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SUMMARY

SUMMARY

It is a common phenomenon that some occurrences in our life are well remembered,
whereas others seem to be forgotten just after a glimpse. This observation leads to the
assumption that some special process during experiencing an event determines later
remembrance. In the present work the neural correlates of successful memory formation are
investigated. To this end, brain oscillations as a correlate of neural activity and neural
communication were recorded and contrasted for remembered and forgotten events. This
contrast is commonly denoted subsequent memory effect (SME). SMEs are capturing two
different processes: the forming of cortical representations needed to process information and

the binding of these distributed representations into a memory trace.

Commonly, it is assumed that processing of information is carried out by distributed
networks in the neocortex. The binding of these distributed representations into a unified
memory trace then additionally relies on the medial temporal lobe as a major hub for tying
together activity distributed across the cortex. Such distributed networks are thought to be
characterized by specific spectral fingerprints. The goal of the presented studies is to identify the

specific spectral fingerprints of memory encoding processes.

In study 1 SMEs were contrasted during a typical deep semantic judgment task and
during a more elaborative survival encoding task. In the survival task participants were asked to
judge presented words according to their relevance in a survival situation In the survival
condition increases in alpha and beta long-range phase synchrony indexed successful encoding,
whereas alpha/beta power decreases indexed semantic encoding. Additionally, pre-item
subsequent memory effects in theta power were found, which did not vary with encoding
condition. These results show that measures of local synchrony (power) and global long range-
synchrony (phase synchronization) in the alpha/beta frequency range dissociate between
memory encoding processes depending on the level of elaboration during encoding, potentially
reflecting the involvement of a more distributed cortical network than during the more item

related semantic judgment task.

Study 2 was specifically designed to investigate the alleged relation of theta oscillations
and MTL activity. fMRI studies consistently demonstrate MTL activity in episodic memory
formation. Spatial navigation and electrophysiological recordings have also emphasized the role
of theta oscillations in these tasks. However, how and especially whether increases or decreases

in theta power are linked to memory formation through MTL activity remains debated. To this



SUMMARY

end, EEG and fMRI were recorded separately while participants used two mnemonic encoding
strategies: the spatial Method of Loci and the non-spatial Pegword Method. Both encoding
strategies are highly associative, but only the method of loci employs processing of spatial cues.
The more effective spatial mnemonic technique induced a pronounced theta power decrease in
the left MTL compared to the non-spatial associative mnemonic strategy. In addition, successful
encoding during both strategies was related to a decrease in theta power. In the fMRI data these
theta decreases were mirrored by BOLD increases in the MTL. This pattern of concurrent MTL
BOLD increases and theta power decreases implies that indeed decreases in theta activity index
MTL involvement during memory encoding and additionally demonstrate that associative

memory formation irrespective of the encoding task is related to theta decreases.

Study 3 emerged from study 2, initially designed to investigate trial-by-trial correlations
of oscillatory power and BOLD signals during encoding. We observed that low frequency EEG
(<20 Hz) was strongly correlated with in-scanner movement. Thereby, minor head motion (<0.2
mm) induced spurious effects in a twofold manner: Small differences in task correlated motion
elicit spurious low frequency effects, and, as motion concurrently influences fMRI data, EEG-
BOLD correlations closely matched motion-fMRI correlations. These findings highlight an
important caveat that needs to be addressed by future EEG-fMRI studies. For instance in the
present study, results misleadingly showed an increase in theta power during memory
formations, where out-of-scanner control data revealed that indeed an decrease in theta power

is related to memory formation.

In study 4 memory encoding effects in MEG and iEEG were contrasted during
encoding of two different stimuli: words and faces. Processing of words and faces elicits activity
in well defined dissociable areas: left lateralized fronto-temporo-parietal regions for word
processing and right ventral occipito-temporal areas for processing of unfamiliar faces.
Decreases in alpha/beta power were found to index activity in these word and face areas during
item processing and successful encoding of the respective material. These alpha/beta decreases
were more strongly related to successful encoding of words, whereas successful encoding of
faces was indexed by visual gamma increases. Additional post- and prestimulus decreases in

theta power were found during memory formation, independently of material.

In all studies a common pattern was apparent: whereas alpha/beta oscillatory effects
varied with encoding tasks and material, theta effects indexed memory formation independent
of material and task. This finding demonstrates that oscillatory memory encoding effects reflect

at least two cognitive processes involved in memory formation: alpha/beta activity seems to
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index cortical information processing, potentially indexing activity in distributed semantic
networks. In addition to the more distributed alpha/beta effects, gamma oscillations might
index processing of sensory features. In contrast to the material and task dependent alpha/beta
and gamma effects, theta power decreases were connected to memory encoding independent of
cortical processing. Furthermore, theta decreases were found concurrent to MTL BOLD activity.
Consequently, theta oscillatory networks during memory encoding can be interpreted as a MTL

related memory binding process.
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Wihrend man sich an manche Ereignisse auflergewohnlich gut erinnert, scheinen
andere Ereignisse schon nach kurzer Zeit nie passiert zu sein. Diese Beobachtung fiihrt zur
Uberlegung, dass bestimmte neuronale Aktivitit wahrend dieser Ereignisse iiber das spitere
Erinnern bestimmt. In der hier vorgelegten Arbeit sollen eben diese neuralen Korrelate
untersucht werden spiteres Erinnern bestimmen. Dazu wurde in mehreren Experimenten die
Gehirn-oszillatorische ~ Aktivitdit wéihrend der Formierung von spdter abrufbaren
Gedichtnispuren untersucht. Oszillatorische Aktivitit wihrend des Enkodierens wurde hierfiir
in Abhéngigkeit von der spiteren Gedachtnisleistung zwischen erinnerten und nichterinnerten
Episoden verglichen. Diese Differenz zwischen Aktivitit von erinnerten und vergessenen

Stimuli wird meist als Subsequent Memory Effect (SME) bezeichnet.

Dieser Kontrast zwischen neuronaler Aktivitit wahrend erinnerter und vergessener
Stimuli umfasst zwei Prozesse: zum einem die Verarbeitung und kortikale Reprasentation des
Stimulus, zum anderen das ,Binding“ dieser kortikalen Repridsentationen zu einer
Gedichtnisspur. Die neuronale Repriasentation und Verarbeitung wird dem Cortex
zugesprochen, wiahrend der mediale Temporallappen eine tragende Rolle in der
Zusammenfithrung dieser Reprasentationen zu einer Gedachtnisspur hat. Beide dieser Prozesse
umfassen Aktivierung in komplexen neuronalen Netzwerken. Ein Mechanismus, der die
neuronale Kommunikation und die Zusammenarbeit solcher spezifischer verteilten Netzwerke
ermoglichen konnte, sind Gehirnoszillationen. Aktivierung in spezifischen kortikalen
Netzwerken konnte daher zu spezifische “spektralen Fingerprints” in diesen Netzwerken
fiahren. Das Ziel dieser Arbeit ist es diese spektralen Fingerprints von

Gedichtnisenkodierprozessen zu messen und zu charakterisieren.

Mit diesem Zielen wurde in drei Studien Gedéichtnisenkodierprozesse und die
Abhingigkeit dieser Prozesse von Enkodieraufgaben und zu enkodierende Material untersucht.
In einem multimodal Messansatz wurde in EEG, MEG, fMRI und intrakranielles EEG
aufgezeichnet. Studie 1 untersuchte den Einfluss von verschiedener Enkodierstrategien,
semantischer Verarbeitung und von sogenannten ,survival processing®, auf SMEs. In Studie 2
wurde der Zusammenhang von fMRI BOLD Aktivierung und EEG Theta Oszillationen
untersucht. In Studie 3, werden artifizielle Gedachtniseffekte in simultanen EEG-fMRI Daten
berichtet. In Studie 4 wurden SMEs wihrend verschiedener Materialen (Gesichtern und

Woértern) verglichen.
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In allen Studien war ein bereinstimmendes Muster zu erkennen: Alpha/beta
Oszillationen variierten mit den Enkodieraufgaben und dem zu enkodierenden Material. Im
Gegensatz dazu waren Effekte im Theta Frequenzband, unabhéngig von Material und Aufgabe,
korreliert mit erfolgreicher Gedéachtnisenkodierung. Dieses Ergebnismuster zeigt, dass kortikale
Verarbeitungsprozesse, die zur Geddchtnisendkodierung beitragen mit oszillatorischer Aktivitét
im Alpha/Beta Bereich korreliert sind. Theta Oszillationen hingegen scheinen MTL “binding”

Prozesse zu reflektieren.
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BA, Brodmann areal

BCQG, ballisto-cardiogram

BOLD, blood-oxygenation-level-dependent
ECG, electrocardiogram

EEG, electroencephalography

ERP, event related potential

fMRI, functional magnetic resonance imaging
FWE, family-wise error

FWHM, full-width at half maximum

GLM, general linear model

HRF, hemodynamic response function

ICA, independent component analysis

IC, independent component

iEEG, intracranial recorded electroencephalogram
IFG, Inferior frontal lobe

LCMV, linear constraint minimum variance
MEG, magnetoencephalography

MNI, Montreal Neurological Institute

MTL, medial temporal lobe

MRI, magnet resonance imaging

OBS, optimal basis set

PLV, phase locking value

QRS complex, complex of characteristical ECG deflections
ROJ, region of interest

SEM, standard error of the mean
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SME, subsequent memory effect
SPM, statistical parametric mapping

TR, time resolution
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THEORETICAL BACKGROUND

EPISODIC MEMORY ENCODING

COGNITIVE PERSPECTIVE
From our daily life we know that some events we can remember very well and other

events we seem to never have experienced. Common experience already leads to the conception
that there must be something special about the things we can later remember, which was lacking
for the events we later cannot remember. What one would commonly denote “memory” is
usually labeled declarative memory in psychological theory. It encompasses memory for certain
life events (i.e. “I had pizza for dinner yesterday”) and facts (“Pizza is a round piece of dough
with tomatoes and cheese”). Declarative memory is separated form other, non-declarative,
implicit memory systems (e.g. skills or conditioning; Squire (2004)). Several cognitive theories
define what determines successful encoding into declarative memory in terms of information

processing.

One of the most influential theories on memory encoding, the levels of processing
framework, by Craik and Lockheart (1972) states that successful encoding is merely a function
of processing information. Depending on how “deep” an item is processed, the more likely it
will be later remembered. Deepness is conceptualized from ranging from perceptual feature
processing to abstract semantic processing. For example, judging words concerning a specific
visual feature (e.g. what font a word is written) signifies shallow processing and leads to lower
later recall rates than judging words for pleasantness, a form of deep processing. Other
experiments have shown that not only deepness determines encoding, but also distinctiveness of
the encoding task and elaboration during encoding (Craik, 2002; Hunt & Einstein, 1981; Klein
& Saltz, 1976). Deducing from this line of theories, memory formation seems to be a mere
byproduct of processing; a complex neural representation and processing of stimuli is all that is

needed to form memories.

This pure processing view of memory encoding, however, cannot explain memory
impairments in amnestic patients. Famously, patient H. M. after a bilateral medial temporal lobe
(MTL) resection, did perform normally on a wide range of tasks, but was not able to form any
new memories (Corkin, 2002; Scoville & Milner, 1957). For example, he still enjoyed solving
crossword puzzles, but he could not remember what he had for dinner last night. Consequently,
pure processing is not sufficient for memory formation leading to the notion that an additional

process, crucially involving MTL is needed, to successfully encode a memory. In addition to
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forming an internal representation during processing, these representations must be bound to
an enduring trace (Paller & Wagner, 2002). Furthermore, not all of these declarative memories
are created the same way. Other studies focusing on memory patients with brain lesions showed
that declarative memory is not monolithic, but separable in semantic memory and episodic
memory (Patterson, Nestor, & Rogers, 2007; Tulving, 1984, 2002; Vargha-Khadem et al., 1997).
Episodic memory, memories for events that encompass autonoetic consciousness (i.e. first
person remembering, e.g. “me eating pizza last night”) (Tulving, 1984) crucially rely on medial
temporal lobe function and specifically the hippocampus. Semantic memory, memory for facts
(e.g. pizza is food), or more precise every knowledge in a propositional form (Tulving, 1993), is

supported by different neural processes.

Despite the distinction between these memory systems, interactions of semantic and
episodic memory are considered crucial for memory encoding. Encoding in episodic memory is
thought to always involve semantic knowledge (Tulving, 2002; see also for a more recent
account van Kesteren, Ruiter, Fernandez, and Henson (2012)). The previously highlighted levels
of processing framework also can be interpreted as a framework for how semantic memory
operations support episodic memory encoding (Craik, 2002). The formation of an episodic
memory trace, as a unified multimodal representation, therefore always involves two processes:
the processing and representation of the content of the presented stimuli and the binding of

these representations to a durable memory trace.

NEURAL CORRELATES OF MEMORY ENCODING
The neural correlates of memory encoding have been studied using the subsequent

memory paradigm in numerous experiments (Paller & Wagner, 2002). In these studies, the
correlates of memory encoding are conceptualized as the difference in activity between later
remembered stimuli and later forgotten stimuli. This contrast between subsequent remembered
and forgotten items is referred to as the subsequent memory effect (SME). First SMEs were
reported more than 35 years ago investigating event related potentials (ERP) in EEG (Paller,
McCarthy, & Wood, 1988; Sanquist, Rohrbaugh, Syndulko, & Lindsley, 1980). These studies
already reported a reliable marker of subsequent memory: an enhanced positivity starting

~400ms after item onset correlated with successful memory formation.

With the advent of imaging techniques (PET and fMRI) it was possible to determine
which brain structures show differences in activity during memory formation. First studies
using block designs reported increased activity in MTL and frontal regions during encoding

phases (Gabrieli et al., 1996; Kapur et al., 1994; Kelley et al., 1998; Stern et al., 1996). With the
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emergence of event-related fMRI studies it was also possible to calculate more temporally
resolved SMEs by modeling hemodynamic brain responses on a shorter time-scale (Brewer,
Zhao, Desmond, Glover, & Gabrieli, 1998; Wagner et al., 1998). To this date, numerous fMRI
studies have been carried out investigating memory encoding related activity in various

paradigms.

Most of the studies investigating memory formation have focused on MTL activity,
because of the crucially involvement of this region in memory formation known since the
infamous amnestic patient H.M. (Scoville & Milner, 1957). The MTL and specifically the
hippocampus as hypothesized general connector of cortical activity is thought to form complex
spatio-temporal representations (Buzsaki, 1996, 2010; Eichenbaum, 2000). MTL activity is not
exclusively related to memory encoding, but also to spatial processing and navigation. Spatial
navigation similar as episodic memory operation is based on the integration of, mainly
sensorimotor, information to an abstract representation (Burgess, 2008; Buzsaki, 2005; Ekstrom
et al., 2005). Similar mechanisms are proposed to underlie spatial navigation and episodic
memory formation (Buffalo, 2015; Buzsaki & Moser, 2013; Ekstrom, 2014; Zucker & Ranganath,
2015). The role of the hippocampus and MTL regions in memory encoding is therefore
hypothesized to connect distributed cortical representation into a self-referenced spatio-

temporal memory trace (Buzsaki & Moser, 2013).

A meta-analysis including 74 fMRI studies showed successful encoding reliably involves
several areas (Kim, 2011): BOLD activity in MTL is increased during memory formation, and
generally more so during associative memory encoding (Davachi, 2006; Diana, Yonelinas, &
Ranganath, 2007; Ranganath, 2010; Staresina & Davachi, 2009) confirming the important role of
MTL regions. The left IFG, a brain region also involved in semantic memory operations
(Binder, Desai, Graves, & Conant, 2009; Noppeney, Phillips, & Price, 2004; Patterson et al.,
2007; Pulvermuller, 2013), also shows increased activity during memory formation.
Accordingly, especially in studies investigating word encoding and/or employing encodings task
involving semantic judgment have reported SMEs in the left IFG (Kim, 2011; Kirchhoff,
Wagner, Maril, & Stern, 2000; Otten & Rugg, 2001b). In contrast to left IFG effects during
encoding of semantic information, encoding of pictorial stimuli and perceptual details leads to
increased activity in fusiform gyrus and along the ventral occipito-temporal stream (Dickerson
et al., 2007; Garoff, Slotnick, & Schacter, 2005; Kim, 2011). These fusiform BOLD increases
during memory formation, similar to left IFG semantic effects, are attributable to processing the

to-be-encoded material, as the fusiform gyrus is generally involved in processing visual features
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(Kanwisher & Yovel, 2006; Logothetis, Pauls, & Poggio, 1995; McCandliss, Cohen, & Dehaene,
2003).

Consequently, SMEs in cortical areas like the left IFG and fusiform gyrus are related to
processes involved in the cortical representation and processing of stimuli, whereas MTL
activity is hypothesized to bind these representations to a unified memory trace. On a more
functional level, cell assemblies in specific cortical areas are thought to represent specific
features (Pulvermuller, 2013) and complex processing of the represented features involves the
interplay and connectivity of these distributed areas to enable e.g. judging an item for its
semantic content (Buzsaki, 2010; Patterson et al., 2007). Whereas semantic processing is
thought to rely on connectivity between cortical areas, interplay between MTL and cortical areas
is thought to be crucial for encoding a self referenced spatio-temporal episode into memory.
MTL related activity is considered to interact with cortical representations to form a memory
trace (Buzsaki, 1996). For example, increased connectivity between MTL and left IFG has been

shown during semantic memory encoding (Schott et al., 2013).

Summed up, fMRI experiments so far have identified areas correlating with memory
encoding, indexing cortical information processing and memory binding processes. Areas like
left IFG and fusiform gyrus, which show variation in activation depending on encoding task and
to-be-encoded material, are involved in the cortical representation and processing of
information. Especially during associative encoding tasks, when these distributed cortical
representations have to be bound into a unified representation, involvement of MTL structures
has been reported. This interpretation of results implies that memory encoding involves a

complex neural network that flexibly interacts during formation of memories.

