to executive functions,
attention and mental adaptability (Girotti et al. 2018). The lateral part of the PFC is
responsible for the successful completion of cognitive tasks requiring working memory for
the active maintenance of items (Barbas 2013). Evidence also comes from studies examining
diseased people with impaired PFC and showing correlation with STM deficits (Kumar et al.
2017). For example, in Alzheimer’s disease, working memory is impaired and was found with
deteriorated plasticity in the dorsolateral prefrontal cortex (DLPFC) (Murray et al. 2017).
Our findings broadly support the work of other studies concerning this area, linking

prefrontal cortical activity to the performance in STM tasks.

Additionally, the PFC receives input from sensory cortices such as audible, somatosensory
and also visual areas (Morris 2013). Besides its importance in cognitive tasks the PFC was
proven to be important in social behavior and the processing of emotions. As facial stimuli
can clearly be allocated to social and emotional processing networks, our findings are
consistent with eatlier observations. The synchronous activation of the frontal and the
posterior cortex in the encoding of later successfully retrieved answers corresponds to the
proposition of several studies that working memory and decision making are highly related
to both frontal and posterior parietal areas (Pahor and Jausovec 2014; Bergmann et al. 2016;
Murray et al. 2017). While the posterior parietal cortex is associated with selective processes,
the strength of working memory items and the prevention from distraction are dedicated to
the PFC (Murray et al. 2017). In sum, our results reveal the pivotal role not only of the PFC
exclusively but also of the interaction with posterior cortices for the successful encoding in
STM. In contrast to that, synchronized activation in the theta range was found only in the
posterior cortex during encoding for later correctly remembered faces in the STM Retrieval
Part. This can most likely be explained by an activation of the visual cortex due to the optic
processing of facial stimuli in the occipital lobe and gives further strength to the idea that
theta activation in the frontal and parietal cortex are decisive for the successful encoding of

face-money combinations in STM.

Regarding the question of the successful encoding in episodic LTM, the present study shows
that frontal and posterior activation correlate with later correctly retrieved faces. The most
interesting finding is that contrasting brain activity for later correctly against later wrongly
recognized faces reveals significant synchronization in the low theta spectrum in the left
prefrontal cortex and the right TPO area, that is acting as an integration network connecting
different cortical areas (De Benedictis et al. 2014). The supposition that the PFC is also causal

for the encoding of LTM has already been suggested in earlier work. This importance was
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underlined by a study by Marin et al., who applied prefrontal theta-burst stimulation to
impact the retrieval from episodic memory (Marin et al. 2018). Stimulating the DLPFC prior
to the performance of a memory task led to a decrease in LTM retrieval, which indicates the
organizational role of this area for the episodic memory formation. This was also
strengthened by the increased interaction between the PFC and the hippocampus not only
during the encoding but also during the retrieval of information (Blumenfeld et al. 2011,
Voss et al. 2011). Supposedly in case of LTM encoding, the PFC is responsible for protecting
important information from noise and preserving a structural frame that is decisive for the

hippocampus to bind information (Marin et al. 2018).

Another key finding of the EEG experiment is the significant activation of the right TPO
area during the successful encoding of faces into episodic memory. This can be explained by
its fundamental role as an integration area to maintain higher cognitive processes (De
Benedictis et al. 2014). A recent tractography study by Wang et al. with high angular diffusion
spectrum imaging investigated local connectivity of the TPO area (Wang et al. 2016). They
confirmed two tracts that were already described in the literature: the superior longitudinal
fasciculus and the ventral occipital fasciculus. Apart from that, they detected a new
connection in the TPO area between the fusiform gyrus and the inferior and middle temporal
gyrus. This also provides strong evidence for the associative function of the TPO area linking
face processing in the fusiform gyrus to brain areas in the temporal gyri that are responsible
for LTM processes. All these findings consequently support our conclusion that oscillations
in the TPO area indicate the subsequent memory effect during encoding in episodic memory.
Another study focusing on brain activity not during encoding but during recognition
processes in episodic retrieval was conducted by Kim and Cabeza, in which they recorded
fMRI during a word recognition task (Kim and Cabeza 2007). The authors conclude that
high-confidence responses are related to activity in the MTL when the former presented
word was correctly identified. By contrast, there is observed activity in the frontoparietal
cortex when participants were highly confident with false recognized words. The authors
suggest that frontoparietal activity is connected to familiarity mechanisms while activity in
the MTL reflects LTM processes. Interestingly, this supplements the present results, when
there was detected desynchronization in the TPO area during failed encoding and

synchronized activity during successful encoding.