BRAIN OSCILLATIONS AND MEMORY ENCODING
Measuring fMRI data with high spatial resolution reveals a lot about which brain areas

are involved in memory formation. However, memory cannot be strictly localized but involves
representations distributed across cortex (Fuster, 1997). Therefore, mapping areas reliably
involved in encoding alone cannot reveal the functional correlates of memory formation, as
memory formation depends on the dynamic interaction between different areas. The general
mechanism of forming lasting neural representations relies on changes of the synaptic weights
between neurons by concurrent neuronal spiking, condensed in Hebb’s famous “fire together,
wire together” principle (Hebb, 1949). Such temporally correlated firing of neurons is reflected
in brain oscillations: increases in amplitude and coherence of brain oscillations are thought to be

a crucial prerequisite of information transfer and neural information coding (Salinas &
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Sejnowski, 2001; Singer & Gray, 1995). Such brain oscillations are thought to enable the
formation of distributed neural networks (Varela, Lachaux, Rodriguez, & Martinerie, 2001) and
to facilitate communication within these networks (Fries, 2005). Consequently, brain
oscillations as a mechanism of neural communication and integration might play a major role in

integrating distributed cortical representations into a unified memory trace.

Specific cognitive processes relying on distributed networks are proposed to be
characterized by distinct spectral fingerprints (M. Siegel, Donner, & Engel, 2012). By enabling
communication between distributed areas, specific oscillations are thought to index specific
neural networks, for example networks involved in memory formation (Watrous & Ekstrom,
2014; Watrous, Fell, Ekstrom, & Axmacher, 2015). Information transfer in such a network
might be achieved by the control of local spiking through an oscillation, as neural spiking has
been shown to correlate with power (Haegens, Nacher, Luna, Romo, & Jensen, 2011) and phase
(Jacobs, Kahana, Ekstrom, & Fried, 2007; Rutishauser, Ross, Mamelak, & Schuman, 2010) of
ongoing low frequency oscillations. Through these mechanisms, neural spiking is controlled by
oscillatory activity. Also, slower oscillations have been shown to reflect operations in larger
networks (Buzsaki & Draguhn, 2004; von Stein, Chiang, & Konig, 2000) and there seems to be a
hierarchy of slower oscillations controlling faster oscillations (Lakatos et al., 2005). In a similar
vein, lower frequency oscillations have been related to top-down processes controlling higher
frequencies, which are considered to index more bottom-up sensory activity (Buffalo, Fries,
Landman, Buschman, & Desimone, 2011; Donner & Siegel, 2011; Jensen, Bonnefond, Marshall,

& Tiesinga, 2015; von Stein et al., 2000).

Several review papers have emphasized the crucial role of brain oscillation in memory
processes (Duzel, Penny, & Burgess, 2010; Fell & Axmacher, 2011; Hanslmayr & Staudigl, 2014;
Hanslmayr, Staudigl, & Fellner, 2012; Kahana, 2006; Nyhus & Curran, 2010; Watrous &
Ekstrom, 2014; Watrous et al., 2015). The majority of studies investigating oscillatory correlates
of memory encoding focused on theta oscillations (~2-8 Hz). This “theta-centric” encoding view
stems from the connection of theta oscillations and the hippocampus in rodents (Buzsaki, 2005;
Buzsaki & Moser, 2013), but also in humans (Watrous, Lee, et al., 2013). Furthermore, theta
oscillations are a core element in several models of memory functions (Burgess, Barry, &
O'Keefe, 2007; Hasselmo & Stern, 2014; Lisman & Jensen, 2013). One of the first studies
reporting oscillatory encoding effects found increases in theta power during successful memory
formation (Klimesch, 1996). Klimesch, Doppelmayr, Russegger, and Pachinger (1996) theorized

that this positive theta SME (i.e. increases in power signifying successful memory formation)
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indexes hippocampo-cortical feedback loops involved in memory encoding. Several following
studies also reported theta increases during successful memory formation (Friese et al., 2013;
Hanslmayr, Spitzer, & Bauml, 2009; Hanslmayr et al., 2011; Klimesch, Doppelmayr, et al., 1996;
Klimesch, Doppelmayr, Schimke, & Ripper, 1997; Osipova et al., 2006; Staudigl & Hanslmayr,
2013). However, more recently, theta decreases related to memory encoding (i.e. negative theta
SMEs) were reported (Burke et al., 2013; Fell et al., 2011; Greenberg, Burke, Haque, Kahana, &
Zaghloul, 2015; Guderian, Schott, Richardson-Klavehn, & Duzel, 2009; Long, Burke, & Kahana,
2014; Sederberg et al., 2007). Note, that the majority of studies reporting theta decreases
recorded in intracranial implanted patients, in part directly in the MTL. This finding of
intracranial theta decreases did shatter the very straightforward assumption of theta power
increases being a correlate of postulated memory binding processes. It therefore still remains a

debated question how theta oscillatory power, MTL activity and memory encoding are related.

Not only theta power changes have been observed during memory formation, several
studies also reported alpha (~8-12 Hz) and beta (~13-30 Hz) oscillations indexing successful
encoding. Here, mainly decreases in power have been found to relate to memory encoding
(Klimesch, Schimke, et al., 1996; Sederberg, Kahana, Howard, Donner, & Madsen, 2003;
Sederberg et al.,, 2007; Weiss & Rappelsberger, 2000). A few studies also reported memory
encoding-related alpha increases (Khader, Jost, Ranganath, & Rosler, 2010; Meeuwissen,
Takashima, Fernandez, & Jensen, 2011). However, these alpha increases were not found in
classical memory encoding paradigms, but during working memory maintenance and therefore
possible reflect active inhibition to prevent task interfering input (Jensen, Gelfand, Kounios, &
Lisman, 2002; Jensen & Mazaheri, 2010; Klimesch, Sauseng, & Hanslmayr, 2007). Whereas
increases in alpha power are seen as a deactivation of cortical areas, decreases in alpha and also
beta power have been found to correlate positively with neural activity (Haegens et al., 2011;
Hanslmayr et al., 2011; Scheeringa et al., 2011). Desynchronized alpha/beta power has been
hypothesized to be a general marker of cortical information processing during memory
encoding (Hanslmayr, Staudigl, et al., 2012). SMEs in the alpha and beta frequency range have
also been reported to correlate (Sederberg et al., 2003), suggesting alpha and beta decreases are

at least partially related to similar processes.

A first study investigating the effect of varying encoding tasks on brain oscillatory SMEs,
contrasted a typical shallow alphabetical encoding task with a semantic animacy judgment task
and found memory related alpha/beta power decreases specifically during semantic processing

(Hanslmayr et al., 2009). In a follow up simultaneous EEG-fMRI study, beta power decreases
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were found to be correlated with BOLD activity in the left IFG on a trial by trial basis
(Hanslmayr et al., 2011). This demonstrates that task-related decreases of oscillatory beta power
directly index the BOLD activity in the left IFG. To test if these beta decreases in the left IFG are
functionally relevant for memory formation or a mere epiphenomenon, an additional study was
carried out using repetitive transcranial magnetic stimulation (rTMS) (Hanslmayr, Matuschek,
& Fellner, 2014). r'TMS can entrain a focal cortical area in a specific oscillation (Thut &
Miniussi, 2009) to probe for causal involvement of brain oscillations in cognitive tasks. In the
experiment, participants encoded word lists while their left IFG was stimulated using different
frequencies. Only during stimulation in the beta frequency, and thereby preventing beta power
decreases, memory performance was significantly attenuated when compared to stimulation
with other frequencies and sham. This pattern of results underlines the importance of power
decreases during memory encoding processes and the localization of these decreases left IFG, a
area considered an important hub in complex semantic processing (Sharon, 2003), suggests that

these beta decreases are specifically indexing information processing during memory formation.

In addition to memory encoding effects in the lower frequency range effects in the
gamma frequency range (~35 -120 Hz) have been reported. Memory-related gamma increases
have been mostly found in posterior brain areas (Osipova et al., 2006), but also distributed
across the cortex and in the MTL (Burke et al., 2014; Fell et al., 2001; Sederberg et al., 2007). It
has been pointed out that increases in gamma power during memory closely match typical
memory related fMRI activations (Burke et al., 2014). These gamma power increases are
hypothesized to be an unspecific marker of local neural activity (Burke, Ramayya, & Kahana,
2015). Generally, gamma oscillation haven been specifically related to local information
processing (Jensen, Kaiser, & Lachaux, 2007), like the processing of visual features (Fries, 2009;

Fries, Nikolic, & Singer, 2007).
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GOALS OF THE PRESENTED STUDIES

Despite the wealth of findings by the studies reported above, there are several open
questions regarding how and which oscillations are involved in the formation of memories.
Whereas numerous ERP and fMRI studies have investigated how encoding-related activity
varies depending on differing material and various encoding tasks, only very few studies have
investigated the impact of different information processing on the oscillatory correlates of
memory encoding. In the present work, encoding strategies (Study 1 & 2) and the to-be-
encoded material (study 3) was manipulated in order to disentangle spectral fingerprints of

dissociable memory encoding processes.

Cognitive theories, as summarized in the “Cognitive Perspective” section above,
propose that memory encoding is dependent on processing and building cortical
representations of to-be-encoded material. However, the pure processing of material is not
sufficient for memory formation, an additional process is needed to unify the cortical
representation into a durable memory trace. Brain oscillations, as assumed correlates of neural
communication, are a possible mechanism to enable the distributed processing of information
and the binding of these representations to an episodic memory. We hypothesized therefore that
these memory encoding sub-processes are reflected by differing oscillations, signifying spectral
fingerprints of distinct processing networks. Alpha and beta oscillatory power decreases have
been implicated in cortical information processing and semantic processing (Hanslmayr et al.,
2014; Hanslmayr et al, 2009; Hanslmayr, Staudigl, et al., 2012) and also material-specific
alpha/beta retrieval effects have been reported (Khader & Rosler, 2011; Staudigl, Vollmar,
Noachtar, & Hanslmayr, 2015; Waldhauser, Johansson, & Hanslmayr, 2012). Therefore,
alpha/beta oscillations are a likely candidate for indexing material- and task-dependent SME:s.
Theta oscillations, in contrast, are classically related to the MTL (Buzsaki, 2005), the brain
region crucially involved in memory binding processes (Paller & Wagner, 2002; Ranganath,
2010; Staresina & Davachi, 2009) and therefore should be independent of cortical processing
task and material specific processing. By varying encoding tasks and to-be-encoded material the
present work tried to identify distinct spectral fingerprints of these processes in these frequency

bands.

In study 1, SMEs in EEG elicited by two efficient encoding strategies were contrasted.
One of the encoding tasks was a classical semantic encoding task, in which participants were
asked to judge presented material regarding its animacy (Hanslmayr et al., 2009; Otten & Rugg,

2001b). This semantic encoding task was contrasted to a survival processing encoding task, a
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more unusual, but previously shown to be very efficient encoding strategy (Nairne, Thompson,
& Pandeirada, 2007), stimulating elaborative encoding (Burns, Burns, & Hwang, 2011;
Kroneisen & Erdfelder, 2011). The open question this study was designed to answer was, if

SME:s do vary for two encoding task with different levels of elaboration.

The goal of study 2 was to identify the relation of theta oscillatory power and MTL
activity. To this end, EEG and fMRI was measured separately while participants used two
different mnemonic strategies: The Method of Loci and the Pegword method. Both encoding
methods are based on associative encoding, but only the Method of Loci additionally involves
spatial processing. Besides memory functions, spatial processing is one of the major functions
associated with the MTL (Burgess, 2008; Buzsaki & Moser, 2013). Therefore, theta oscillatory
activity during the Method of Loci should be especially boosted. As the relationship of theta
power, memory encoding and MTL activity remains highly debated, the goal of the study was to
investigate whether increases or decreases in theta power are related to BOLD MTL activity. Of
additional interest was, whether theta oscillations and MTL activity are specifically involved in

spatial memory encoding or more generally in associative memory encoding.

The data presented in study 3 were originally collected to be included in study 2.
Simultaneous EEG-fMRI was actually recorded to investigate trial-by-trial theta power and
BOLD correlations. However, extended data analysis showed that SMEs in simultaneously
recorded EEG are largely driven by artifacts caused by in-scanner movement. Possibly this
difference in movement is attributable to physiological movements like respiration. Thereby,
SMEs in simultaneous EEG were in stark contrast to data recorded outside. Furthermore,
motion by concurrently driving artifacts in EEG and fMRI recordings also caused spurious
EEG-fMRI correlations. The finding that in-scanner movement correlated positively with later
memory performance shows how artifacts in EEG-fMRI, which have not been considered
problematic before, can induce spurious effects that are seemingly neurophysiological plausible

and that may dramatically bias interpretation of the results.

In study 4 the effects of to-be-encoded material on SMEs was investigated. MEG was
measured in a healthy subject sample and a patient sample with intracranial implanted
electrodes. Here, the research question was how oscillatory activity varies with to-be-encoded
material and which effects are independent of to-be-encoded material. The combination of
measuring the same paradigm in MEG and iEEG provides the possibility to investigate these

effects on a whole brain scale in MEG data and on a more local scale using iEEG.
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MAIN FINDINGS, LIMITATIONS AND OPEN QUESTIONS

OSCILLATORY FINGERPRINTS OF MEMORY ENCODING

OSCILLATORY ACTIVITY VARYING WITH ENCODING TASK AND

MATERIAL
One of the main findings of the presented studies is that alpha and beta activity vary

with to-be-encoded material and also with the encoding task. In study 1, alpha/beta power
decreases were specifically related to semantic encoding, whereas more elaborative survival
encoding was related to increases in long-range alpha/beta phase synchrony. In study 4 in which
we contrasted encoding of words and faces, alpha/beta decreases were localized to areas typically
involved in processing words and faces. Furthermore, alpha/beta decreases during word
processing and for word SMEs were equally located in left sided areas typically related to
semantic processing (Pulvermuller, 2013): left IFG, left temporal and left temporo-parietal areas.
Alpha/beta decreases during face processing showed a conjunction with face SMEs in the right
ventro-occipito-temporal stream, an area specifically related to process visual features and also
faces (Kanwisher & Yovel, 2006). Alpha/beta oscillations therefore seem to track cortical
information processing during memory formation. Alpha/beta decreases were specifically
involved in semantic processing (see also Hanslmayr et al. (2014); Hanslmayr et al. (2009)):
Decreases during successful encoding of words were stronger than during encoding of faces,
possibly indexing the higher use of semantics for encoding words than faces (Winograd, 1981).
Encoding effects for faces were stronger in the gamma range, possibly related to the higher
importance of encoding visual features for encoding faces. Concluding from these findings,
alpha/beta decreases and gamma increases vary with encoding type and material and therefore
seem to be specific fingerprints of cortical information processing networks involved in memory

encoding.

OSCILLATORY ACTIVITY INDEPENDENT OF MATERIAL AND ENCODING

TASKS
In contrast to alpha/beta decreases and gamma increases, theta oscillatory SMEs did not

vary depending on encoding task (study 1 and study 2) and material (study 3). In study 1,
prestimulus increases in theta power were related to successful memory encoding for both
encoding tasks. Note, that these memory unspecific theta increases in study 1 might also index
attentional orienting. The reported theta increases were centered to the cue onset and not to the

stimulus presented 1 sec after the cue, therefore and according to the following studies, these
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theta increases might be connected to attentional processes and not directly to processing
involved in memory encoding. In study 2 and 4 pre- and poststimulus theta decreases were
found during successful memory formation irrespective of encoding task and material. In study
2 these theta decreases were equally found during a spatial as well as during a non-spatial
associative encoding strategy and co-occurred with MTL BOLD increases. In study 4 material
independent theta decreases were found in MEG data source localized to a widespread cortical
network including the MTL. These MTL related theta decreases occurred independently of
cortical information processing, therefore follow the assumptions of a processing independent

memory binding process.

COGNITIVE MODEL BASED VIEW OF MEMORY ENCODING
According to Tulving’s model of memory encoding, every information has to pass two

stages of processing before it can be encoded into episodic memory: first information has to be
processed in the perceptual system, followed by the semantic system and then it can be encoded
into episodic memory (see Figure 1, original model by Tulving (2001)). This division of memory
encoding sub-processes is very much in line with the presented findings. Local gamma power
increases were found in the visual ventral stream involved in processing complex visual features,
and therefore might index sensory feature representations. Alpha/beta decreases are reported
especially during semantic encoding processes (Hanslmayr et al., 2014; Hanslmayr et al., 2009;
Hanslmayr et al., 2011) and were located in semantic hubs (see study 4). Theta decreases were
found to index memory encoding independently of cortical processing demands (study 2 & 4),

were localized in the MTL (study 2 & 4) and did co-occur with MTL BOLD activity (study 2).

Alpha/beta oscillations have been consistently reported in memory encoding using
semantic processing (Fellner, Bauml, & Hanslmayr, 2013; Hanslmayr et al., 2009; Hanslmayr et
al., 2011). Alpha/beta oscillations might serve a crucial function in semantic processing by
enabling interaction between gamma related perceptual representations (Fries, 2009; Fries et al.,
2007). Alpha/beta oscillations have been shown to enable widespread cortical communication
(Popov, Miller, Rockstroh, & Weisz, 2013; Weisz et al., 2014) and are generally considered to be
involved in cortical top down processes (Buffalo et al., 2011; Donner & Siegel, 2011; Jensen et al.,
2015). These findings render alpha/beta oscillations are very plausible mechanism for the
integration of widespread cortical activity into a semantic representation (Patterson et al., 2007;

Pulvermuller, 2013).