The prominent synchronization of the right TPO area in contrast to the “silent” contralateral
hemisphere suggests that there is a lateralization for facial stimuli in the right hemisphere,
which confirms existing theories in literature (Kanwisher and Yovel 20006; Pitcher et al. 2011;

Geib et al. 2017). Other researchers even detected a maximal synchronization of activity in
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the left frontal and the right posterior parietal cortex that agrees with our results (Fell and
Axmacher 2011). Additionally, the fusiform face area as part of the temporal lobe was found
to be increasingly activated in the right hemisphere in tasks requiring to distinguish between
familiar and unfamiliar faces (Weibert and Andrews 2015). Higher activity in this area
predicted a successful identification of a familiar face and also corresponds with our results,
as we found increased synchronization in the right TPO area during the encoding of
subsequently recognized faces. However, this outcome is contradictory to a study by
Bergmann et al. who reported a predicting effect of the activation in the left fusiform gyrus
for successful encoding (Bergmann et al. 2016). This inconsistency might be due to the type
of stimuli used in the study. Bergmann et al. investigated the encoding of object-location
relationships. By contrast, our study focused on facial stimuli. Thus, these at first sight
conflicting results could be even further evidence that the right TPO area is unique for facial
processing. Finally, a conspicuous observation to emerge from the data analysis was the
crucial role of low theta band activity (4 Hz). Oscillations in the theta frequency are widely
attributed to cognitive processes, especially to memory formation (Brignani et al. 2013;
Antonenko et al. 20106). In accordance with previous studies, we demonstrated that theta
synchronization plays a pivotal role for memory encoding (Antonenko et al. 2016). Besides,
theta oscillations are also expected to play a fundamental role in synaptic plasticity processes
and communication between different brain areas (Brignani et al. 2013). There is broad
literature supporting our finding that enhanced theta power during encoding processes is
correlated with subsequent retrieval from episodic memory (Osipova et al. 2006; Hanslmayr
et al. 2011). Source analysis of a magnetoencephalography study, that investigated theta-
synchronization in case of associative face-scene pairs, found a theta activity increase in
prefrontal, temporal and occipital cortices (Diizel et al. 2010). This confirms our findings of
synchronized theta activity in the left PFC and the right TPO area and strengthens the
assumption of their importance for episodic memory encoding in general and facial encoding
in particular. Furthermore, investigation in neurosurgical patients showed that enhanced
theta phase coupling between cortical and hippocampal areas during encoding and retrieval

increase successful memory retrieval (Pastotter and Bauml 2014).

In summary, the results of this stage share a number of key features with literature and
complement earlier work on the field. However, as most of the studies in the field, this
experiment provides only correlational evidence for the impact of low theta oscillations in
the right TPO area on facial memory encoding. To provide decisive causal proof, we used
tACS to stimulate the right TPO area and surveyed behavioral consequences for facial LTM

encoding.
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4.2  The tACS experiment

Based on the results of the prior experimental stage, we designed an experiment using tACS
to manipulate the encoding of faces in episodic LTM. Due to the increased synchronized
activity in the right TPO area and the left PFC, there were two options for potential target
regions. As we aimed to stimulate a region specific for LTM, the PFC was unsuitable because
EEG revealed it to be not exclusively activated during LTM encoding but also during STM
processes. Hence, the right TPO area, which specifically showed synchronized low theta
activity for LTM encoding, was stimulated with low theta-tACS. For active control, the left
TPO area was stimulated with the same parameters. Finally, the TPO areas of both

hemispheres received sham stimulation to control for possible placebo effects.

For STM, as expected, we observed no changes, neither in accuracy nor in reaction time.
This finding reconfirmed our hypothesis that the correlation of synchronized low theta
activity within the right TPO area is unique for LTM. However, there are contradictory
studies, suggesting that posterior cortical regions also play a role for reaction times in STM
tasks. For example, Hopfinger et al. stimulated the right inferior parietal cortex with 10 and
40 Hz to investigate alpha and gamma oscillatory activity in attentional processes in a visual
attention task and found a significant improvement in conscious reaction time for the
stimulation with 40 Hz (Hopfinger et al. 2017). However, the frequency that they detected
to have a significant effect belongs to the gamma frequency range, while we investigated the
low theta range. Another study by Pahor and JauSovec agrees with our results on LTM, as
authors found an effect of theta-tACS on the left frontal and parietal cortex in fluid
intelligence as a parameter for STM (Pahor and Jausovec 2014). They attributed increased
attention to the frontal theta-tACS, while storage enhancement was attributed to parietal
theta-tACS. Our study extends their findings to the concept of LTM and moreover

corroborates effective entrainment of internal low theta oscillations.

The most important finding in this experimental stage is the significant improvement in
memory performance for the transcranial electric stimulation of the right TPO area during
encoding compared with the left TPO area or sham stimulation. The results provide evidence
for an explicit causal relation between low theta oscillatory activity in the right TPO area and
episodic memory encoding. The findings confirm our second hypothesis that online tACS
changes neural oscillations in the TPO area, which has a direct effect on behavior. Increased
performance in memory tasks due to low theta-tACS supports evidence from other studies
when tACS in the theta range was used to investigate cognitive processes indicating a positive

correlation between theta power and memory performance (Brignani et al. 2013; Lisman and



4 Discussion 62

Jensen 2013; Pahor and Jausovec 2014; Clouter et al. 2017). This is the first study not only
describing a correlation between low theta oscillations in the TPO area and the successful
episodic memory encoding of faces but also presenting evidence for causality by
manipulating with low theta frequency. Our results provide significant contribution to the
literature, linking theta oscillations in the temporoparietal cortex to memory encoding
processes (Antonenko et al. 2016). For instance, Antonenko et al. conducted a sham-
controlled pilot study using theta-tACS at the frequency of 6 Hz during an implicit learning
task with associations between objects and pseudowords to simulate language learning. In
contrast to our study, stimulation was applied to the temporoparietal cortex of the left
hemisphere and induced a significant increase in memory performance. Their results agree
with our hypothesis, even though they detected an improvement for the opposite
hemisphere. It seems highly likely that this lateralization can be attributed to the difference
in stimuli category, as the left hemisphere is assumed to be responsible for verbal stimuli and
language learning, while the right hemisphere processes pictorial stimuli and faces (Pitcher et

al. 2011; Geib et al. 2017).

Contrary to expectations, no significant differences were found in the mean confidence level
between stimulation and sham. This is somewhat surprising considering that accuracy was
significantly improved in LTM recognition. We can speculate that the increase in accuracy
was part of processes on an unconscious level and cannot be translated to the conscious
perception of the confidence. Interestingly, statistical analysis detected a significant increase
in weighted performance for the stimulation of the right hemisphere in contrast to the left
hemisphere. This proves that the rate of very confident and correctly classified answers was
significantly higher for the stimulation of the right TPO area revealing that at least confidence

levels for correct answers significantly increased.

A recent study by Romanska et al. also investigated the stimulation of a similar brain target,
the lateral occipitotemporal cortex, to affect facial identity perception and trustworthiness
perception (Romanska et al. 2015). They applied 20 minutes of high-frequency tRNS or sham
stimulation and found an enhancement in the encoding of unfamiliar faces, but not in
trustworthiness. In the second experiment, spatial specificity was proven by stimulating the
occipitotemporal in contrast to the sensorimotor cortex. Even though they used another
non-invasive brain stimulation method, their results agree with our findings. On the one
hand, they confirm our finding that the right posterior area is involved in the LTM encoding
of facial stimuli. On the other hand, Romanska et al. also observed enhanced recognition,

showing that tES techniques are a valuable tool to manipulate with memory formation.
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Our results contribute to the mechanistic understanding of memory processes, underlying
oscillatory activity, and behavior. As theta oscillations are attributed to memory and synaptic
plasticity, it can be drawn certain conclusions about the effect of tACS on operational
encoding processes. Reinforcing low theta oscillations facilitates the encoding of faces in
episodic memory, which agrees with multiple studies that have shown memory to be
dependent from oscillatory theta power (Osipova et al. 2006; Guderian et al. 2009; Vosskuhl
et al. 2015). In fact, tACS can influence the memory encoding by entraining related brain
oscillations in a frequency- and location-specific manner (Polanfa et al. 2012). Internal
oscillatory activity gets synchronized with externally applied alternating current (Herrmann
et al. 2013). Thus, subthreshold signals from neuronal cells might be potentiated by tACS in
the applied frequency range to exceed the threshold. With the application of low theta-tACS,
faces that failed to be successfully encoded due to insufficient signal-to-noise strength can
be rescued by tACS, which entrains internal oscillations and increases the signal amplitude
to reach suprathreshold activity. Furthermore, tACS-induced synchronization within and
also between brain networks might lead to expedited information transfer (Schutter 2014).
As we stimulated the TPO area, which has rich connections to other regions, the successful
encoding of faces potentially arises due to strengthened inter-regional communication.
Moreover, theta-tACS is suggested to increase cortical communication with more distant
brain areas being involved in episodic encoding (Fell and Axmacher 2011; Kasten et al. 2016).
The brain imaging study by Wang et al. revealed a new junction between the TPO area and
the MTL, where the hippocampus is located (Wang et al. 2016). Thus, it can be assumed that
externally applied theta-tACS intensifies information transfer and exchange between the
TPO area responsible for face processing and the hippocampus that encodes information
into LTM. Besides, theta synchronization between frontal and posterior brain areas is known
to play a role in LTM encoding, which is also in line with our EEG study, that revealed the
left PFC and the right TPO area to be related with successful encoding. Accordingly, theta-
tACS most probably reinforced these communication processes, leading to a higher memory
performance. The present results are also in line with the causal role of theta oscillations in
the MTL, where enhanced prestimulus theta amplitudes during encoding predict improved
memory recall (Guderian et al. 2009). In accordance with our findings, Guderian et al.
demonstrated the importance of theta oscillations for episodic memory performance but not
for the reaction time. Guderian et al. hypothesized that reaction times are an indicator for
the arousal level rather than memory encoding. This agrees with our interpretation that

stimulating the right TPO area revealed significant changes in memory processes resulting in
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an increased LTM performance irrespectively of the level of arousal that the facial image

induces and most probably due to subconscious alterations in memory formation.

Altogether, our results are consistent with data obtained in former studies, enabling tACS to
manipulate with cognitive processes, impact memory encoding, and increase the subsequent
memory effect. Our study further expands knowledge on low theta rhythm in the right TPO
area by showing increased accuracy and weighted performance in a facial memory

recognition task due to low theta-tACS.