Theta oscillatory activity has consistently been linked to MTL activity and memory like

processes in rodents (Buzsaki, 2005; Buzsaki & Moser, 2013). In study 2 we demonstrated a link

26



MAIN FINDINGS, LIMITATIONS AND OPEN QUESTIONS

between theta oscillatory power decreases and the MTL during a highly associative memory
encoding irrespective of encoding task. In study 4, again, processing independent theta activity
was found in a widespread cortical network including the MTL. These theta decreases therefore
might index the integration of widespread semantic representations into a complex spatio-
temporal episodic memory trace. Similar accounts of cortical representations and MTL based
integration are part of several models of memory (Bird & Burgess, 2008; Hasselmo & Stern,
2006; Mcclelland, Mcnaughton, & Oreilly, 1995; Nadel, Samsonovich, Ryan, & Moscovitch,
2000). Note, that this presented model based view in Figure 1 is a mere heuristic of encoding
processes. For example, in the model presented by Tulving (2001) the semantic processing step
is a necessary prerequisite for encoding into episodic memory. However, if indeed semantic

processing is truly a necessity for episodic encoding cannot be answered by the present data.

Episodic Memory episodic memory trace

ﬁ interaction of cortical areas and MTL:
widespread theta power decreases

Semantic System semantic representations

interaction of sensory areas and semantic hubs:
ﬁ widespread alpha/beta power decreases

sensory feature representations:

Perceptual System local gamma power increases

1r

to-be-encoded material

Figure 1: Model-based view of memory encoding. In order to successfully encode into
episodic memory to-be-encoded material first has to be represented in a perceptual code and
secondly represented in a semantic code to be finally encoded into episodic memory. The
presented findings suggest that representations of sensory features are related to gamma power
increases. Alpha/beta power decreases are involved in the formation of semantic
representations, which then are encoded into episodic memory via theta power related MTL
memory binding processes.
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OPEN QUESTIONS AND LIMITATIONS: INTERPLAY OF OSCILLATIONS

AND REPRESENTATIONAL CODE
The main limitation of the present findings in respect to the proposed cognitive model

is how these separated systems represent information and functionally interact with each other.
In the presented studies the focus was mainly on oscillatory power effects, which seem to map
quite well to the sub-processes outlined above. However, it remains an open question how these
processes interact with each other. An additional open question is how communication within
the proposed networks is facilitated. It has been proposed that phase synchrony facilitates
communication between distributed cortical areas during memory encoding (Fell & Axmacher,
2011) and a previous study has shown that interactions between MTL and cortex during
memory retrieval are reflected in coherent theta networks (Watrous, Tandon, Conner, Pieters,
& Ekstrom, 2013). Therefore phase synchrony might be a possible mechanism. Indeed, in study
1, encoding using an especially efficient encoding task led to increases in alpha/beta phase
synchrony. Another possible index of encoding related networks might be inter-areal
correlation of power, for example common fMRI resting state networks are reflected by inter-
areal power-to-power correlations (Brookes et al., 2011; Hipp & Siegel, 2015). These possible
mechanisms of interaction in the proposed alpha/beta and theta networks remain to be

investigated.

A possible candidate for interaction between these perceptual, semantic and episodic
systems might also be correlations between frequencies, for example a correlation of alpha/beta
decreases and theta decreases or in the form of amplitude-phase coupling (Canolty et al., 2006).
Coupling of theta phase with local gamma power has been reported in context memory in
rodents (Tort, Komorowski, Manns, Kopell, & Eichenbaum, 2009) and humans (Staudigl &
Hanslmayr, 2013). Furthermore, phase-power relationships have been postulated as a special
coding principle. A theta-gamma code has first been proposed in working memory and MTL
functions (Lisman & Idiart, 1995; Lisman & Jensen, 2013). Extensions of this low frequency
phase to high frequency gamma power code have been hypothesized for alpha and gamma in
visual processing (Jensen, Gips, Bergmann, & Bonnefond, 2014; Roux & Uhlhaas, 2014) and
across several frequency combinations as a general code of cortical representations and memory
encoding (Watrous et al., 2015). The presented results suggest a relation of local gamma power
and alpha/beta decreases and additionally an interaction between cortical alpha/beta oscillations
and MTL based theta oscillations. These possible interactions between the proposed networks

remain to be investigated.
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LOW FREQUENCY DECREASES AS MARKER OF NEURAL ACTIVITY

Another interesting pattern in the presented data is the observation of low frequency, i.e. theta,
alpha and beta power decreases in areas usually showing fMRI BOLD increases. In study 1 we
found alpha/beta decreases during semantic encoding, a task that previously has been related to
left IFG increases (Kapur et al., 1994; Otten & Rugg, 2001b). In study 2, theta power decreases
were found in areas that showed BOLD increases during the same paradigm. Additionally,
increases in alpha/beta power were related to decreases in BOLD, suggesting a general negative
relationship of low frequency oscillatory power and BOLD signals. In study 4, again, alpha/beta
decreases were found related to face and word processing in areas that typically exhibit BOLD
activity increases. Also, theta power decreases were found during memory formation localized
to areas matching fMRI encoding networks. This pattern of results demonstrates that low
frequency power decreases might be generally related to activity increases in the brain, which
also been demonstrated in previous studies (Hermes et al., 2014; Mukamel et al., 2005; Niessing
et al., 2005; Scheeringa et al., 2011; Zumer, Scheeringa, Schoffelen, Norris, & Jensen, 2014). This
general match of power decreases and BOLD activity suggest a vital role of reduced oscillatory

power/ amplitudes in the low-frequency range for cortical processing.

OPEN QUESTIONS AND LIMITATIONS: FUNCTIONAL RELEVANCE OF

LOW FREQUENCY POWER DECREASES
An open question remains: How are power decreases related to neural processing?

Considering power increases, there seems to be an easy connection to cortical processing:
increases in neural synchrony synchronize neural firing and thereby enhance information
transfer between two cortical regions (Fries, 2005; Varela et al., 2001). This synchronized firing
strengthens synaptic connections and thereby a durable memory trace is encoded (Fell &
Axmacher, 2011). The functional relevance of power decreases eludes such a simple explanation.
However, first and foremost, communication through power increases might be rather
inflexible, considering that thousands of neurons need to spike in synchrony to produce a power
increase on scalp level (Hdmaéldinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa, 1993). In a quite
intuitive manner we argued in a recent review that a desynchronized firing pattern from a
information theoretic view is able to code more information than synchronized firing pattern
(Hanslmayr, Staudigl, et al., 2012). The idea of a temporal correlated oscillatory code in neural
systems has been criticized since its inception (Shadlen & Movshon, 1999). For example, the
impact of a spiking neuron in the absence of spiking of other neurons transfer more

information than numerous neurons spiking synchronized (Schneidman et al., 2011).
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Another assumption is that power decreases measured by using the available
measurement methods ranging from EEG to intracranial recordings might only represent an
epiphenomenon and not a functional important neural computation principle. However, even if
these power decreases are only the “dark side of the moon”, these decreases still have been
proven a stable marker of neural activity, in the presented studies and in other studies. For
instance, fMRI BOLD activity is by definition only an epiphenomenon of neural activity and
albeit this “mere” epiphenomenal relationship to neural activity, fMRI studies have contributed

crucially to the knowledge we hold today about the human brain functions.

However, the wealth of studies reporting correlations of behavior and cognition with
oscillations and theoretical considerations (Buzsaki & Draguhn, 2004) speak against the notion
that brain oscillations are a mere epiphenomenon without functional value. However, initial
hypotheses especially about the function of power increases during memory formation might
have been incorrect, as indeed at least in the low frequency range power decreases are correlated
with neural activity, as for example measured by fMRI (Hermes et al., 2014; Mukamel et al.,

2005; Niessing et al., 2005; Scheeringa et al., 2011; Zumer et al., 2014).

A major open question is still how desynchronization can enable neural
communication, the basic mechanism need for encoding information (Hebb, 1949). One
possibility is that decreases in power are needed in order to form fine-grained connected
networks capable of representing specific representations. For example the sparse coding of
information in the MTL, where single neurons can represent very specific modality independent
information (Quiroga, Kreiman, Koch, & Fried, 2008; Quiroga, Reddy, Kreiman, Koch, & Fried,
2005), shows that specific neurons seem to receive very specific input from widespread areas
from across the cortex. It has been shown that alpha power decreases are related to increased
long range phase synchrony (Popov et al., 2013; Weisz et al., 2014), a mechanism that might
enable such specific input. Considering theta power decreases, such a relationship remains to be
shown. Such a relationship of power and long range connectivity increases might yielding a
balance between cortical integration and separation (Deco, Tononi, Boly, & Kringelbach, 2015)

and thereby provide a flexible mechanism of neural representation and computation.
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THE CONCEPT OF THE SUBSEQUENT MEMORY EFFECT

LIMITATIONS OF SUBSEQUENT MEMORY EFFECTS
A more general critique of the presented data is the encoding-centric view of subsequent

memory analyses. By definition successful memory encoding at least encompasses encoding and
retrieval and also the processes in between. Subsequent remembrance is not exclusively
depending on processing during encoding, for example also the match of the retrieval context to
the encoding context is important (Godden & Baddeley, 1975; Morris, Bransford, & Franks,
1977; Staudigl & Hanslmayr, 2013; Tulving & Thomson, 1973) and consolidation processes
between encoding and retrieval can shape memory (Nadel & Moscovitch, 1997; Nadel et al.,
2000). However, as the presented work is focused on encoding processes and the correlates of
manipulating encoding, these effects are not considered in the present studies. Other studies
have focused on the overlap in encoding and retrieval and reported reactivation of encoding
related activity during memory retrieval (Jafarpour, Fuentemilla, Horner, Penny, & Duzel, 2014;
Jafarpour, Horner, Fuentemilla, Penny, & Duzel, 2013; Staudigl et al., 2015; Wimber, Maass,
Staudigl, Richardson-Klavehn, & Hanslmayr, 2012). In regard to this line of research the
presented results are also an important contribution to research on reactivation, as the
presented studies yield a more precise definition of encoding related activity that possibly might
be reactivated. Namely, the presented results of material and encoding dependent alpha/beta
effects suggest that reactivation effects are most likely to be found in the alpha/beta frequency
range. Indeed, previous studies have reported alpha/beta decreases depending on the encoded

material during retrieval (Khader, Heil, & Rosler, 2005; Waldhauser et al., 2012).

Subsequent memory effects are also limited by the subtraction logic: memory formation
equals later remembered minus later forgotten activity. As mentioned above, subsequent
memory is not only dependent on encoding operations but also determined by retrieval. For
example, the context during retrieval, general attention level or individual response biases
influence retrieval performance (Yonelinas, 2001). Furthermore, the measurement of successful
retention is an additional problem. In the presented studies, recognition tests and free recall
tests were used as memory measures. Free recall and recognition tests measure in some respects
different memory processes (Ranganath, 2010; Tulving & Thomson, 1973; Yonelinas, 2001).
Also recognition tests are not “process-pure”. For example, in recognition tests, items might be
correctly labeled as seen before because of familiarity and not because of a detailed autonoetic
episodic memory trace. A previous study has reported differences in oscillatory SMEs between

recognition tests and free recall (Merkow, Burke, Stein, & Kahana, 2014). However, note that in
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the presented studies comparable correlates of memory encoding were found in recognition
(study 1 & 4) and free recall (study 2). Albeit, the impact of the retrieval test on material and

processing dependent SMEs was not explicitly investigated and remains an open question.

ARTIFACTUAL MEMORY ENCODING EFFECTS IN EEG-FMRI
In study 3, spurious SMEs in simultaneous EEG-fMRI are reported. Small event-related

motion was correlated with successful remembering. The magnetic field of the MR scanner can
be considered as an amplifier of the effects of such small movements on EEG by the physical
principle of electromagnetic induction. Those specific effects are therefore limited to the
scanner environment and probably do not affect non-simultaneously recorded data. However,
one of most probable causes of this effect is respiration phase locked to stimulus presentation. A
similar stronger phase locking of respiration to subsequently remembered in contrast to later
forgotten trials has been reported before in fMRI (Huijbers et al., 2014). Such a relationship
between physiological signals and performance is nothing new. For example, eye movements
have been shown to index memory retrieval (Hannula & Ranganath, 2009). Cardiac activity has
been shown to predict visual detection performance and also to correlate with MEG activity
(Park, Correia, Ducorps, & Tallon-Baudry, 2014). Although to date still highly speculative, it
might be wrong to neglect correlations between cognitive performance, physiology and neural
activity. Emerging theories propose that these neural-physiological correlations might have a
vital role in neural processing (Klimesch, 2013; Park & Tallon-Baudry, 2014). Especially,
memory formation as a process that depends on how the internal state of the system encodes
sensory information might be especially prone to be affected by the physiological state of the

system.
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CONCLUSION

In the present work the influence of encoding tasks and material on oscillatory memory
encoding effects have been investigated. Reliable spectral fingerprints of memory encoding have
been found. Decreases in alpha/beta power and increase in gamma power during memory
formations have been demonstrated to vary with encoding task and material and are potential
linked to semantic processing and representations of specific features. Decreases in theta power
co-occur with MTL activity increases and index memory encoding irrespective of to-encoded
material and encoding tasks. These theta decreases therefore do reflect specific memory related
binding processes. These results demonstrate that oscillatory activity during memory encoding
indexes activity in separable neural networks. An open question remains how these systems

interact in order to form a durable memory trace.
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STUDY 1: BRAIN OSCILLATORY SUBSEQUENT MEMORY
EFFECTS DIFFER IN POWER AND LONG-RANGE
SYNCHRONIZATION BETWEEN SEMANTIC AND SURVIVAL

PROCESSING

Memory crucially depends on the way information is processed during
encoding. Differences in processes during encoding not only lead to differences
in memory performance but also rely on different brain networks. Although
these assumptions are corroborated by several previous fMRI and ERP studies,
little is known about how brain oscillations dissociate between different
memory encoding tasks. The present study therefore compared encoding
related brain oscillatory activity elicited by two very efficient encoding tasks: a
typical deep semantic item feature judgment task and a more elaborative
survival encoding task. Subjects were asked to judge words either for survival
relevance or for animacy, as indicated by a cue presented prior to the item. This
allowed dissociating pre-item activity from item-related activity for both tasks.
Replicating prior studies, survival processing led to higher recognition
performance than semantic processing. Successful encoding in the semantic
condition was reflected by a strong decrease in alpha and beta power, whereas
successful encoding in the survival condition was related to increased alpha and
beta long-range phase synchrony. Moreover, a pre-item subsequent memory
effect in theta power was found which did not vary with encoding condition.
These results show that measures of local synchrony (power) and global long
range-synchrony (phase synchronization) dissociate between memory encoding
processes. Whereas semantic encoding was reflected in decreases in local
synchrony, increases in global long range synchrony were related to elaborative
survival encoding, presumably reflecting the involvement of a more widespread

cortical network in this task.
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INTRODUCTION

Memory is crucially shaped by the way information is processed during encoding (Craik
& Lockhart, 1972). This impact of varying encoding tasks on later memory performance has
been known for decades and is a defining part of several theoretical and functional frameworks
of memory (Craik & Lockhart, 1972; Fuster, 1997; Morris et al., 1977; Tulving & Thomson,
1973). However, little is known about the underlying neural mechanisms of successful memory
formation in different encoding tasks. The neural correlates of successful memory formation
can be investigated with the so-called Subsequent Memory Paradigm. In this paradigm, neural
activity during encoding is contrasted between items that are later remembered and items that
are later not remembered. Subsequent Memory Effects (SMEs) have been investigated by
numerous fMRI, ERP, and brain oscillation studies (Hanslmayr, Staudigl, et al., 2012; Paller &
Wagner, 2002), but only few have investigated the impact of different encoding tasks on SMEs.
In line with the process view of memory encoding, several neuro-cognitive studies found
dissociable SMEs in different encoding tasks (Hanslmayr et al., 2009; Otten & Rugg, 2001a,
2001Db; Schott et al., 2013).

However, the interpretation of the results is to some degree limited as these studies
typically contrast a shallow encoding task, usually focused on some alphabetical or phonological
feature, with a deep, semantic encoding task, that requires the processing of an item in regard to
a single semantic feature (e.g. animacy). These tasks do not only differ in their amount of
phonological or semantic processing, but also in other respects, for example in encoding
efficiency. As semantic encoding leads to higher subsequent memory than shallow encoding, the
reported effects may not specifically reflect semantic feature processing, but also efficient
memory processing. To clarify this issue, SMEs elicited by semantic feature processing have to
be contrasted with SMEs elicited by other equally efficient, or even more efficient encoding
tasks. Encoding strategies that promote higher memory performance than semantic feature
judgment are usually intentional tasks, that involve usage of more complex strategies like
organizing material, mental imagery or mnemonic systems (for review of effective encoding

strategies Worthen and Hunt (2008).

An incidental encoding task (i.e. the subjects do not know of a later memory test) that
promotes very high memory performance and involves a similar judgment procedure as typical
semantic encoding tasks, is the survival processing task (Nairne et al., 2007). During survival
encoding, subjects are asked to imagine being stranded in a foreign land without basic supplies

and their task is to rate presented items for relevance in such a scenario. Judging items for their
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survival value results in superior memory compared to several other efficient encoding tasks,
including semantic processing (Nairne & Pandeirada, 2008). Survival processing was first
introduced as an effective encoding strategy based on special adaption of memory to survival
related information (Nairne et al., 2007). Following research suggested that the effectiveness of
survival processing can be explained by the utilization of several proximate encoding
mechanisms (Howe & Otgaar, 2013). Survival processing is regarded to rely less on semantic
item-specific processing, but more on relational processing of the items (Burns et al., 2011).
Further, it has been shown that survival processing also relies on the richness and
distinctiveness of the encoding context (Kroneisen & Erdfelder, 2011). On a neural level this
elaborative encoding process might be reflected in increased engagement of widespread cortical

networks.