4.2.1 Control for side and adverse effects

We used standardized questionnaires after every session to assess potential side and adverse
effects (Antal et al. 2017). None of the participants reported any intense side effects during
the stimulation. The mean level of skin sensations (itching, tingling, burning) was below two
on a 10-point scale where 10 is the highest. Any individual indicator was not stronger than
five. These relatively weak perceptual effects are in line with other studies, where no serious
adverse effects were reported (Schutter 2014; Fertonani et al. 2015; Antal et al. 2017).
Moreover, perceptional impressions declared in the questionnaires were not different
between all three conditions: tACS over the right hemisphere, tACS over the left hemisphere,
or sham stimulation (Kruskal-Wallis test p = 0.94). No flickering sensations were reported
by the volunteers and no adverse effects were registered. In summary, our study confirms
tACS as a non-invasive and painless method to focally and reversibly entrain cortical

oscillations.

4.3 Clinical relevance

With a view to the health care system, tACS application gains greater significance for
therapeutic purposes as it comes along with low costs, a comparatively easy handling, and
little side effects (Antal and Paulus 2013; Brignani et al. 2013; Brunoni et al. 2013; Schutter
2014). In this context, our results are of specific importance regarding psychiatric and
neurological disorders, where face recognition and L'TM are particularly affected. For
example, neurocognitive disorders such as autism and schizophrenia were described to show
an impairment in holistic face processing (Weigelt et al. 2012; Watson 2013). These patients
are suffering from a disabled face memory and perform worse at individuating faces. Special
emphasis at that point should be placed on prosopagnosia, often referred to as face blindness,
that is characterized by a cognitive deficiency in face processing abilities, while intellectual

and perceptual skills are on a normal level. Patients suffer from a visual agnosia selectively
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for faces (Corrow et al. 2016). They are not able to recognize faces - even very familiar faces,
from their childhood, or their own. However, prosopagnosics can identify a face as such and
derive information like emotional status and gender from it (Kennerknecht et al. 2006). A
distinction is made between a congenital form present from birth, most probably related to
so far unknown genetic alterations, and an acquired form due to brain damages (Corrow et
al. 20106). It is suggested that congenital prosopagnosia follows an autosomal dominant
inheritance, so that affected persons provide at least one first degree relative also suffering
from face blindness (Kennerknecht et al. 2006; Griiter et al. 2008). In acquired prosopagnosia
structural lesions are caused by degenerative atrophy, cancer, encephalitis, trauma, or stroke
(Cotrow et al. 2016). They mainly affect the occipital-temporal lobe that is highly involved
in facial processing (Gainotti and Marra 2011; Corrow et al. 2016). Moreover, lesions at the
temporal-parietal junction were identified to cause prosopagnosia (DeGutis et al. 2014). In
accordance with these findings, our study has revealed a causal connection of the temporal,
parietal, and occipital lobe with the encoding of faces in episodic memory. Moreover, our
results indicate the crucial role of low theta synchronization particularly in the right TPO
area. This matches to earlier observations of patients with acquired prosopagnosia revealing
lesions in the right posterior cortex, while damages of the corresponding area in the left
hemisphere did not lead to prosopagnosia (Griiter et al. 2008; Gainotti und Marra 2011). As
face recognition abilities are prerequisites for social behavior in human society,
prosopagnosia is related to drastic limitations for interaction and daily functioning in private
and professional life. At worst, possible consequences are chronic anxiety and the feeling of
social isolation and depression (Corrow et al. 2016). A study by Kennerknecht et al. revealed
a prevalence of prosopagnosia of 2.5% in the Caucasian population (Kennerknecht et al.
20006). This emphasizes the importance of novel therapeutic options. So far, the most
therapeutic interventions focus on the training of coping strategies (DeGutis et al. 2014;
Corrow et al. 2016). For example, patients with congenital prosopagnosia have developed
compensatory strategies to identify their counterpart by cues such as haircut, clothes, voice,
or gait (Kennerknecht et al. 2006). However, this treatment provides inconsistent outcomes.
As the results confirmed the causal relationship between low theta-tACS over the right TPO
area and the successful face encoding in healthy young adults, it can be argued that the
application of low theta-tACS is a viable strategy for the therapy in patients with
prosopagnosia. A comparable approach was pursued by Wilkinson et al. using galvanic
stimulation on the vestibular system resulting in a significant improvement in performance
of a prosopagnosic patient in a forced-choice face-matching task (Wilkinson et al. 2008).

Probably, improvement in facial encoding might also be applicable to patients suffering from
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impaired face processing in autism spectrum disorder, Turner’s syndrome, schizophrenia,
and Parkinson’s disease (DeGutis et al. 2014; Corrow et al. 2016). Other application aspects
could be Alzheimer’s disease and cognitive decline in geriatric patients. Considering the wide
range of application, our findings have important implications for the development of

innovative therapeutic strategies for the treatment of face blindness and memory deficit.

4.4  Strengths of the study

In comparison to other NIBS methods, tACS provides plenty of advantages. It allows us to
entrain and manipulate internal oscillations in a frequency-specific manner (Antal and Paulus
2013). Regarding other techniques, tACS has a greater specificity, compared with tDCS, and
less adverse effects, compared with TMS (Rossi et al. 2009; Ali et al. 2013). Accordingly,
sensations due to the sinusoidal current are very subtle (Tavakoli and Yun 2017). This also
assures effective blinding and makes it impossible for the study participants to differ between
placebo or sham stimulation and real stimulation. A low rate of side effects was also
confirmed in our study, which makes the chance of a placebo effect being responsible for
significant differences in behavior very unlikely. A key strength of our tACS study is the
double-blinded, placebo-controlled, randomized, counterbalanced, and crossover design.
The high effectiveness of 72 percent (18 subjects out of 25 significantly benefitted from the
stimulation) underlines the weight of the study. Another strength of the study is the
conduction of the EEG and tACS experiments in independent groups to reach the best
possible generalizability of the principal findings. To reduce uncertainty or variability in the
results, there were taken several precautions. First, to guarantee a stable environment, all
sessions were conducted in the same laboratory with the same setting regarding devices,
participant’s position, and lighting. The volunteers were familiarized with the environment
and task before the first experimental session. Second, the enrollment routine included
exclusion criteria, comprehensive questionnaires (see Appendix), and a basic medical
examination; thus, all participants had a comparable health status (healthy young adults). To
verify the exact and equal positioning of the stimulatory electrodes, we used special electrode
caps of individualized size. As previous research has revealed that operating with smaller
electrodes instead of sponge electrodes with a surface of 35 cm? increases current focality;
accordingly, we used multiple electrodes with a radius of 1 cm (Herrmann et al. 2013).
Additionally, smaller electrodes deliver current with less sensations, which also contributes

to minimal side effects and a successful blinding (Fertonani et al. 2015).
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Although there has been previous research on the topic of episodic memory, most studies
focused on a correlative link between neuronal oscillations and cognitive processes. With the
present study, we go one step further by not only providing correlative evidence for the
critical role of temporo-parieto-occipital low theta oscillations in episodic encoding processes
but also by adding a causal proof. We revealed an increase in LTM retrieval performance due
to manipulation in the mentioned frequency spectrum. Delivering the same strength of the
current to both hemispheres only showed a significant effect for the TPO area in the right
hemisphere and is in accordance with EEG data from the prior experimental stage. At last,
our results prove the specificity of the effect for LTM by contrasting it to STM retrieval
performance and reaction times, that did not show significant changes under tACS in

comparison to sham.

4.5 Limitations of the study

A few limitations should be considered. First of all, a limitation of every EEG study is that
even if postsynaptic potentials form the largest proportion of the measured signal, there are
existing other sources in the brain having an influence on the generation of LFPs (Cohen
2017). Accordingly, glial cell activity and spiking activity of sodium and calcium channels
contribute to the neural signal as well, which complicates the interpretation of the findings.
Moreover, its high temporal resolution, being a major benefit for the experimental design in
our study, accompanies with a relatively poor spatial resolution (Lopes da Silva 2013). Thus,
it is hard to attribute observed low theta activity to one specific sub-region (e.g., gyri).
However, these general constraints of EEG have a limited effect on our study. We used a
128-channel active EEG system, providing the maximum possible spatial resolution and data
quality according to the current state of the art. Besides that, the present study has only
examined the behavioral effect of tACS. We did not carry out EEG measurement during the
stimulation because a parallel application is still under-developed, and the distinction
between brain activity and stimulatory artefacts due to the electric field induced by the
current stimulation is problematic (Noury and Siegel 2018; Gebodh et al. 2019). However,
such recordings would be possible, they would have served as a direct proof for the

entrainment of oscillations, as behavioral changes only provide an indirect account for it.

In future studies, the experimental protocol can be enhanced using electrocorticography,
where subdurally implanted electrodes record brain activity. In contrast to non-invasive
methods, this technique provides maximal temporal and spatial resolution, is less distorted

by artefacts, and has a higher signal-to-noise ratio (Hill et al. 2012). For obvious ethical
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reasons this method is not appropriate in research with healthy humans and stays preferred
method in animal research and in research with epileptic patients. Nevertheless, it was proven
that the application of weak electric current on the skull of mice and monkeys affects
neuronal spiking and subthreshold activity of underlying brain networks (Ozen et al. 2010;
Voéroslakos et al. 2018; Krause et al. 2019). Another point to consider is that we applied
stimulation with fixed parameters without adapting the protocol to interindividual variability.
Every participant received tACS with the same montage and at the frequency of 4 Hz. Several
studies noticed that there are interindividual differences in the internal brain frequency
spectrum (Herrmann et al. 2013). Nevertheless, our study aimed to identify a determining
frequency of universal applicability to the general population. Interindividual adaptations
would limit the generalizability of the results and may not advance the development of
broadly applicable clinical use. However, further projects regarding the individualization of

tACS could improve the effect size and success rate of our results.

Other factors with impact on the stimulatory effects of tES are genetic and anatomical
variability with in consequence individual transmitter concentration and equilibrium as well
as variable skull and scalp thickness, cerebrospinal fluid volume, and gyral folding affecting
the distance between electrode and cortex and determining the electric conductivity (Brignani

et al. 2013; Schutter 2014; Santarnecchi et al. 2015).