A measure of cortical communication in cortical networks is brain oscillatory activity
(Fries, 2005). Brain oscillations are assumed to be involved in memory formation as they enable
communication within local and distant cortical cell assemblies and thereby shape synaptic
plasticity (Buzsaki & Draguhn, 2004; Fell & Axmacher, 2011). Oscillatory activity recorded by
scalp electrodes is a tool to measure memory related changes in local and global
communication. Thereby, phase synchrony between electrodes indicates synchrony between
distant cell assemblies enabling more global communication, whereas oscillatory power
presumably reflects the amount of local synchrony in a cell assembly measured by an electrode

(Lachaux, Rodriguez, Martinerie, & Varela, 1999; Varela et al., 2001).

Several studies investigated changes in oscillatory power related to successful memory
formation (Axmacher, Mormann, Fernandez, Elger, & Fell, 2006; Duzel et al., 2010; Hanslmayr,
Staudigl, et al., 2012; Klimesch, Freunberger, Sauseng, & Gruber, 2008). The typical findings in
these studies are positive theta (4-8 Hz) and gamma (>40 Hz) power SMEs, i.e., increases in
power for subsequently remembered compared to subsequently forgotten items during item
processing (Klimesch et al., 1997; Osipova et al., 2006; Summerfield & Mangels, 2005). A
different picture arises in the alpha (8-12 Hz) and beta (12-30 Hz) frequency range in which
negative SMEs are usually observed, i.e., decreases in alpha and beta power for remembered vs.
forgotten items (see Hanslmayr, Staudigl, et al. (2012); for a review).Recently, successful
memory encoding has not only been related to effects during item presentation, but also to
oscillatory activity preceding item presentation. For instance, positive pre-stimulus theta SMEs
have been reported before the successful encoding of an item (Fell et al., 2011; Gruber, Watrous,

Ekstrom, Ranganath, & Otten, 2013; Guderian et al., 2009). In addition to these memory related
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changes in power, several studies found a positive relationship between long range phase
synchronization in different frequency bands and memory encoding (Bauml, Hanslmayr,
Pastotter, & Klimesch, 2008; Fell et al., 2001; Hanslmayr, Volberg, et al., 2012; Summerfield &
Mangels, 2005; Weiss & Rappelsberger, 2000).

Whether and how these brain oscillatory SMEs vary with encoding tasks is still
unknown. To the best of our knowledge, only one prior study compared brain oscillatory SMEs
in a shallow, alphabetical task, and a deep, semantic feature judgment task (Hanslmayr et al.,
2009). The results showed that the negative SMEs in alpha and beta power were specifically
obtained in the semantic feature condition, but not in the shallow encoding condition
(Hanslmayr et al., 2009). In contrast, positive SMEs in theta power were specifically obtained in
the shallow, but not in the semantic encoding condition, suggesting that alpha/beta power
decreases specifically reflect semantic feature memory encoding. However, as explained above,
semantic and non-semantic encoding tasks differ not only in the level of semantic processing,
but also in encoding efficiency. Therefore these results could also reflect efficient encoding

instead of semantic encoding.

To investigate the question of whether two efficient encoding tasks lead to dissociable
brain oscillatory SMEs and to further elucidate the role of global and local synchrony in
memory formation, the present study compares brain oscillatory SMEs elicited by a classical
semantic encoding task with the more elaborative survival processing task. Subjects judged
words during encoding either for survival relevance (survival task) or for animacy (semantic
task). A colored fixation cross was presented 1000 ms before item presentation as encoding task
cue (Fig. 1A) to dissociate item-related encoding processes from pre-item encoding processes. If
alpha/beta power decreases specifically reflect semantic feature processing, and not efficient
encoding in general, similar results as reported by Hanslmayr et al. (2009) should arise when
comparing semantic feature processing with the more efficient survival encoding. The putative
more complex processing during the survival judgment might engage a more widespread
cortical network, which should be reflected by increases in long range phase synchrony between
distant electrodes (PLV). In addition, we aimed to replicate the positive SME in theta power
preceding item presentation, and to clarify whether this pre-item effect dissociates between the

two encoding tasks (Gruber & Otten, 2010; Otten, Quayle, Akram, Ditewig, & Rugg, 2006).
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Figure 1. (A) Experimental procedure: Subjects performed an incidental encoding task
judging words randomly intermixed for survival relevance and animacy on a scale from 1 to 6.
Which encoding task should be performed, was indicated by a colored fixation cross preceding
the item, allowing dissociating pre-item task related activity from item-related activity. (B)
Memory performance for both conditions is shown by means of item recognition ROCs. Hit (y-
axis) and false alarm rates (x-axis) are depicted for the semantic and survival condition. Hit and
false alarm rates were obtained by cumulating responses over confidence ratings, starting with
the sure old confidence rating. Recognition performance was significantly higher for words
encoded in the survival condition than in the semantic condition.
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MATERIAL AND METHODS

SUBJECTS
18 healthy volunteers participated in the experiment. Data from two subjects were

excluded because total trial number was less than 14 trials in one of the conditions. All of the 16
participants included in data analysis were students aged between 20 and 28 years (M = 23.75,
SD = 2.24). Five of them were male and one of them was left-handed. They reported no history
of neurological or psychiatric diseases, had normal or corrected to normal vision and were
native German speakers. All subjects received 20 € compensation or course credit for

participation. Participants signed informed consent at the beginning of the experiment.

MATERIAL
All items were randomly chosen from CELEX Database (Baayen, Piepenbrock, & van H,

1993). Words were neither specifically related to animacy nor survival. Three word lists
containing 150 words each were constructed. Across lists the words were matched according to
word frequency, word length and for survival and animacy relatedness. Across subjects word
material was counterbalanced, as each list was used equally often in the semantic encoding
condition, survival encoding condition and as new words during recognition. Sequence of
words and conditions was randomized for each subject. Additionally, twenty randomly chosen

words were used during the practice phase.

PROCEDURE
Each subject was tested individually in a quiet surrounding seated in front of a PC

screen. The experiment consisted of an encoding phase, a distractor phase and a recognition

phase.

At the beginning of the encoding phase participants received a printed instruction
containing the semantic and survival task instructions. In the semantic task condition they were
instructed to judge words if they are animated or are related to something animated. Subjects
were instructed to give subjective ratings on a six point scale. This graded response was
applicable as some words were not specifically animated or unanimated (e.g. harmony). The
survival task instruction was a German translation of the survival processing strategy proposed
by Nairne et al. (2007): “In this task we would like you to imagine that you are stranded in the
grasslands of a foreign land, without any basic survival materials. Over the next few months,
you'll need to find steady supplies of food and water and protect yourself from predators. We

are going to show you a list of words, and we would like you to rate how relevant each of these
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words would be for you in this survival situation. Some of the words may be relevant and others

may not — it's up to you to decide.”

They received no information about the following memory test and they received no
instruction to memorize the words. Participants were especially reminded to switch between
encoding conditions and to give a response on each trial. The experiment started with a practice
phase consisting of twenty items to familiarize the participants with the judgment and response
process and to check if the subjects had understood the instructions. During encoding
participants judged 150 items for survival value and 150 items for animacy. The sequence of
semantic and survival trials was randomized. Each trial started with a fixation cross presented
for a variable time (1000-1500 ms) followed by a colored fixation cross, the encoding task cue,
presented for 1000 ms, indicating whether the following item should be judged for animacy or
survival. The color of the encoding task cue was counterbalanced across subjects. After the cue,
the to-be-judged word was presented for 2000 ms. Subjects were instructed not to respond until
a question mark appeared after 2000 ms to avoid contamination of movement related activity.
Subjects then indicated their survival or animacy judgment using a one to six scale on a
computer keyboard in front of them. The assignment of the keys was counterbalanced across
subjects. The whole encoding phase lasted for ca. 25 min with a variable pause after half of the

trials.

The encoding phase was followed by a distractor task in which subjects discriminated
high and low tones for ten minutes. Afterwards participants received the instructions for the
surprise recognition test. During the recognition phase 300 words, which were shown in the
encoding phase, were presented again, randomly mixed with 150 new words. Subjects gave
recognition confidence judgments using the same response buttons from 1 to 6 as during the
encoding task. Subjects were instructed to use the extreme points of the scale for very sure old
and very sure new judgments and the intermediate points as varying levels of uncertainty.
Subjects were especially reminded to use the whole scale according to their subjective
recognition and to answer on each trial. A trial during recognition consisted of a fixation cross
presented for variable duration (1000-1500 ms) and the word presented for 2000 ms, followed

by a question mark requesting a response. The recognition phase lasted for about 35 min.

ELECTROPHYSIOLOGICAL RECORDING
During encoding, distractor and recognition phase, the EEG was recorded from 61

equidistant active electrodes (ActiCAP, Montage 10, Brain Products, Gilching, Germany).

Impedances were kept below 20 kQ. Signals were recorded with a sampling rate of 500 Hz and
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amplified between 0.15 and 100 Hz with a notch filter at 50 Hz to remove line noise
(BrainAmpMR plus, BrainVision Recorder, Brain Products, Gilching, Germany). The EEG was
initially recorded against a reference electrode placed at FCz and was later rereferenced against

average reference.

BEHAVIORAL DATA
Behavioral data was analyzed utilizing a modeling approach to obtain bias free measures

of memory strength. A single process unequal variance model was used, as it provided a good fit

to recognition data in other studies (Dunn, 2004; Spitzer & Bauml, 2007; Wixted, 2007).

This model assumes that recognition is based on a single process, which represents
memory strength. Memory strength can be modeled using signal detection theory (for details,
see Macmillan and Creelman (1991). It is assumed that the probabilities of old and new words
eliciting a certain memory strength can be modeled using normal distributions, with the
distribution of new words set to N(0,1) and the mean d’ and standard deviation ¢ of the
distribution of the old items varying freely according to the data. d’ in this model can be
interpreted a measure of memory performance. The model assumes that subjects respond with a
certain confidence rating i, whenever their subjective memory strength exceeds a certain
criterion ci (see supplemental figure 1). The parameters (d’, c1-c5, 6) were estimated from the
data utilizing a maximum likelihood procedure. This procedure also yields a x2-distributed G2
statistic to test the goodness of fit of the assumed model (for more details and specific equations
see Spitzer and Bauml (2007). For each condition and each subject parameters were estimated
separately. In order to compare recognition performance, nonparametric Wilcoxon signed-rank

tests were used to compare d’ in the semantic and survival condition.

EEG
Data was analyzed using MATLAB (The Mathworks, Inc., Munich, Germany), in-house

MATLAB scripts, and FieldTrip (http://www.ru.nl/neuroimaging/fieldtrip), an open-source
Matlab toolbox developed at the Donders Institute for Brain, Cognition, and Behaviour

(Nijmegen, The Netherlands) Oostenveld, Fries, Maris, and Schoffelen (2011).

Hits and misses were classified using the recognition confidence ratings. In contrast to
binary yes/no ratings, confidence ratings provide a more fine grained scale of memory
performance that allow classifying hits and misses independent of individual response bias. To

enhance signal to noise ratio for analyzing SMEs only words receiving the highest confidence
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rating were classified as hits (Otten et al., 2006; Otten & Rugg, 2001a, 2001b) for a similar trial

definition).

To classify misses, the same signal detection theory approach was used as for analyzing
behavioral memory performance. For each subject single process unequal variance models were
fitted irrespective of encoding condition to obtain individual criterion measures ci for each
confidence rating i. The location of these criteria ci relative to the neutral criterion represents
the response bias of a certain rating i. The neutral response criterion represents the criterion
with zero bias. A criterion ci that is lower than the neutral criterion indicates that rather low
memory strength is necessary for a subject to use this rating i. The assumed underlying memory
strength of such a rating i is more likely elicited by a new word than old word. Consequently an
old word receiving such a rating i elicits a feeling of remembering similar to a completely new
word and thus it can be assumed that most words receiving this rating i were not successfully
encoded (the underlying model is illustrated in supplemental figure 1). Accordingly, misses
were classified by the relative position of the estimated criterion ci of the given confidence rating

i to the neutral response criterion.

The location of this neutral criterion was calculated for each subject. A rating i was
classified as miss if the corresponding estimated criterion ci was less than the criterion nearest to
the neutral criterion (the same approach was used by Hanslmayr et al. (2009). This approach is
further illustrated in the supplementary material (see supplemental figure 1). For seven subjects
the ratings from 3 to 6 were classified as misses, for another seven subjects ratings from 4 to 6
and for two subjects’ ratings from 2 to 6. This procedure was utilized to enhance signal to noise
ratio, as misclassification of misses is minimized. We showed this by calculating SMEs using a
fixed criterion for the classification of misses instead of individual one. Using a fixed criterion
effectively reduced the number of miss trials for 9 subjects. This led to a decrease from on
average 41 miss trials to 35 trials per condition. All effects and topographies remained
qualitatively similar (see supplemental figure 2). However, the effects were slightly decreased
showing that a fixed criterion decreased the signal-to-noise ratio of the oscillatory memory

effects.

Before analysis the EEG was segmented in epochs from 2500 ms preceding word onset
to 2500 ms after word onset. The EEGs were corrected for blinks and eye movements, using
Independent Component Analysis. Remaining artifacts, due to muscle activity or poor EOG

correction, were excluded by careful visual inspection. Mean trial number for semantic hits was
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61 (ranging from 25 to 117), for semantic misses 48 (ranging from 26 to 83), for survival hits 70

(ranging from 23 to 129), and for survival misses 36 (ranging from 14 to 73).

For time-frequency power analysis the EEG epochs were subjected to a Gabor
transformation, which transforms a signal into a complex time-frequency signal, from which
the power information can be extracted. The data were filtered in a frequency range of 1-30 Hz
and for 30-100 Hz. The filter parameter for time-frequency resolution (gamma) was set to 1 for
the lower frequencies and to 2pi for the higher frequencies, to accommodate for the different
time frequency characteristics in the lower and higher frequency bands. Power values were
calculated for each single trial, and averaged across trials within the four conditions (later
remembered, later forgotten for semantic and survival processed items). These power values
were then baseline corrected using a 500 ms baseline interval preceding task cue onset. The
resulting power values represent percentage signal change with respect to that baseline

(Pfurtscheller & Aranibar, 1977).

For long range phase synchrony analysis the EEG epochs were first current source
density transformed and then phase locking values (PLV; see Lachaux et al. (1999) for details)
were calculated for each possible electrode pair, but excluding neighboring pairs, in time-
frequency bins of 50 ms and 1 Hz using FieldTrip. Current source density transformation was
carried out to diminish the effect of volume conduction on phase synchrony (Lachaux et al.,
1999; Nunez et al., 1997). High PLVs indicate a high consistency in phase differences between
an electrode pair across trials. Hence PLV is a measure of global synchronization and global
communication. As unequal trial numbers influence phase measures, PLVs were calculated on a
subsample of trials containing as many trials as the condition with the least trials. E.g., if one
subject had only 20 semantic misses, then PLVs for all other conditions for this subject were
calculated only for a randomly selected subsample of 20 trials. In order to not produce a bias
because of the random selection of such a subsample of trials, PLVs for each condition were
calculated for 100 randomly selected sets of trials (e.g. 100 times 20 trials were randomly

selected) for each condition and then averaged.

For statistical analysis of time-frequency data and PLVs a nonparametric two stage
randomization process was used to minimize influences from outliers and to account for
multiple testing (Blair & Karniski, 1993). At a first level, Wilcoxon signed rank tests were used
to assess, which and how many electrodes/electrode pairs exhibit a significant difference
between conditions for a time-frequency window of interest. The threshold for significance was

set to 0.05 for power values and to 0.005 for PLVs. A higher threshold was used for PLVs
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because of the high number of statistical comparisons. Then, to correct this result for multiple
comparisons a permutation test was used. The test used 1000 permutation runs shuffling the
assignment of the conditions randomly for each subject. After each run a Wilcoxon signed rank
test was calculated returning the number of electrodes/ electrode pairs showing a significant
difference between the randomly assigned conditions. After 1000 permutation runs this
procedure yields a distribution of the number of significant electrodes in a sample with
randomly assigned conditions. This distribution then constitutes an approximation of the
probability distribution under the null hypothesis. A significant difference between conditions is
indicated, if the number of electrodes/electrode pairs showing a significant difference between
the two conditions is less likely than pcorr = 0.05 according to the generated distribution. This
procedure therefore effectively controls for type-I errors due to multiple testing and was applied
in several previous studies from our lab, investigating power (Hanslmayr et al., 2009) and phase

synchrony (Hanslmayr et al., 2007; Hanslmayr, Volberg, et al., 2012).

To assess if subsequent memory effects (hit-miss) differed significantly between
semantic and survival encoding, differences of hits and misses for power values and PLVs were
calculated in both conditions. These differences were then compared using the same
nonparametric randomization procedure for the time-frequency windows in which SMEs were
found in one of both conditions. This comparison is equivalent to a two-way ANOVA

interaction analysis.

RESULTS

BEHAVIORAL RESULTS
For the ROC analysis the hit and false alarm rates were cumulated over the five criterion

points, starting with the highest confidence rating. By plotting cumulated false alarm rates
against cumulated hit rates ROC curves are obtained, which illustrate recognition performance.
The closer the ROC curve is to the left upper corner of the graph, the higher is the recognition
performance. ROCs for both encoding conditions are presented in Fig. 1B. Single process
unequal-variance signal detection models were fitted to the data for every subject and every
condition to obtain individual memory performance parameters. In order to evaluate the
goodness of fit to our data x2-tests were carried out. The signal detection model fit the data of all
subjects adequately as indicated by non significant maximum likelihood tests (all ps > 0.28).

Recognition performance d' in both conditions was very high. However, in the survival
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condition d’ was significantly higher than in the semantic condition (d": 2.03 vs. 1.57; Z = —3.15;

p <0.005).