Moreover, there should be considered possible intersexual differences in facial processing.
Previous studies could identify a higher level of arousal, a larger electrocortical responsivity
to human faces and increased activation of the FFA in women in comparison to male
subjects (Proverbio et al. 2008; Proverbio 2017). It is also worth noting that the opposite sex
preference, that was repeatedly detected in facial experiments with heterosexual individuals,
could impact the encoding of faces (Kranz and Ishai 2006). We can speculate that for
heterosexuals there might result a higher recognition for faces with the opposite sex.
However, in this study neither we asked for sexual preferences nor we performed calculations
for sex-dependent accuracy in memory retrieval. Nevertheless, the election of facial images
for our study was subject to criteria such as precluding very conspicuous faces, accessories,
visible make-up as well as faces with emotional expressions to optimally control for affective
or sexual stimuli. As former studies also detected a higher arousal in women for faces of
children and elderly, corresponding images were excluded from items for the memory task
as well (Baron-Cohen and Wheelwright 2004; Proverbio 2017). The participants who did not
show an improvement after brain stimulation in our study were of different self-reported
genders. However, we did not carry out an analysis of the data with regard to gender-specific

differences.
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Consequently, the inconsistency of the effect size of our tACS study could be attributed to
these mentioned aspects. While 18 participants benefited from the stimulation, for 5 people,
performance relatively decreased, and 2 subjects showed no response to the stimulation.
With establishing a stable laboratory environment, a universal experimental protocol, and
several conditions of participation such as interdiction of the consumption of caffeinated
drinks and alcohol and enough sleep the night before a session, we provided sensible control

over inter- and intraindividual factors.

Although the study has successfully demonstrated an effect on facial LTM, it has certain
limitations in terms of specificity for an exclusive effect of the stimulation only on facial
encoding in contrast to other stimuli and tasks reflecting LTM processes. Conclusively, we
cannot unambiguously demonstrate the specificity of the stimulatory effect on facial learning
in episodic memory encoding. Further studies might detect a positive effect on broader
spheres of episodic memory. Considering the specificity of the stimulatory effect for the
clected frequency and the target brain area, our experimental parameters (low theta-
stimulation on the right TPO area) were generated based on the results of the EEG study
for episodic LTM encoding. While the analysis of the EEG experiment comprises the whole
frequency range, significance was only reached for theta oscillations at 4 Hz. The unique role
of low theta frequencies was then also reinforced by the tACS experiment. Considering both
experiments, the results suggest the causal role of low theta oscillations for memory
encoding; nevertheless, further studies testing other stimulatory frequencies apart from 4 Hz
are needed to prove either its uniqueness in the process or the potential involvement of other

frequencies.

Regarding the generalizability of the study, it remains to be further investigated whether
results in healthy young people can be transferred to other population groups, such as elderly
and clinical patients. On the one hand, age and health status have a considerable impact on
brain structure, neuronal dynamics, and synaptic plasticity and could therefore lead to
different effects of the same stimulation parameters (Antonenko et al. 2016). On the other
hand, normalizing and improving brain activity seems more achievable and beneficial in

patients with disorders rather than in healthy volunteers.

4.6 Conclusion and outlook

The purpose of the current study was (i) to determine a specific brain area that is related to
the successful encoding of faces in episodic memory and (ii) to establish the causality between

the identified activity and episodic LTM by using multi-electrode tACS. Previous research
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has shown a correlation between theta oscillations and episodic memory formation, but our
study extends these finding by taking an interventional approach. At first, we used high-
density EEG during the memory task to pinpoint the crucial activity regarding the successful
LTM. We identified a specific brain area (right TPO area) and a frequency (4 Hz) for facial
encoding and investigated the effect of tACS on this encoding process, confirming our first
hypothesis that low theta oscillations reflect the subsequent memory effect. In the next
experiment, we applied 4 Hz-tACS on the right and the left TPO area in contrast to sham
during the encoding part of the task to test the causal behavioral effect. In result, we can
validate our second hypothesis that low theta-tACS over the right TPO cortex significantly
and reliably improved the encoding in episodic LTM, as recognition performance and
performance-weighted confidence significantly increased. The importance of the study is not
only derived by the fact that it proved causal evidence for low theta oscillations in facial LTM
encoding but also by revealing that entraining low theta by externally applied weak currents
can enhance brain processing. This holds promise for a therapeutic application in patients
with impaired face memory and recognition. Overall, the study strengthens the idea that
tACS is a safe and highly suitable tool for non-invasively exploring higher cognitive
processes, demonstrating causality between behavior and oscillatory activity in specific brain
regions as well as for boosting plastic changes in memory formation. It offers new insights
in the role of theta oscillations in memory processes and raises the question if repetitive
stimulation can increase the effect size and induce long-lasting plastic effects. More broadly,
exact mechanisms behind tACS still remain an area of open research and a procedural gold
standard is not yet ubiquitous. The promising results of our study should be further explored
in future experiments and expanded regarding stimulation parameters and group sampling.
Moreover, further studies should scrutinize the mechanisms of action to make progress in
the establishment of tACS as an auspicious non-invasive and reversible stimulation
technique. Aside from scientific basic research, our results have considerable weight for the
further development of clinical applications of tACS for therapeutic purposes in cognitive
diseases in general and in particular for patients suffering from face blindness such as in
prosopagnosia and prosopamnesia. Future work will determine optimal stimulation
parameters to induce maximal cognitive performance and investigate how tACS can be
combined optimally with other therapeutic strategies, whether pharmacological or face

raining approaches, to establis e best possible treatment for patients.
t g approaches, to establish the best possible treatment for patient
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5  Summary

In recent years, the investigation of memory formation and retrieval has attracted increasing
interest. As oscillatory activity plays a crucial role in neuroplastic processes, episodic memory
is to a considerable extent attributable to synaptic changes, synchronization, and
neurophysiological alterations through oscillating electric fields. Perception processes are
part of episodic memory encoding. Human face perception and encoding arouse particular
interest due to their fundamental relevance in social behavior. This study aimed to determine
the causal role of brain dynamics in the encoding of facial episodic memory in humans. As
recent studies revealed an enhancement in cognitive processes by the entrainment of internal
brain oscillations, tACS stepped up as a new method of non-invasive brain stimulation to
induce neuroplasticity (Antal et al. 2008; Antal and Herrmann 2016). It is a promising tool
to test the role of brain oscillations on episodic memory encoding in humans and the

potential for memory improvement.

For the entire study, we developed a memory task that includes encoding, a Short-Term
Memory Retrieval Part, maintenance, and a Long-Term Memory Retrieval Part. In the long-
term face recognition, we assessed both the performance and the choice confidence on the
3-point scale. Two consecutive experiments were performed. For the first experiment
(20 participants), we used 128-channel EEG to identify the region of the brain that is
exclusively responsible for the long-term face encoding and the frequency of the brain
rhythm that is associated with the successful subsequent recognition. Then, we conducted
the tACS experiment (25 participants) based on the frequency and spatial data from the EEG
experiment. We implemented a double-blinded, randomized, counterbalanced, crossover,
and placebo-controlled study design. 20 minutes of 4 Hz-tACS at 3 mA peak-to-peak were
applied during the encoding task to the identified right or to the left TPO area for active

control. One more session included sham stimulation to one or the other area.

The EEG study revealed a significant synchronization of brain oscillations during successful
long-term facial memory encoding in the right TPO area at the low theta range (4 Hz). In
complete agreement, the placebo-controlled tACS study showed a significant enhancement

of long-term memory recognition performance after the low theta-stimulation of the right

but not the left TPO area.

The results indicate that low theta oscillations in the right TPO area are vital for successful
episodic long-term memory encoding of facial stimuli. Secondly, we confirm that active low
theta-tACS applied on this area during encoding improves the subsequent memory

recognition performance. This supports the concept of lateralization for face processing in
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the right posterior brain region; moreover it puts forward this area as a crucial neocortical
node in communication with the hippocampus for the long-term memory encoding (Pitcher
et al. 2011; Geib et al. 2017). The results are in agreement with other studies that revealed a
positive correlation between theta power and memory performance (Pahor and Jausovec
2014; Clouter et al. 2017). However, the present work reveals a causal link between the
empowered low theta in the right TPO area and enhanced subsequent long-term memory
recognition. In summary, tACS is a highly suitable non-invasive tool to entrain local
neocortical low theta activity and enhance long-term memory encoding, which is important
in the clinical context for revealing novel therapeutic strategies in prosopagnosia and

prosopamnesia.
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6  Appendix

Edinburgh Handedness Inventory (Oldfield 1971)

PID:

DATE:

Zeigen Sie bitte welche Threr Hinde Sie bei den folgenden Titigkeiten bevorzugen, indem Sie in der

entsprechenden Spalte ein + eintragen. Wo die Bevorzugung einer Hand so stark ist, dass Sie nie

versuchen wiirden, die andere Hand dafiir zu verwenden, es sei denn, Sie wiirden dazu gezwungen,

tragen Sie ein ++ ein. Fur den Fall, dass Sie wirklich keine Threr Hinde bevorzugen, tragen Sie + in

beide Spalten ein. Manche Aktivititen bendtigen beide Hinde. In diesen Fillen steht der Teil der

Aufgabe oder das Objekt, fiir den bzw. das Sie entscheiden miissen, welche Hand Sie bevorzugen, in

Klammern.

Bitte versuchen Sie alle Fragen zu beantworten und tragen Sie nur nichts ein, wenn Sie keinerlei

Erfahrung mit dem Objekt oder der Aufgabe haben.