To control for rating during encoding as potential confounding factor, the mean ratings
for hits and misses for each condition were calculated. A two-way ANOVA was carried out on
the mean ratings with the factors encoding condition (semantic vs. survival) and subsequent
memory (hit vs. miss). A significant main effect for subsequent memory (F (1,15) = 6.36,
p<0.05) was obtained, which was due to subsequent hits receiving higher ratings during
encoding than misses. However, and most importantly, no main effect of encoding condition (F
(1,15) = 0.01, p > 0.9) and no significant interaction effect between encoding conditions and
subsequent memory emerged (F (1,15) = 1.07, p > 0.3). This shows that differences found in

SME:s between conditions are not confounded by differences in ratings during encoding.

Additionally, reaction time data during encoding was analyzed. Subjects were not
allowed to respond until 2 s after word presentation onset (see Fig. 1A). Thus, to analyze
reaction time the median reaction time between rating button press and question mark
presentation was calculated for each subject and condition. A two-way ANOVA was carried out
on the mean RTs with the factors encoding condition (semantic vs. survival) and subsequent
memory (hit vs. miss). A significant interaction effect was found (F (1,15) = 4.99, p < 0.05). This
interaction effect was due to a significant difference between hits and misses in the semantic
condition (482 ms vs. 538 ms, T = -2.35; p < 0.05), that was not evident in the survival
condition (493 ms vs. 487 ms, T = 0.56). There was no significant main effect of encoding

condition (F (1,15) = 1.52, p > 0.2).

OSCILLATORY POWER
Following previous work (Hanslmayr et al., 2009), time frequency data was analyzed in

the theta (5-8 Hz), alpha (8-12 Hz), betal (15- 19 Hz) and beta2 (23-28 Hz) frequency range.
In a first step, significant differences between hits and misses (SMEs) were identified for each
condition separately. Then, differences between these SMEs were contrasted for time frequency
windows, in which SMEs were found. The time-frequency diagrams of SMEs averaged over all
electrodes are depicted in Fig. 2, separately for the two encoding conditions, showing clusters of
significant time-frequency bins in the theta, alpha, and beta frequency range. SMEs were also
analyzed in the gamma frequency range (30-100 Hz). However, no significant effects were

found in this frequency band.
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Figure 2. Time-frequency plots of oscillatory SMEs averaged across all electrodes for (A)
semantic encoding and (B) survival encoding. Time-frequency bins showing no significant
differences as obtained by non-parametric Wilcoxon tests comparing hits and misses for each
time-frequency bin are masked in green. Red/blue indicates more/less power for hits than
misses, respectively. Time-frequency windows, in which significant SMEs were found, are
highlighted in dashed boxes.

In the semantic encoding condition, SMEs were found after item presentation in the
alpha, betal, and beta2 frequency range (see Fig. 2A). Semantic hits were related to a more
pronounced alpha power decrease than semantic misses (800-2000 ms, 8-12 Hz, pcorr < 0.001,
see Fig. 3A). This effect showed a widespread topography involving frontal, parietal, and
occipital electrodes. Successful later remembering was also related to a betal power decrease
(300-2000 ms, 15-19 Hz, pcorr < 0.05, see Fig. 3B) at central and posterior electrodes, and a
decrease in beta2 power (0-1500 ms, 23-28 Hz, pcorr < 0.001, see Fig. 3C) at posterior

electrodes.

In the survival encoding condition, a significant difference between hits and misses was
only found related to the task cue in the theta frequency range —900 to —300 ms before item
presentation (5-8 Hz, pcorr < 0.05, see Figs. 2B and 3D) at central and left parietal electrodes.
Later remembered survival processed words elicited a stronger theta power increase than later
forgotten words in this pre-item interval. Significant SMEs after item presentation were not

evident in any frequency band.
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Figure 3. Oscillatory power subsequent memory effects (SMEs) are shown for both
conditions separately. (A) In the semantic processing condition a negative SME was found in
alpha power (8-12Hz) from 800-2000 ms post item presentation; (B) in betal power (15-20Hz)
300-2000 ms post item presentation, and (C) in beta2 power (23-29Hz) 0-1500 ms post item
presentation. (D) In the survival encoding condition subsequently remembered words were
associated with a theta power (5-8Hz) increase in the pre-item interval (-900-300ms). Circles in
the topography plots highlight significant electrodes. Red/blue indicates more/less power for
hits than misses, respectively. Time courses of power increases/decreases for hits and misses
collapsed across all electrodes that showed significant SMEs are depicted on the right for the
respective time-frequency window. Time windows of significant SMEs are highlighted by grey

boxes.
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Figure 4. Pre-item theta SME (5-8Hz, 900-300ms before item presentation) irrespective
of encoding condition. The pre-item theta effect showed no interaction of subsequent memory
and encoding condition. However, pooled for hits and misses of both conditions a significant
main effect of subsequent memory was obtained. Circles highlight significant electrodes in the
topography plots and red indicates more power for hits than misses. Time courses of power
depict average power collapsed across all electrodes that showed a significant SME in the

respective time-frequency window.

To investigate differences in SMEs between semantic and survival processing,
differences between hits and misses for the two conditions were compared. This was done for
time-frequency windows in which significant SMEs were found in one of the two conditions.
SME:s for survival and semantic processing did not differ for the pre-item theta SME ( —900 to
—300 ms before item presentation, 5-8 Hz). This was confirmed by an additional analysis, which
revealed a significant main effect of subsequent memory for pre-item theta power comparing
hits and misses irrespective of encoding condition (Fig. 4). This can also be seen in Fig. 5D,
showing a comparable positive theta SME in both conditions. Concerning alpha power, the
SME:s differed significantly between the two encoding conditions (800-2000 ms, 8-12 Hz, pcorr

< 0.05, Fig. 5A), demonstrating a significantly stronger SME at fronto-central electrodes in the
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semantic than in the survival condition. The beta2 SME (0-1500 ms, 23-28 Hz, pcorr < 0.05,
Fig. 5C) was also significantly stronger for the semantic condition than the survival condition at
posterior electrodes. A similar tendency, yet not quite significant, was found for betal power
(300-2000 ms, 15-19 Hz, pcorr < 0.1, Fig. 5B) at left posterior electrodes. This picture is also

evident for the mean over all electrodes (Fig. 5D).
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Figure 5. Differences between power SMEs are shown for both conditions. (A) SMEs for
survival and semantic processing differed significantly in alpha power (8-12 Hz, 800-2000 ms),
with the semantic condition eliciting a stronger negative SME than the survival condition. (B)
SMEs in betal power (15-19 Hz, 300-2000 ms) showed a marginally significant difference
between the two encoding conditions. (C) SMEs in beta2 power (23-28 Hz, 0-1500 ms) also
differed significantly between both encoding conditions. Blue indicates stronger negative SMEs
for the semantic encoding conditions, circles in the topography plots highlight significant
electrodes. (D) Mean power of hit-misses collapsed across all electrodes for the respective time
windows and frequency bands. Error bars indicated standard errors.
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To investigate whether differences of SMEs arose because of generally higher or lower
power levels in one of the encoding tasks, hits for both conditions were compared with each
other for the time frequency windows in which SMEs were found. No differences were found in

power between semantic hits and survival hits in those time-frequency ranges (all pcorr > 0.3).

PHASE SYNCHRONY
Phase synchrony SMEs were analyzed for the frequency bands in which oscillatory

power SMEs were found, albeit in differing time windows. As a measure of phase synchrony, the
phase locking value (PLV) was calculated for each electrode pair excluding neighboring pairs.
PLVs between hits and misses in each condition were contrasted in time bins of 500 ms in the
same frequency bands in which power SMEs emerged. The identical frequency bands were
analyzed, because both encoding conditions are hypothesized to differ in the amount of local
and global synchrony, but not in the involvement of differing frequency bands. Effects were
analyzed in consecutive, non-overlapping bins of 500 ms, as the time course of local and global
effects might differ. Additionally, comparing PLVs in 500 ms time windows allows obtaining
stable effects lasting several cycles of an oscillation and reduces the total number of tests. If a
significant effect was found in two consecutive 500 ms time bins, the time windows were

merged.
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Figure 6. Results of the phase synchronization analysis. SMEs in phase synchrony were
compared for frequency bands in which significant power SMEs were obtained. (A) Long range
synchrony in the alpha band (8-12 Hz, 500-1000 ms) and betal band (15-19 Hz, 0-1000 ms)
increased significantly for subsequently remembered words compared to forgotten words in the
survival condition. (B) In the semantic condition this effect was not evident. In the alpha band
there was even a non-significant tendency (8-12 Hz, 500-1000 ms) of a negative semantic phase
synchrony SME. (C) The alpha and betal phase synchrony SMEs differed significantly between
survival and semantic encoding. (D) Mean phase locking values for the respective time windows
and frequency bands are shown for hits and misses of both conditions, collapsed across all
electrodes showing a significant interaction. Error bars indicated standard errors.

In the survival condition, significant phase synchrony SMEs were found in the alpha
frequency range (500-1000 ms, 8-12 Hz, 21 significant pairs, pcorr < 0.05, Fig. 6A) and in the
betal frequency range (0-1000 ms, 15-19 Hz, 28 significant pairs, pcorr < 0.01, Fig. 6A).
Survival hits showed an increase in alpha and betal PLV compared to survival misses. No
significant SMEs were evident in the theta frequency band and in the semantic condition. In the
same time window in which the positive survival alpha phase synchrony SME was observed, a
marginally significant negative SME (a decrease in PLV for hits compared to misses) was
obtained in the semantic condition (500-1000 ms, 8-12 Hz, 18 significant pairs, pcorr < 0.1, Fig.
6B). Comparing the phase synchrony SMEs in the time-frequency windows of the alpha and

betal survival SMEs with semantic SMEs revealed significant differences between phase
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synchrony SMEs. The encoding related increase in alpha and betal phase synchrony SMEs was
significantly larger in the survival condition than in the semantic condition (500-1000 ms, 8-12
Hz, 23 significant pairs, pcorr < 0.05, 0-1000 ms, 15-19 Hz, 28 significant pairs, pcorr < 0.01,
Fig. 6C). This pattern of results is also evident in the mean PLVs averaged over all electrode

pairs showing a significant difference in SMEs between conditions (Fig. 6D).

DISCUSSION

In the present study, we investigated whether brain oscillatory activity related to
successful memory encoding differs between two highly efficient encoding tasks, a semantic
feature processing and a survival judgment task. Indeed, SMEs in both encoding tasks were
dissociable. Successful encoding in the semantic processing condition was characterized by a
decrease in alpha and beta power, whereas successful encoding in the survival processing
condition was related to an increase in long range phase synchrony in the alpha and betal
frequency bands and to a higher recognition performance. These results replicate prior findings
(Hanslmayr et al., 2009). Going beyond prior work this study shows that two highly efficient
encoding tasks differing in processing complexity lead to dissociable SMEs in local and global

synchrony measures.

This specific relationship of alpha/beta power decreases to successful encoding in a
semantic task across two studies further corroborates the close relationship between semantic
encoding and alpha/ beta power decreases. These specific beta power decreases in the semantic
condition are also consistent with findings linking negative beta power SMEs to BOLD signal
increases in the left inferior prefrontal gyrus (Hanslmayr et al., 2011), a brain region that is
reliably activated during encoding (Kim, 2011) and semantic processes (Binder & Desai, 2011)

and has been shown to support semantic memory encoding (Otten & Rugg, 2001b).

Encoding in the survival processing condition was associated with increases in alpha
and beta long range phase synchronization. Phase synchronization has been generally proposed
as a mechanism facilitating communication between distant cortical areas (Fries, 2005; Varela et
al., 2001) and especially alpha and beta phase synchrony has been related to cortico-cortical
communication (Buffalo et al., 2011; Donner & Siegel, 2011; von Stein et al., 2000). The phase
synchrony SMEs found specifically in the elaborative survival condition might therefore
indicate communication in large cortical networks involved in the different processes

underlying the survival task. Increases in phase synchronization related to memory formation
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have been reported by several other studies in various frequency bands. Weiss and
Rappelsberger (2000) reported increases in global synchronization related to encoding success
in several frequency bands. Other studies specifically related increases in theta synchronization
to item context binding (Summerfield & Mangels, 2005) and alpha phase synchrony to binding
mechanisms in episodic memory (Bauml et al., 2008). In intracranial recordings phase
synchronization in the gamma and theta frequency was found to support episodic memory
encoding (Burke et al., 2013; Fell et al., 2001). The results of local synchrony SMEs in the item
feature based semantic task, and global synchrony SMEs in the more elaborative survival task,
suggests that encoding in the survival task relied on a more widespread cortical network.
Potentially, this increase in cortical communication indexes the concurrent processing of the
items in regard to several dimensions (e.g. Is the item eatable/drinkable/useful as a
tool/weapon?, images of using the item in different survival situations) that lead to the encoding
of a contextual rich episodic memory and consequently to a higher chance of successful later

retrieval (Craik & Tulving, 1975; Klein & Saltz, 1976).

As survival processing also requires semantic processing of the items, it was surprising
that no SMEs in alpha or beta power were found. To investigate if alpha/beta power generally
differed between tasks or only between SMEs, power for semantic hits and survival hits was
contrasted in the time-frequency windows of the SMEs. No differences in alpha/beta power
were evident between hits of both encoding conditions. Alpha and beta power therefore do not
generally differ between semantic and survival judgments, but differ in whether they predict
later remembrance of the item in that condition. Assuming that decreases in local alpha/beta
synchronization indexes information processing (Hanslmayr, Staudigl, et al, 2012) this
indicates that in both tasks a similar amount of semantic processing is employed. However, only
in the animacy condition does this semantic processing shape later memory, whereas in the
survival condition these item feature related processes did not influence subsequent memory to

the same extent.

In contrast to the alpha power decrease and phase synchronization SMEs, the pre-item
theta SME for survival processed words did not differ between conditions. As can be seen in Fig.
5D, the increase in theta power for hits compared to misses was very similar for both conditions,
and pooling both conditions yielded a significant SME (Fig. 4). These results replicate previous
findings, demonstrating that pre-item theta power does not differ between deep and shallow
encoding tasks (Guderian et al., 2009). Therefore, the prestimulus theta SME seems not

connected to task specific processing, but may rather reflect motivational preparatory processes
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as reported by (Gruber et al., 2013). This unspecificity for content also resembles results during
retrieval showing that theta power does not vary during retrieval of different kinds of materials,

whereas alpha and beta power varies material specific (Khader & Rosler, 2011).

Importantly, the reported dissociable SMEs are not confounded by task related
differences in reactions times or ratings during encoding. To check for possible differences,
reaction times and ratings were contrasted for hits and misses in both conditions. There was an
effect of ratings being higher for later remembered words, but this effect did not vary with
encoding condition. Reaction times of the survival condition and semantic condition did not
differ. However, reaction times for semantic hits were slightly faster than for semantic misses
(~50 ms). No such difference was evident in the survival condition. Since this difference was
evident approximately 2500 ms after word presentation and therefore at least 500 ms after the

reported SMEs, it presumably did not influence the reported memory effects.

The present results show that two tasks, which are classically labeled as “deep encoding
tasks” elicit dissociable SMEs. Interestingly, both encoding tasks elicited SMEs in the alpha/beta
and theta frequency range. Whereas theta power effects have been reported in several memory
studies and are generally thought to be related to contextual episodic memory encoding
(Axmacher et al., 2006; Nyhus & Curran, 2010), beta effects have only been reported in some
studies (Hanslmayr et al., 2009; Hanslmayr, Staudigl, et al., 2012; Hanslmayr, Volberg, et al.,
2012; Hanslmayr et al., 2011). However, beta oscillations have been connected to semantic and
language processes (for a review see Weiss and Mueller (2012), which are processes presumably
underlying both encoding tasks. The differences in local/global beta synchrony between both
tasks presumably indexes the size of networks involved in the task reflecting the task complexity.
This parallels findings that increasing long-range phase synchrony is related to more demanding
working memory tasks (Cashdollar et al., 2009; Sauseng et al., 2005). The present findings in the
alpha/ beta band also fit the theory that alpha and lower beta oscillations reflect operations in a
very broadly defined knowledge system (Klimesch, 2012; Klimesch, Freunberger, & Sauseng,
2010). Semantic and survival processing lead to information processing indexed by alpha/beta
power decreases (Hanslmayr, Staudigl, et al., 2012), but survival processing might involve a

stronger interaction between different cortical areas.

The present results also have implications for the ongoing debate concerning the nature
of the survival processing advantage. (Nairne & Pandeirada, 2008) claimed that this encoding
advantage arises from the fact that our brains have been shaped by evolution and that this

particular encoding scenario makes use of these old, evolutionary modules that are tuned to
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process survival related information (see also e.g. Aslan and Bauml (2012)). The need for this
evolutionary explanation is much debated (Howe & Otgaar, 2013). Several studies show that the
survival advantage is based on more proximate mechanisms such as novelty, contextual,
relational or schematic processes (Butler, Kang, & Roediger, 2009; Kroneisen & Erdfelder, 2011;
Kroneisen, Erdfelder, & Buchner, 2013; Soderstrom & McCabe, 2011). These processes might
best be subsumed as elaborative encoding processing. As the semantic feature judgment task
and the survival task differ not only in the alleged evolutionary importance of the task but also
in processing complexity and many other respects, the present study is clearly not designed to
reveal a potential evolutionary survival module underlying the survival processing task.
However, increases in phase synchrony related to successful encoding have also been found in
studies that did use mere intentional encoding strategies (Weiss & Rappelsberger, 2000).
Therefore increases in alpha/beta phase synchrony do not seem to reflect activation of a special

survival module.