Links

Rechts

schreiben

zeichnen

werfen

Schere

Zahnburste

Messer z.B. beim Brotschneiden

Loftel

Besen (obere Hand)

Streichholz anziinde (Streichholz)

Schachtel 6ffnen (Deckel)
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Auswertung (bitte frei lassen)

Summe

Laterality Quotient L.Q .= OR-YL)/( Yr+>L) x 100

Figure A.1: Edinburgh Handedness Inventory. The questionnaire serves as a measuring instrument to

determine the laterality of a person’s favored hand in everyday activities.
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Zentrum Neurologische Medizin, Klinik fiir Klinische
Neurophysiologie

Robert-Koch-Str. 40, 37075 Géttingen

Direktor: Prof. Dr. med. Walter Paulus

Tel.: 0551/3966650

UMG-NEUROPHYS

Fragebogen zur transkraniellen Gleichstrom / Wechselstrom / Magnetstimulation

Lesen Sie sich zu Ihrer eigenen Sicherheit diesen Fragebogen griindlich durch und

beantworten Sie gewissenhaft alle Fragen. Wenn Sie sich nicht sicher sind oder eine Frage

nicht verstehen, wenden Sie sich bitte an einen unserer Mitarbeiter. Unterschreiben Sie

anschlieBend den Fragebogen und lassen Sie sich von einem Mitarbeiter einweisen, bevor

Sie an der Studie teilnehmen konnen.

Anweisung. Bitte vollstindig und gut lesbar ausfiillen. Bitte kreuzen Sie immer die Antwort an.

1 Sind Sie jiinger als 18? [1JA [ NEIN
2 Ist bei Thnen ein Anfallsleiden (Epilepsie, inkl. kindlicher Absencen) bekannt? | [[] JA [[] NEIN
3 Ist in Ihrer unmittelbaren Familie (Eltern, Geschwister) eine Epilepsie
A NEIN

bekannt? LA O
4 Haben Sie schon Ihr Bewusstsein verloren? Wenn ja, wann? (77 []NEIN
5 Sind bei Thnen andere neurologische oder psychiatrische Exkrankungen (inklusive -

Alkohol-, Medikamenten- und Drogenabhingigkeit oder —mif3brauch)

bekannt? Wenn ja, welche? N JA LI NEIN
6 Leiden Sie unter einer schweren Erkrankung der Atemwege, des Herz-

Kreislaufsystems oder des Bewegungssystems (z.B. Asthma, Diabetes, [J1A []NEIN

Herzschwiche, Herzrhythmusstorungen, Laihmungen)? Wenn ja, welche? J
7 Waurde bei Ihnen je zu diagnostischen Zwecken ein EEG oder MRT

A NEIN

gemacht? Lia
8 Hatten Sie je behandlungsbediirftige Kopfverletzungen? ] JA [ ] NEIN
9 Leiden Sie regelmifBig an Kopfschmerzen? ] JA [ ] NEIN
10 Haben Sie in der Vergangenheit an Migrine gelitten? ] JA [ ] NEIN
11 Haben Sie -Metallimplantate im Kopf- und Wirbelsdulebereich (in den [1jA [ NEIN

Kopfbereich eingesetztes Metall, z.B. Clips nach Operation eines
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intrazerebralen Aneurysmas (Gefilaussackung im Bereich der Gehirngefile),

Implantation eine kiinstlichen Horschnecke)

12 Sind Sie Triger eines Herzschrittmachers, Defibrillators, Horgerits,
Medikamen'FenpumPfa (In'sulin?), Neurostimulators, Ir?nplantat mit [17A ] NEIN
Magnetventil (z.B. kiinstlicher Darmausgang)? Wenn ja, welche?
13 Leiden Sie an Schlafstérungen? [JJA [JNEIN
14 Haben Sie Herzrhythmusstérungen? [1JA [JNEIN
15 Waurden Sie innerhalb der letzten zwei Monate operiert? Wenn ja, woran?
[1JA [JNEIN
16 Haben Sie in der% letzten 5 Tagen an einer MRT-, tDCS-, tACS- oder TMS- [ IA [] NEIN
Untersuchung teilgenommen?
17 Nehmen Sie zur Zeit gleichzeitig an einem anderem Experiment teil? Wenn
ja, woran? [] JA [ ] NEIN
Nur von Frauen auszufiillen:
18 | Besteht die Moglichkeit, dass Sie schwanger sind? [1JA [ NEIN
19 | Stillen Sie im Moment? [1JA [ NEIN

Ich habe die Fragen gelesen und verstanden. Ich erklire dariiber hinaus, dass ich alle

Angaben zur Krankengeschichte wahrheitsgemal3 gemacht habe.

(Datum, Ort)

(Name, Vorname)

(Unterschrift)
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— wird vom med. Fachpersonal ausgefiillt —

— Untersuchung —
Probanden ID:
RR: Puls:
Korpergrofe: Gewicht:
Medikation (ggf.):
Gang:
Okulomotorik:
Auffilligkeiten (Haut, Sprache, usw):

— Vorerkrankungen —

Epilepsie:

Migrine:
Metallimplantate:
Herzerkrankungen:
Operationen:

Chronische und genetische Krankheiten:

(Datum, Ort)

(Name, Vorname)

(Unterschrift)

Figure A.2: Questionnaire on exclusion criteria for non-invasive brain stimulation and contents of the
medical history and physical examination. Abnormities in the anamnesis and examination and affirmed

exclusion criteria in the questionnaire led to the rejection of the participation in the study.
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