CONCLUSION

The present study compared a semantic encoding task with a survival processing task.
Both tasks are classically considered as “deep” encoding tasks. However, the present study
shows that encoding related activity is significantly different in both tasks. This pattern of results
supports the process view of memory illustrated by several cognitive theories of memory. The
dissociation of global and local synchrony SMEs related to a semantic feature and an elaborative
encoding task indicate the potential dissociable role of local and global synchrony measures in
memory formation. Additionally, these results emphasize the important role of encoding
strategies usage on SMEs. Consequently, task instructions in memory encoding studies have to

be considered as important contributing factors.
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STUDY 2: SPATIAL MNEMONIC ENCODING IS RELATED
TO THETA POWER DECREASES AND MEDIAL TEMPORAL

LOBE BOLD INCREASES

fMRI studies consistently demonstrate medial temporal lobe (MTL)
activity in episodic memory formation and spatial navigation, while
electrophysiological studies have emphasized the important role of theta
oscillations (3-8Hz) in these tasks. How MTL activity is linked to theta
oscillatory EEG power, however, is unknown. We recorded EEG and fMRI
while participants used two memory encoding strategies: the spatial Method of
Loci and the non-spatial Pegword Method. The spatial mnemonic requires
participants to mentally navigate and associate items to waypoints on a well-
known path, thus engaging the two core cognitive processes assumed to rely on
the MTL. In contrast the Pegword Method, is equally associative but lacking the
spatial component. Surprisingly, the more effective spatial mnemonic induced a
pronounced theta power decrease in the left MTL compared to the non-spatial
associative mnemonic strategy. This effect was mirrored by BOLD increases in
the MTL. This pattern of results implies that theta oscillations in the MTL are
negatively related to BOLD increases, extending the well-known negative
relation of alpha/beta oscillations and BOLD signals in the cortex to theta
oscillations in the MTL. The results also demonstrate that decreases in theta

power index memory encoding and MTL involvement.
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INTRODUCTION

The formation of episodic memories relies crucially on the medial temporal lobes
(MTL), as demonstrated by lesion (Scoville & Milner, 1957) and fMRI studies (Paller & Wagner,
2002). In rodents the predominant rhythm in the hippocampus is the theta oscillation (Buzsaki,
2005; Watrous, Fried, & Ekstrom, 2011; Watrous, Lee, et al., 2013), which is a crucial element in
influential models of memory (Burgess et al., 2007; Hasselmo & Stern, 2014; Lisman & Jensen,
2013). Consequently, a link between theta oscillations in the MTL and memory formation has
been proposed (Klimesch, 1996; Nyhus & Curran, 2010). However, there is still an ongoing
debate about the functional relationship of theta oscillations and MTL activity. In the cortex,
decreases in alpha/beta oscillations are typically related to increased neural activity (Scheeringa
et al,, 2011; Zumer et al., 2014). Whether this negative relationship extends to theta oscillations

in general, and specifically in the MTL, remains to be investigated (Lisman & Jensen, 2013).

MTL and theta oscillation are not only involved in memory processes. Especially in
animals, but also in humans, MTL and theta oscillations are involved in spatial processing and
navigation (Burgess, Maguire, & O'Keefe, 2002; Ekstrom et al., 2005; Vanderwolf, 1969;
Watrous, Lee, et al., 2013), with the finding of place and grid cells as evidence of the existence of
a spatial code within the MTL (Buzsaki & Moser, 2013; Ekstrom, 2014; Moser & Moser, 2013). It
is hypothesized that specifically the formation of associations in episodic memory involves
similar mechanisms (Buffalo, 2015; Buzsaki & Moser, 2013; Ekstrom, 2014), reflected in the
commonly found increase in MTL BOLD activity during successful encoding of associations
into long term memory (Davachi & DuBrow, 2015; Staresina & Davachi, 2009; Uncapher,
Otten, & Rugg, 2006). The relation between memory formation and theta oscillations, however,
is less clear. Whereas most studies agree that theta oscillations in the MTL are involved during
memory and play a specific role for binding single items into complex episodes (Buzsaki &
Moser, 2013; Ranganath, 2010) conflicting results have been reported as to whether increases or
decreases in theta power reflect MTL engagement (for a review see, Hanslmayr and Staudigl
(2014). For instance several studies report increases in theta power during memory formation to
reflect MTL involvement (Klimesch, Doppelmayr, et al., 1996; Nyhus & Curran, 2010). In
contrast other studies found decreased theta activity to be related to successful memory
encoding. Importantly, the latter finding has been shown in several intracranial EEG datasets
directly recording from MTL regions (Burke et al., 2013; Greenberg et al., 2015; Long et al.,
2014; Sederberg et al., 2007). Consequently, the relation between MTL BOLD signal and theta

power during memory formation is not at all clear. We here address this issue in a new way,
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utilizing a memory strategy that is specifically tailored to drive the MTL’s spatial and memory

processes and related theta oscillations.

Summed up previous findings predict that MTL structures should be maximally driven
during memory tasks that combine associative and spatial processing (Bird & Burgess, 2008).
Investigating correlates of memory formation during such a task might shed light on the
relationship between MTL BOLD signal and theta power dynamics. Indeed, a mnemonic
strategy, which has been used since ancient times - the Method of Loci - involves exactly such
associative and spatial processing. This method, being an efficient mnemonic (Roediger, 1980)
and the preferred method of memory athletes (Maguire, Valentine, Wilding, & Kapur, 2003),
relies on imagining to-be-memorized material on a familiar route. We here investigate neural
processes engaged during memory encoding, while participants used either the Method of Loci
or the pegword method, a similarly associative but non-spatial mnemonic (see Fig 1). Recording
EEG and fMRI data during the same paradigm, we predicted a higher MTL BOLD signal during
spatial encoding, and our main interest was how theta power changes mirror these MTL effects.
EEG and fMRI were recorded using the exact same paradigm, but different participants (see
Singh (2012) for a discussion of the validity of this approach and Materials and Methods for

reasons why recorded simultaneous EEG data are not reported here).
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Spatial mnemonic: Method of Loci

home

There is a gift at
my doorstep

What ’s at
my home?
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EEG/fMRI recording: 12 encoding-recall cycles, 6 spatial, 6 non-spatial

Fig 1: Memory encoding paradigm. Participants were trained to use two mnemonic
encoding strategies: the spatial Method of Loci (A) and the non-spatial pegword method (B). In
both methods participants have to link internal cues, which are either familiar way points or
semantic associations to numbers, to items presented during the encoding phase. During each
encoding phase, lists of 20 words were presented sequentially followed by a distracter task and a
free recall phase. The whole experiment (C) entailed a training phase the day before and 12
encoding- recall cycles during EEG or fMRI recordings
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MATERIALS AND METHODS

SUBJECTS AND RECORDING SESSIONS
Two separate groups of participants underwent testing with the same paradigm, one

group participating in the EEG recording, the other group in the fMRI experiment. During
fMRI scanning, simultaneous EEG was recorded. However because of major MR scanner
induced EEG artifacts, especially in the theta frequency range, prevented reliable analysis of the
simultaneously recorded EEG. This issue will be discussed in a separate publication focused on

spurious effects in simultaneous EEG-fMRI recordings (Fellner et al, submitted).

Twenty-five participants took part in the fMRI study and thirty participants took part in
the EEG study. The fMRI datasets of two participants had to be excluded because of a missing
structural scan in one dataset and a poor task performance in another dataset (memory
performance two standard deviations below the average) resulting in a sample of 23 datasets. In
the EEG dataset nine participants had to be excluded because of low trial numbers in one of the
conditions after excluding EEG artifacts (>15 trials) resulting in a sample of 21 datasets. The age
of the remaining participants ranged from eighteen to thirty-six years (M=22.9, 15 female) in
the fMRI sample, and from eighteen to twenty-four years (M=20.19, 12 female) in the EEG
sample. All subjects spoke German as their native language, reported no history of neurologic or
psychiatric disease, and had normal or corrected to normal vision. All participants gave their
written informed consent, and the experimental protocol was approved by the local ethical

review board.

TASK DESIGN
Participants performed the same paradigm in the MR scanner as during EEG recording.

Participants were instructed to utilize a spatial and a non-spatial mnemonic strategy: the
Method of Loci and the pegword method. Both mnemonics entail linking to-be-learned items to
internal cues, waypoints in the case of the Method of Loci, and number related pegs in the case
of the pegword method (Fig 1 A&B). Before entering the scanner, participants had been trained
extensively in the use of both methods (see below). In the scanner, during the encoding phase,
only to-be-learned words were presented sequentially, and participants were instructed to
associate each word with the corresponding cue in the loci or pegword sequence. They were
instructed to visualize to-be-learned items (e.g. first item gift) at the respective waypoint while
using the Method of Loci (e.g. first loci cue home), thus participants might imagine a nicely
wrapped gift at their doorstep (Fig 1A). During the pegword method, they were asked to focus

on semantic relations between the item (e.g. first item concert) and the respective pegword (e.g.
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first pegword cyclop), such that a possible association could be “A band of cyclops playing a
concert” (Fig 1B). During recall, participants were told to use the pegword and loci way points

as retrieval cues to recall the words in the same sequence as during the encoding phase.

A training session took place one day before fMRI or EEG recording to ensure that all
participants were able to employ both mnemonic encoding strategies. Before entering training,
participants already had received information about the Method of Loci and the pegword
method and were instructed to prepare 20 waypoints on a highly familiar path (e.g.. for most
participants this was the way to the university as participants were mostly university students),
and to memorize the 20 pegword cues. The training session then consisted of 3 parts: First, the
experimenter ensured that all participants had memorized the loci and pegword cues. Second,
participants had to encode a list of 20 words in a self-paced manner, telling the experimenter
how they linked the to-be-learned items to the loci or pegword cues. If the chosen associations
did not fit with the task instruction, the training session was restarted. The training session
ended with a trial run of the paradigm consisting of 4 encoding-recall-cycles with the same

timing and settings as during the EEG/fMRI recordings.

The fMRI- or EEG-recorded part of the experiment consisted of 12 repeated memory
encoding and recall cycles, with each encoding-recall block consisting of an encoding phase, a
visual detection task, a free recall memory test and a short rest period (see Fig 1C). Each
experiment was split into 4 consecutive recording sessions to keep file sizes manageable; the MR
image acquisition was thus stopped after every third encoding-recall cycle. Participants in each
cycle memorized 20 words using either the Method of Loci or the pegword method. Encoding
methods were alternated between encoding cycles and word material was counterbalanced
across subjects. During the encoding phase, each to-be-encoded word was presented for 3 sec
followed by a fixation cross presented with an exponential jitter from 1.5-7 sec to increase
design efficiency for fMRI analysis. The encoding phase was followed by a visual detection task
(ca. 2.5 min) serving as a distracter task in order to avoid short term memory effects on later
recall. Participants had to detect contours in a field of Gabor patches and indicate their answer
by buttons presses (similar task as in Hanslmayr, Volberg, Wimber, Dalal, and Greenlee (2013)).
The distracter was followed by a memory test, in which subjects were asked to speak aloud
words memorized prior to the visual detection task in their original encoding order, whenever
the screen showed a “word no. x” cue. Recall performance was used to classify trials during the
encoding phase as subsequently remembered or subsequently forgotten. Only words recalled in

the corrected order were labeled as hits. In-scanner verbal responses were recorded using an
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fMRI-compatible microphone (MRconfon). Scanner noise was removed from the resulting
audio files using the free software package Audacity (http://audacity.sourceforge.net/). For two
participants, data from one of the 4 fMRI sessions had to be discarded because of missing
microphone recordings. During the out-of-scanner EEG experiment, recall performance was
scored manually by the experimenter. Each encoding-recall cycle ended with a 20 sec rest period
in which participants were told to relax to be prepared for the next cycle. During EEG
recordings participants were sitting upright in front of a computer screen instead of in supine
position in the MR scanner, where stimuli were projected on a screen in the scanner bore,

visible to the participants on a mirror attached to the head coil.

As study material, 360 words were drawn from the MRC Psycholinguistic Database
(Coltheart, 2007), translated into German and separated into 16 lists with 20 words each. Six
lists were used during the training session; the other 12 lists were used during the EEG and fMRI
recordings. Each of these 12 lists was matched according to average word frequency (M=61.98;
SEM=1.58), number of letters (M=5.59; SEM=0.04), syllables (M1.84; SEM=0.02), concreteness
(M=375.65; SEM=2.17), and imageability (M=414.21; SEM=2.83). Lists were counterbalanced

across participants and encoding tasks. Word order in each list was randomized.

FMRI RECORDING
Imaging was performed using a 3 Tesla MR head scanner (Siemens Allegra). During

fMRI scanning, 2475-2480 whole-brain images, consisting of 34 axial slices, were continuously
acquired using an interleaved, standard T2*-weighted echo-planar imaging sequence (repetition
time TR=2000 ms; echo time TE=30 ms; flip angle=90°; 64x64 matrices; in-plane resolution: 3x3
mm; slice thickness: 3 mm). High-resolution (Imm isotropic voxel size) sagittal T1-weighted
images were acquired after the functional scans, using a magnetization-prepared rapid gradient
echo sequence (TR=2250 ms; TE=2.6 ms) to obtain a 3D structural scan. Extra padding was

placed surrounding the head of the subject to minimize head movements.

FMRI PREPROCESSING
Image preprocessing and statistical analysis was performed using SPM8 (Wellcome

Department of Cognitive Neurology, London: UK, www.fil.ion.ucl.ac.uk/spm), running on
MATLAB (Version 2012b, The MathWorks, Natick, MA). After discarding the first two images
of each session, time series were corrected for differences in slice acquisition time, spatially
realigned to the first image of the session, and unwarped. The mean functional image was co-
registered to the structural image. Global effects in the functional time series within each session

and voxel were removed using linear detrending (Macey, Macey, Kumar, & Harper, 2004). All
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functional images were then normalized to MNI space (Montreal Neurological Institute,
www.mni.mcgill.ca) using the normalization parameters determined from segmentation of the
structural image. As a last step images were smoothed with a Gaussian kernel of 8 mm

(FWHM).

FMRI ANALYSIS
Scans of all four session were concatenated in first level GLMs. Activity related to

subsequent memory and encoding task was modeled by event related stick regressors for each
condition (loci-remembered, loci-forgotten, pegword-remembered, pegword-forgotten)
convolved with the canonical first order hemodynamic response function. Further regressors of
no interest were modeling the rest periods, free recall periods (separately for each encoding
condition), and the distracter task. Session-specific regressors, linear drifts within each session,
and movement parameters determined during realignment were also included in the model. T-
contrasts capturing encoding effects for the 4 conditions of interest were calculated in each
single participant, and combined in a 2 (task) x 2 (subsequent memory) full factorial random

effects model on a group level.

As a first step, a ROI analysis on MTL effects was carried out using small volume
correction on bilateral MTL defined by Wake Forest University WFU pick atlas
(https://www.nitrc.org/projects/wfu_pickatlas/, parahippocampal cortices plus hippocampi
using TD atlas). Small volume corrected effects are reported using a p<0.001, cluster size>10
voxels. An additional whole-brain analysis was carried out using a threshold of p<0.001
uncorrected, cluster p-level, family-wise error corrected <0.05. Marsbar
(http://marsbar.sourceforge.net) was used to extract parameter estimates of significant clusters.

Results are plotted on the mean normalized structural scan of all subjects.

EEG-RECORDING
The EEG was recorded from 63 channels in an equidistant montage, (EasyCap,

Herrsching, Germany, BrainampMR). Recordings were referenced to Fz and later re-referenced
to average reference. Impedances were kept below 20 k(. The signals were amplified between

0.1-250 Hz. The EEG data were sampled at 500 Hz with an amplitude resolution of 0.5uV

EEG PREPROCESSING
All EEG data analyses were carried out using custom MATLAB scripts and fieldtrip

(http://www.fieldtriptoolbox.org, (Oostenveld et al., 2011)). For analysis of memory encoding

effects data were epoched in trials -2.5 to 3.5 sec around each item onset during encoding. Data
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was visually inspected, trials with idiographic artifacts (channel jumps, muscle artifacts, noisy
channels) were excluded from further analysis. Noisy channels were excluded (in 4 datasets up
to 3 electrodes were excluded). Infomax independent component analysis was applied to correct
for residual artifacts (e.g. eye blinks, eye movements, or tonic muscle activity). The maximum
number of independent components was estimated, equating the number of channels in a
dataset (59 to 62 ICs). On average 3.8 ICs were discarded (range: 1-8 ICs), and remaining ICs
were back projected to channel level. Data was again visually inspected for remaining artifacts.
In datasets with rejected electrodes prior to ICA, these missing channels were then interpolated
using neighboring electrodes. On average 62.9 spatial/remembered trials (range 33-96), 45.7
non-spatial/remembered trials (range 23-74), 34.7 spatial/forgotten trials (range 19-61), and

49.7 non-spatial/forgotten trials (range 22-81) passed artifact corrections.

Data was filtered to obtain oscillatory power between 2 Hz and 30 Hz using wavelets
with a 5 cycle length. Resulting data was z-transformed to respective mean and standard
deviation of power across the time dimension i.e. across all trials of each frequency band and
channel. For each subject and condition (remembered, forgotten, loci, pegword) all trials were
averaged and smoothed with Gaussian kernel (FWHM 200ms and 2 Hz) to control for inter-
individual differences and to control for the time-frequency resolution trade-off across

frequencies.

EEG ANALYSIS
For statistical analysis of the frequency band of interest, i.e. the theta frequency range

(~3-8 Hz) a non-parametric cluster permutation test was run restricted to 2-10 Hz as
implemented in fieldtrip (Maris & Oostenveld, 2007). As a first step summed t-values of three
dimensional clusters (time x frequency x electrodes) were contrasted in the data to a distribution
of summed t-values obtained by randomizing conditions, which effectively controls for type-I

errors due to multiple testing.

To identify time-frequency clusters showing significant differences between conditions
across all lower frequencies (1-30 Hz) in a more explorative manner a sliding window cluster
permutation test was used (for details Staudigl and Hanslmayr (2013)). This procedure was used
to analyze memory encoding effects, and for comparing trials from the spatial and non-spatial
task. A cluster permutation test as implemented in fieldtrip was calculated for each 300 ms x 1
Hz time-frequency bin, clustering only across electrodes and averaging across time and
frequency bin, and thus returning a p-value for each time-frequency bin. The Monte Carlo

method involving 1000 random permutations was used and Monte Carlo cluster p-values below
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0.05 (two-tailed testing) were considered significant. To check if significant time clusters
revealed in this analysis showed continuous scalp topography, a second cluster permutation test

was performed on the respective time-frequency bin of the cluster.

Source analysis was carried out using a linearly constrained minimal variance (LCMV)
beamformer (Van Veen, van Drongelen, Yuchtman, & Suzuki, 1997), calculating a spatial filter
based on the whole length of all trials, with each trial bandpass filtered in the frequency range of
interest. Data were bandpass filtered between 1-12 Hz for theta source reconstruction and
bandpass filtered between 8-40 Hz for sources of activity in the alpha/beta frequency range. For
all subjects, a standard source model with a grid resolution of 12 mm based on the Montreal
Neurological Institute (MNI) brain and standard electrode positions realigned to the MNI MRI
was used. The source time-course for each grid point was calculated and subjected to a wavelet
analysis and z transformed the same way as the electrode level data. Results of the source

localization are plotted on a MNI single subject template file.
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RESuULTS

BEHAVIORAL RESULTS
Memory performance across both experiments and conditions was reasonably high.

Memory performance i.e. hit rates (Fig 2) in both datasets was significantly higher during the
spatial encoding condition than during the non-spatial encoding task (fMRI: t(22)=6.26,
p<0.0001, EEG: t(20)=10.23, p<0.0001). This was a very robust effect, which was visible in
almost every single subject, demonstrating the power of the Method of Loci as a mnemonic

(Roediger, 1980).

Memory performance
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Fig 2: Memory performance. Percent of recalled words in the spatial and non-spatial
encoding condition separately for the EEG experiment and fMRI experiment. In both datasets
memory performance was higher using the spatial Method of Loci mnemonic. Error bars show
standard error of the mean

FMRI. RESULTS
As a first step we investigated if MTL BOLD activity is increased during spatial

processing and memory encoding. To this end, a region of interest (ROI) analysis on
anatomically predefined MTL regions was carried out (Fig. 3A & Table 1). BOLD activity
increased significantly in bilateral parahippocampal regions during the spatial processing task in
contrast to the non-spatial task. Positive SMEs were found in the left MTL, i.e. BOLD signal
increases were evident in left parahippocampal gyrus during subsequently remembered in
contrast to subsequently forgotten trials (Fig 3A & Table 1). In line with our hypotheses, these
results suggest that spatial processing and successful memory formation both drive

hemodynamic MTL activity.
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Fig 3: fMRI results for spatial vs. non-spatial contrasts and memory effects. A region
of interest analysis was carried out for MTL regions revealing increases in activity for the spatial
mnemonic and successful memory formation (A, p<0.001, cluster size>10). An exploratory
whole brain analysis revealed additional effects in typical spatial cortical networks (i.e.
retrosplenial cortex, bilateral MTL, B) and memory related regions (i.e. left inferior frontal gyrus
C) (p<0.001, all p<0.05 FWE cluster level). Warm colors indicate higher BOLD signal for spatial
processing and later remembered items, cold color indicate higher BOLD signals for non-spatial
processing and subsequently forgotten items.
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Table 1: Locations of peak activation revealed in MTL ROI analysis

Spatial > Non-spatial

hs BA  size X y z t
Parahippocampal gyrus L 36 197 -24 -40 -11 9.67

L -9 -46 1 7.28
Parahippocampal gyrus R 36 156 27 -37 -14 8.54
Parahippocampal gyrus R 20 12 -46 1 6.83

positive SME: remembered > forgotten

hs BA size X y z t
Parahippocampal gyrus L 14 -27 2 -14 4.07

L 28 -15 -10 -17 4.00
Parahippocampal gyrus L 35 18 -21 -34 -11 3.79

L 35 -24 -28 -20 3.38

An additional exploratory whole brain analysis (Fig 3 B&C & Table 2) was carried out to
investigate which other regions are involved in spatial processing and memory formation.
Regions typically associated with spatial processing (Burgess et al., 2002; Epstein, 2008) showed
BOLD signal increases during spatial compared to non-spatial processing (Fig 3B): bilateral
retrosplenial cortex (posterior cingulate cortex, BA30), and lateral temporal areas of the angular
gyrus (BA 39). In contrast the right middle frontal gyrus (Fig 3B) showed relative increases in
activity during non-spatial processing, potentially related to enhanced control processes during
non-spatial cue retrieval (Schott et al., 2005). Positive subsequent memory effects (SMEs) (Fig
3C), irrespective of task, were found in the left hemisphere in inferior frontal gyrus, an area
typically involved in memory encoding of verbal material (Kim, 2011). Additional memory
related activity was evident in striatal areas (putamen, caudate body), left superior and middle
temporal gyrus. Relative decreases in BOLD signals during remembered words contrasted to
forgotten words, i.e. negative SMEs, were evident in bilateral occipital areas (cuneus, lingual

gyrus) and right lateralized parietal and frontal regions (Fig 3C).
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Table 2: Locations of peak activation revealed in the whole brain analysis

MNI coordinates

Spatial > Non-spatial

hs BA size X y z t
Posterior Cingulate L 30 1999 -15 -58 16 12.64
Parahippocampal Gyrus L 36 -24 -40 -11 9.67
Posterior Cingulate R 30 12 -52 16 9.56
Superior Occipital Gyrus L 19 186 -36 -76 34 8.78
Superior Temporal Gyrus L 22 -45 -55 22 3.91
Middle Temporal Gyrus L 39 -54 -67 22 3.59
Parahippocampal Gyrus R 36 206 27 -37 -14 8.54
Middle Temporal Gyrus R 39 215 42 -73 34 6.89
Superior Temporal Gyrus R 39 57 -58 22 5.19
Middle Temporal Gyrus R 39 48 -67 25 4.92
Non-spatial > Spatial
Middle frontal gyrus R 9 102 30 47 28 4.23
R 9 45 29 22 3.76
positive SME: remembered > forgotten
Insula L 13 608 -30 -7 19 5.77
Caudate Body L 21 5 13 5.68
Putamen L -24 -4 1 5.58
Middle frontal gyrus L 6 141 -24 23 52 4.83
L 6 -28 17 58 4.61
L 6 -36 17 46 4.49
Middle temporal Gyrus L 22 86 -51 -43 -2 4.56
L 21 -60 -19 -5 4.01
Superior Temporal Gyrus L 22 -48 -25 -5 3.77
Middle Temporal Gyrus L 39 114 -42 -73 31 4.44
Superior Temporal Gyrus L 39 -48 -52 31 4.41
Inferior Frontal Gyrus L 44 135 -51 14 19 4.37
L 13 -45 32 1 4.36
L -45 47 -5 3.93
negative SME: forgotten > remembered
Lingual Gyrus L 18 2237 -12 -70 -2 7.25
Posterior Cingulate L 30 -3 -70 16 6.98
Cuneus R 18 9 -73 25 6.67
Inferior Parietal Lobule R 40 355 42 -46 46 4.94
Superior Parietal Lobule R 7 33 -52 49 4.41
Supramarginal Gyrus R 40 57 -43 37 4.41
Middle Frontal Gyrus R 10 96 30 62 13 4.36
R 8 39 35 34 4.08
Superior Frontal Gyrus R 9 27 53 34 3.67
Insula R 13 68 36 26 1 4.36
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To elucidate if memory encoding related activity differs between the spatial and non-
spatial mnemonic strategies, interaction effects were calculated. No significant differences in
memory encoding effects between encoding strategies (i.e. no interaction effects between
condition and memory) were found in the ROI analysis or in the whole-brain analysis (p<0.001,
cluster size > 10). The reported results support our hypothesis of increases in hemodynamic

MTL activity being related to spatial processing and associative memory formation.

EEG SENSOR LEVEL RESULTS
Similar to the fMRI analysis we first investigated the effects of interest focusing on the

theta frequency range (i.e. from 2 to 10 Hz), as the primary question of the study was how theta
power is related to spatial processing and memory formation. Contrasting the spatial with the
non-spatial encoding strategy a significant theta cluster was found spanning the whole trial
epoch (-1.5 to 2.5 sec, peorr < 0.005). This effect was driven by a robust theta power decrease in
the spatial compared to the non-spatial task, and does not appear to be triggered by the onset of
the to-be-encoded words. Decreases in theta power were also related to successful memory
formation as revealed by negative SMEs. A significant cluster was evident from around stimulus
onset lasting until the end of the trial (0-2.5 sec, pcorr<0.05). The extent of the clusters is shown
in Fig 4A (left for spatial vs. non-spatial; right for SMEs), showing the number of electrodes
belonging to the cluster at a certain time-frequency bin in order to visualize the extent of the

three-dimensional cluster in the time-frequency dimensions.
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Fig 4: EEG sensor level results. A cluster permutation statistic restricted to the theta
frequency range revealed ongoing decreases in theta oscillatory power for spatial mnemonic
processing in contrast to non-spatial processing, and item related theta power decreases
correlating with successful memory formation (A). Additional increases in alpha/beta power
during spatial encoding and memory formation were evident after word presentation; time
frequency plots show p-values of separately calculated cluster permutation tests of each time-
frequency bin (B). Topographies of theta and alpha/beta power effects for the time-frequency
windows in which effects were present highlighted in (B, dashed boxes) are plotted below, circle
highlight electrodes belonging to a significant cluster (C). Warm colors in (B) & (C) indicate
increases in power for spatial processing and successfully encoded items, cold colors indicate
decreases in power for spatial processing and successfully encoded items in contrast to non-
spatial processing and subsequently forgotten items, respectively.

An additional sliding cluster permutation statistic was carried out on all lower
frequency bands (1-30 Hz, Fig 4B) to reveal effects outside of the frequency band of interest. In
addition to the effects in the theta range, significant effects were also obtained in the alpha/beta
range (10-30Hz), where a stronger power increase was evident after stimulus presentation (1-3
sec) during spatial compared to non-spatial processing. In the same time window a positive
SME for alpha/beta power was observed, i.e. higher power for later remembered compared to

later forgotten items.
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For a first identification of potential sources of EEG effects, topographies of the time
windows of significant effects are shown in Fig 4C. The decrease in theta power related to spatial
processing showed a widespread topography with the strongest effects over lateral electrodes
(Peorr<0.001). Increases in alpha/beta power related to spatial processing were found over
parietal electrodes (pcorr<0.005). Theta power decreases related to memory encoding were
evident in left lateral and right frontal regions (two separate clusters: pcorr<0.001, peorr<0.05,
respectively). Memory related alpha/beta power increases showed a similar posterior and right
lateralized topography as spatial processing related effects in two separate clusters (both

Peorr $<0.05).

The pattern of results reveals that a stronger ongoing decrease of theta power was
indicative of the spatial processing task, and that a stimulus-related decreases in theta power
reflected successful memory formation. To investigate potential differences of encoding effects
between the spatial and non-spatial mnemonic strategies, interaction effects were calculated by
contrasting SMEs of both conditions. No significant clusters were found in a cluster analysis in
the theta frequency range (2-10 Hz, c.f. Fig 4A), an additional sliding cluster statistic including
all lower frequencies (2-30 Hz) revealed no coherent effects exceeding a size of 8 time-frequency
bins, suggesting that successful encoding with both mnemonic strategies similarly relies on theta

power decreases.

EEG SOURCE ANALYSIS RESULTS
To link the EEG results with the fMRI results, we investigated the sources of the

oscillatory EEG effects by means of a source localization analysis utilizing LCMV beamforming
(Van Veen et al.,, 1997). Analyzing the differences in power at the source level revealed that the
theta power decreases for spatial processing compared to non-spatial processing were strongest
in the left anterior MTL (pcor<0.0001, peak MNI coordinate: x=-32, y= -18, z= -31,
parahippocampal gyrus, BA 36; Fig 5A). Memory formation related theta power decreases were
strongest in left lateral temporal lobe areas (pcr<0.05, peak MNI coordinate: x= -56,y= -43, z=
5, middle temporal gyrus, BA22; Fig 5A). In contrast, source localization of alpha/beta power
increases during spatial processing and memory formation revealed effects in occipital areas and
right lateralized regions (spatial-non-spatial: p.<0.05, peak MNI coordinate: x= -20,y= -67, z=
-8, lingual gyrus, BA19, SME: pc<0.05, peak MNI coordinate: x= 27,y= -92, z= 28, cuneus,
BA19; Fig 5B). Note the high overlap between the estimated sources of theta power decreases,

and the medial temporal and lateral temporal BOLD increases revealed by the fMRI analyses (cf.
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Fig 5A & Fig 3). Similarly, alpha/beta increases overlap with BOLD decreases during successful
memory formation (cf. Fig 5B & Fig 3C).
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Fig 5: EEG source localization results. Peaks of t-values are shown for the comparison
between spatial and non-spatial, and remembered vs. forgotten theta power (A) and alpha/beta
power (B) data are shown. Decreases in theta power for spatial processing were strongest in
anterior MTL areas (peak MNI coordinate: -32, -18, -31, parahippocampal gyrus, BA 36), theta
power decreases during successful memory formation were strongest in left temporal areas
(peak MNI coordinate: -56, -43, 5, middle temporal gyrus, BA22) (A). Alpha/beta power
increases were strongest in occipital areas, for spatial vs. non-spatial processing (peak MNI
coordinate: -20, -67, -8, lingual gyrus, BA19) and during memory formation (peak MNI
coordinate: 27, -92, 28, cuneus, BA19) (B). Mean EEG power and fMRI beta weights of MTL
and occipital areas are plotted in (C & D, respectively). Theta power decreases show the reversed
pattern of BOLD increases in left MTL regions (C); alpha/beta increases in occipital areas also
mirrored by BOLD increases in occipital areas (D). Error bars show standard error of the mean.
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To further illustrate the relationship between the fMRI and EEG results, average EEG
power and the corresponding fMRI beta estimates are plotted in Fig 5C & D. Source localized
theta power, as well as mean BOLD signal estimates (beta weights) were extracted from the
anatomically defined left MTL ROI used in the fMRI analysis (Fig 5C). Decreases in theta power
mirror fMRI effects insofar as decreases in theta power are strongest for spatially processed and
remembered trials, the condition that also exhibited the highest MTL BOLD signal increase.
Additionally source localized alpha/beta power was extracted of the source voxels overlapping
with the occipital negative fMRI SME (cf. Fig 3C, Table 2). Alpha/beta power increased in
occipital cortex during successfully encoded trials, which again was mirrored by BOLD signal

decreases in this region during memory formation (Fig 5D).

DIsSCUSSION

Brain oscillations in the theta range and hemodynamic activity in the medial temporal
lobe have been suggested as the core neural correlates of successful memory formation in
electrophysiological and functional imaging studies, respectively. We here addressed the
question of how theta power and MTL BOLD signals are functionally related a memory
encoding task. To this end we measured EEG and fMRI during an associative, spatial mnemonic
strategy, the Method of Loci, which is a task that we assumed to maximally rely on the MTL and
the theta oscillations therein. Indeed, during usage of the spatial (vs. non-spatial) mnemonic we
observed a prominent theta decrease concurrent with an increase in MTL BOLD signal,
suggesting a negative relation between theta power and MTL activity. A negative relationship
between theta power and MTL activity was also found during successful (compared with
unsuccessful) memory formation, and these negative theta SMEs and positive MTL BOLD
SMEs were equally pronounced during the spatial and non-spatial encoding task suggesting that
these processes benefit memory irrespective of the current task. Theta decreases and MTL
BOLD increases were not only co-occurring during spatial processing and memory formation
but were also co-localized in the same anatomical regions: the strongest sources theta effects
were evident in the left lateral temporal lobe and in the left MTL, areas overlapping with positive
fMRI-BOLD effects. Together, these findings provide strong evidence for negative relationship

between theta power, memory formation, spatial processing, and MTL BOLD signal.

The present study was specifically tailored to examine theta oscillations during a spatial

memory task that maximally drives the MTL. The Method of Loci recruits almost all cognitive
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processes that have been linked to MTL functions, i.e. scene construction, spatial processing,
imagery, memory encoding and retrieval, and building new associative links (Bird & Burgess,
2008). Our results, maybe surprisingly, demonstrate that this specific task elicits strong theta
power decreases in the MTL alongside BOLD signal increases. Importantly, theta decreases were
not only found to be paralleled by lateral and medial temporal BOLD increases (Fig 5C) but
were also source localized to the left MTL, further strengthening the argument of task related

theta power decreases in the MTL.

While intracranial studies directly recording electrophysiological activity from the MTL
have reported similar theta decreases (Burke et al., 2013; Greenberg et al., 2015; Long et al.,
2014; Sederberg et al., 2007), previous M/EEG (Klimesch, Doppelmayr, et al., 1996; Osipova et
al.,, 2006; Staudigl & Hanslmayr, 2013), have reported increases in theta during memory
formation. Specifically, our findings are in conflict with a previous MEG study, which found
increased theta power during active spatial navigation and memory formation (Kaplan et al.,
2012). This discrepancy is likely driven by a difference in the task, which in our case involved
mental navigation, i.e. passive spatial processing in cognitive space, as opposed to active
navigation in the environment. Indeed, studies in rodents found that theta power relatively
decreases in passive compared to active navigation (Terrazas et al., 2005) Therefore, theta power
effects during memory encoding and building association in cognitive space might exhibit a

different pattern as during active movement.

FMRI effects during spatial encoding closely followed previously reported effects
relating to the usage of mnemonic strategies (Maguire et al., 2003) and spatial processing in
general. The spatial mnemonic exhibited increases in BOLD signal in bilateral MTL and
retrosplenial cortex, regions typically involved in imagining scenes and retrieving familiar
landmarks (Burgess et al., 2002; Epstein, 2008). The Method of Loci task entails retrieving
familiar waypoints and constructing spatial scenes linking the to-be-learned items to these
familiar landmarks. Constructing such complex visual scenes crucially involves MTL structures
(Addis, Wong, & Schacter, 2007; Hassabis & Maguire, 2007) and retrosplenial cortex has been
conceptualized as a buffer of such imagined constructions (Bird & Burgess, 2008; Vann,
Aggleton, & Maguire, 2009). The greater involvement of this spatial network in forming
associations in cognitive space, which also serves a central function in human memory
(Hassabis & Maguire, 2007), might be in part responsible for the higher memory performance
during the spatial mnemonic and the efficiency of the Method of Loci in general (Roediger,

1980).
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Interestingly, activity related to successful memory encoding (i.e. SMEs), in both
mnemonics did not differ depending on the spatial or non-spatial nature of the mnemonic,
neither in EEG nor in fMRI. Memory formation during both tasks was related to activity in left
MTL, consistent with the notion that the human MTL is involved in building item-cue
associations (Buzsaki & Moser, 2013; Ranganath, 2010), regardless of whether these associations
involve spatial or non-spatial cues. The lack of an interaction between successful encoding and
mnemonic is also interesting since SMEs have been shown to differ depending on encoding
tasks and to-be-encoded material (Fellner et al., 2013; Hanslmayr et al., 2009; Kim, 2011; Otten
& Rugg, 2001b). The similarity of SMEs in this study suggests that theta power decreases and
MTL BOLD increases are a general mechanism of associative encoding, irrespective of strategy
or content. Successful formation of associations in imagined space and in semantic space thus
seems to rely on similar mechanisms. This pattern of similar encoding effects for both encoding
strategies supports the idea that humans use similar MTL mechanisms in spatial processing and

in episodic memory encoding (see (Buffalo, 2015; Buzsaki & Moser, 2013; Ekstrom, 2014)).

In addition to decreases in theta power, increases in alpha/beta power were found
during spatial processing and memory formation. These increases in alpha/beta power were
mirrored by BOLD signal decreases during successful memory formation in occipital regions. A
similar negative relation between occipital alpha power and BOLD signals has been reported
during various tasks including visual attention (Scheeringa et al., 2011; Zumer et al., 2014).
Furthermore, similar occipital alpha power increases have also been reported to predict long
term memory formation during working memory maintenance, i.e. internal processing of the
memory material (Khader et al., 2010; Meeuwissen et al., 2011), which relates to our study, as
both encoding tasks involve constructing complex mental associations during memory
formation. Therefore, during the formation of these internal scenes the occipital cortex might be
actively inhibited to prevent task-interfering visual input (Jensen & Mazaheri, 2010; Klimesch et
al., 2007). Arguably such an inhibition of posterior processing regions would be reflected by
decreases in BOLD activity accompanied by alpha/beta power increases in the occipital cortex,

consistent with the pattern observed in the present study.

Comparing EEG and fMRI task related activity, an overall consistent pattern emerges of
a negative relationship between low frequency power and BOLD signals: theta power decreases
match lateral and medial temporal BOLD signal increases, alpha power increases match
occipital BOLD decreases. This fits with the general pattern of negative correlations between low

frequency power and BOLD signals, reported by most studies investigating relationships of low
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frequency EEG or LFP power and BOLD signals (Conner, Ellmore, Pieters, DiSano, & Tandon,
2011; Hermes et al., 2014; Khursheed et al., 2011; Magri, Schridde, Murayama, Panzeri, &
Logothetis, 2012; Mukamel et al., 2005; Niessing et al., 2005). Decreases in low frequency power
seem to be generally related to increases in neural activity as measured with the BOLD signal.
Considering alpha power this is a widely accepted concept (Jensen & Mazaheri, 2010; Klimesch

et al., 2007)

The present results suggest that this negative relationship of power and neural activity
indeed also extends to theta oscillations and specifically theta oscillations in the MTL during
memory encoding (Lisman & Jensen, 2013). The resemblance of low frequency power decreases
during memory encoding in iEEG to positive SMEs in fMRI has been noted before (Burke et al.,
2013) albeit no study before has shown this overlap in scalp EEG. Recording EEG and fMRI in
the same paradigm, the present results support a strong functional link between theta power
decreases and MTL BOLD increases, showing that these neural processes not only occur in the

same regions, but also co-vary with the same task conditions.

The important question that remains is how, physiologically, we can link theta power
decreases to increases in neural activity, and why these power decreases are predictive for
successful memory formation. Traditionally, theta power increases have been hypothesized to
relate to hippocampal-cortical feedback loops (Klimesch, 1996; Nyhus & Curran, 2010).
However, theta power might not be very well suited to capture the connectivity between MTL
regions and cortical areas. For instance, studies using intracranial recordings during memory
formation reported decreases in low frequency power, including theta power decreases in the
MTL along with increases in long-range phase synchrony (Burke et al., 2013). A similar
relationship of local power decreases and global synchrony increases has been shown for alpha
oscillations in sensory networks (Popov et al., 2013; Weisz et al., 2014). This relationship of local
and global synchrony in alpha power might extend to other regions and lower frequency bands,
i.e. to MTL regions and theta. Theta oscillations which are dominant in the MTL and
retrosplenial cortex during rest and movement (Ekstrom, Suthana, Millett, Fried, &
Bookheimer, 2009; Foster & Parvizi, 2012; Watrous, Lee, et al., 2013), might desynchronize
during active tasks (Halgren, Babb, & Crandall, 1978; Mitchell, Sundberg, & Reynolds, 2009),
for example memory encoding and spatial processing, in order to flexibly form fine grained
cortical networks connecting cortical regions to specific MTL sub-regions (Watrous, Tandon, et

al., 2013) The EEG records a spatially smoothed attenuated sum of LFPs (Buzsaki, Anastassiou,
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& Koch, 2012), therefore fine grained long range synchronizations of specific individual

cortical-MTL networks might appear as power decreases in scalp EEG and iEEG recordings.

A direct mapping of EEG power effects onto BOLD signals is not straightforward; both
modalities correlate with LFPs (Buzsaki et al., 2012; Logothetis, Pauls, Augath, Trinath, &
Oeltermann, 2001) but do not necessarily reflect the same neural processes (Ekstrom, 2010).
Adding to the differences of physiological correlates between EEG and fMRI, both modalities
differ substantially in their temporal and spatial resolution. Considering these constraints in
spatial and temporal resolution, our EEG localization and fMRI results exhibited a relatively
good fit. The present ongoing theta power decreases and MTL BOLD effects were largely
overlapping in both modalities (see Fig 5C). In contrast, alpha/beta power and negative BOLD
effects only closely matched for SMEs. Task related increases in alpha/beta power in EEG were
evident during spatial processing and memory formation, overlapping with the negative
occipital BOLD effects, which were only evident during memory formation (i.e. no such BOLD
decreases were found during spatial processing, see Fig 5D). A possible reason for this
discrepancy might be that alpha/beta power increases were more transient compared to the
sustained theta power decreases, therefore these short lived effects might not have been picked
up by event-related fMRI to the same extent as by EEG. Another difference is that the theta
power decreases during spatial compared to non-spatial processing were localized to the left
MTL, whereas the corresponding BOLD effect was bilateral. This result might be driven by a
limitation of the beamforming technique, which has a tendency to suppress the weaker of two
sources if their activity is correlated (Dalal, Sekihara, & Nagarajan, 2006; Van Veen et al., 1997).
Indeed the BOLD signal difference between spatial and non-spatial processing was qualitatively
stronger in the left compared to the right MTL as indicated by higher t-values in left MTL (see
table 1 & 2).

A limitation of the present study is that an analysis of simultaneously recorded theta
oscillations during fMRI was not feasible due to strong artifacts induced by the MR scanning
environment (see Materials and Methods). Therefore EEG and fMRI were measured separately
in independent subject samples, preventing calculation of EEG-fMRI correlations. Nevertheless,
the same paradigm was used in both datasets and the same behavioral pattern of results was
found across the two datasets. Therefore we can assume that, on average, the same cognitive

processes were driving the EEG and fMRI effects in the two datasets (Singh, 2012).
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CONCLUSION

In summary, present results show that decreases in theta oscillatory power in the MTL -
similar to other cortical low frequency oscillations (i.e. alpha/beta) - co-occur with neural
activity as reflected in fMRI-BOLD signals. MTL activity in memory tasks might therefore map
onto decreases in EEG/MEG theta power and not, as often suggested, to increases in theta
power. MTL and theta effects were more pronounced during the Method of Loci mnemonic,
which indicates that navigating cognitive space might be a particularly efficient encoding
strategy by maximally driving the neural processes crucial for spatial processing and episodic
memory. The reported theta decreases located to MTL BOLD increases are an important

contribution to debate how theta oscillations are linked to MTL BOLD activity.

79



STUDY 3: SPURIOUS CORRELATIONS IN SIMULTANEOUS EEG-FMRI DRIVEN BY IN-SCANNER

MOVEMENT

STUDY 3: SPURIOUS CORRELATIONS IN SIMULTANEOUS

EEG-FMRI DRIVEN BY IN-SCANNER MOVEMENT

Simultaneous EEG-fMRI provides an increasingly attractive research
tool to investigate cognitive processes with high temporal and spatial resolution.
However, artifacts in EEG data introduced by the MR-scanner still remain a
major obstacle. This study employs a standard analysis pipeline and shows that
head motion, one overlooked major source of artifacts in EEG-fMRI data, can
cause plausible EEG effects and EEG-BOLD correlations. Specifically, low
frequency EEG (<20 Hz) is strongly correlated with in-scanner movement.
Thereby, minor head motion (<0.2 mm), induce spurious effects in a twofold
manner: Small differences in task correlated motion elicit spurious low
frequency effects, and, as motion concurrently influences fMRI data, EEG-
BOLD correlations closely matched motion-fMRI correlations. We demonstrate
these effects in a memory encoding experiment showing that obtained theta
power (~3-7 Hz) effects and theta-BOLD correlations reflect motion in the
scanner. These findings highlight an important caveat that needs to be

addressed by future EEG-fMRI studies.
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INTRODUCTION

Simultaneous EEG and fMRI recordings provide an immensely useful neuroimaging
technique as they offer the unique possibility to non-invasively record neural activity at highest
temporal and spatial resolution (Debener, Ullsperger, Siegel, & Engel, 2006). Such rich
multidimensional datasets allow for numerous ways of merging EEG and fMRI data (Huster,
Debener, Eichele, & Herrmann, 2012) with the most popular approach being EEG-informed
fMRI analysis. Here, EEG parameters of interest are used to create a model of the BOLD
responses. BOLD signals can be correlated with ERP components (Debener et al., 2005), resting
state alpha power (Goldman, Stern, Engel, & Cohen, 2002) or task-related oscillatory power
changes (Hanslmayr et al., 2011). Resulting spatial maps provide regions in which BOLD signal
changes correlate with EEG parameters indicating a common generator of BOLD and EEG

signals.

However the biggest restraining factor in simultaneous recordings is still the quality of
the EEG data. Usually two types of artifacts are considered: the gradient and ballisto-cardio-
graphic (BCG) artifacts (Allen, Polizzi, Krakow, Fish, & Lemieux, 1998; Debener, Mullinger,
Niazy, & Bowtell, 2008; Liu, de Zwart, van Gelderen, Kuo, & Duyn, 2012; Mullinger,
Havenhand, & Bowtell, 2013; Niazy, Beckmann, Iannetti, Brady, & Smith, 2005). Another major
source of artifact, spontaneous movement, is rarely discussed. Motion is a general problem for
simultaneous recordings, since movement of any conductive material (i.e. EEG electrodes and
wires) in a static magnetic field (as in an MR scanner) causes electromagnetic induction and
consequently an artifactual EEG signal. Therefore, even very minor head motion on a sub-
millimeter level severely affects the EEG, as for example the tiny movements related to every
heartbeat are visible in the EEG data as BCG (Debener et al., 2008; Mullinger et al., 2013). Most
researchers employing EEG-fMRI accept that these artifacts remain to some extent in their data,
even after careful preprocessing, implicitly assuming that those artifacts are mainly decreasing
the signal to noise ratio but not introducing spurious effects. This logic fails when head motion
is correlated with the task parameters of interest (i.e. paradigm, behavioral performance, BOLD
signals). Since it is well known that fMRI-BOLD signals are correlating with motion (voluntary
or physiologically driven), BOLD-motion correlations might be a serious concern for EEG-
fMRI correlations (Birn, Bandettini, Cox, & Shaker, 1999; Friston, Williams, Howard,

Frackowiak, & Turner, 1996; Murphy, Birn, & Bandettini, 2013; Power et al., 2014).

We here present data measuring EEG data inside and outside an MR-scanner. EEG and

simultaneous EEG-fMRI data were recorded during a memory paradigm where we focused on
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theta oscillations and their relation to BOLD signals (Figure 1A). The memory relevant aspects
of this dataset will be reported in detail elsewhere (Fellner et al., in prep) and are only in so far
relevant for this study as motion induced spurious “memory-like” effects. Specifically, we
demonstrate that: (i) In-scanner EEG data is highly dominated by motion related artifacts. (ii)
Task related motion in-scanner can cause spurious task related EEG power effects that are in
stark contrast to artifact-free out-of-scanner data. (iii) In scanner motion can drive spurious, but

neurophysiologically plausible EEG-BOLD correlations.

METHODS

PARTICIPANTS
The same memory encoding paradigm was measured in two different setups: in one

group of twenty-five participants simultaneous EEG-fMRI was recorded (in-scanner data),
whereas another group of thirty volunteers participated in an EEG only study (out-of-scanner
data). In-scanner data from three participants had to be excluded because of poor data quality,
one participant had to be excluded because of a missing structural scan and data from another
two participants did not provide enough items in one of the memory conditions, i.e. not enough
items either remembered or forgotten resulting in a sample of nineteen in-scanner datasets
(mean age=22.95, 12 female). In out-of-scanner data eight participants had to be excluded
because of low trial numbers resulting in twenty-two out-of-scanner datasets (mean age=20.23,
12 female). All participants spoke German as their native language, reported no history of

neurologic or psychiatric disease, and had normal or corrected to normal vision.

PARADIGM
Participants in both datasets participated in the identical experiment. The experiment

consisted of twelve repeated memory encoding-recall cycles including an encoding phase, a
distractor phase, a free recall memory test and a short rest period (see Figure 1). In each
encoding phase the participants’ task was to memorize 20 words. During free recall participants
were asked to verbally recall items of the preceding encoding phase. Recall performance was
used to classify encoding trials as subsequently remembered or forgotten. Each encoding-recall
cycle ended with a 20 sec rest period in which participants were allowed to relax (blink etc).
During encoding participants were instructed to use two differing mnemonic strategies: The
method of loci and the pegword method. Both encoding conditions are cognitive demanding

and call for high levels of attention. Both conditions showed no difference in spurious
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oscillatory activity and movement pattern and therefore data was merged for the presented
analysis. Each to-be-encoded word was presented for 3 sec followed by fixation cross presented
with an exponential jitter from 1.5-7 sec to improve design efficiency for event-related fMRI
analysis. The encoding phase was followed by a visual detection task serving as distractor task
for the memory paradigm. Participants were asked to detect contours in a field of Gabor patches
and to indicate their answer by buttons presses (similar task as reported in Hanslmayr et al.,
2013). In the following free recall phase participants were asked to recall all 20 words as
presented during the preceding encoding phase. In scanner, verbal responses were recorded
using an fMRI-compatible microphone (MRconfon). Scanner noise was removed from the
resulting audio files using the free software package Audacity (http://audacity.sourceforge.net/).
In out-of-scanner EEG recordings recall performance was scored manually by the experimenter.

Each experiment was split into 4 consecutive recording sessions to keep file sizes manageable.

Different word material was used for each study-test cycle counterbalanced across
participants and between conditions. Participants remembered on average 48.7% (std= 0.12) of
the words in the in-scanner dataset and 55.5% (std=0.13) in the out-of-scanner datasets,
revealing a non significant tendency of higher recall rates out-of-scanner (T(39)=1.757,

p=0.087).

EEG DATA-RECORDING
The in-scanner EEG data were recorded from 63 channels in an equidistant montage,

(EasyCap, Herrsching, Germany). An MR compatible amplifier (BrainAmp MR, Brain
Products, Gilching Germany) together with the Syncbox device (Brain Products) was used to
synchronize EEG recordings to the MR scanner clock. Recordings were referenced to Fz and
later rereferenced to average reference (which excluded any noisy channels). Impedances were
kept below 20 k). ECG was recorded by an electrode placed below the left scapula. The signals
were amplified between 0.1-250 Hz and a software filter with a low cutoff of 0.3Hz and high
cutoff of 70Hz applied during acquisition. The EEG data were sampled at 5 kHz with a
resolution of 0.5uV. Cables connecting cap and amplifiers were fixated by adhesive tape to
prevent any additional movement-related artifacts. The same EEG amplifier and caps were used
in both experiments (in-scanner and out-of-scanner). The only differences in recording between
the two datasets concerned specific settings for simultaneous recordings: in the out-of-scanner
data no syncbox was used, data was sampled at 500 Hz with a resolution of 0.5uV, no software
filters were set and no ECG was recorded. During out-of-scanner recordings participants were

sitting upright in front of a computer screen instead of in supine position in-scanner, where
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stimuli were presented on a mirror. Changes in body position have been shown to affect resting
state EEG in higher frequencies (>30 Hz), but not task related changes in lower frequency bands
(Rice, Rorden, Little, & Parra, 2013; Thibault, Lifshitz, Jones, & Raz, 2014).

FMRI DATA RECORDING
After EEG preparation participants were placed in the scanner. Extra padding was

placed surrounding the head of the participants to suppress head movements and discomfort
caused by the EEG cap. Imaging was performed using a 3-Tesla MR head-only scanner (Siemens
Allegra). During fMRI scanning, 2475-2480 whole-brain image volumes, consisting of 34 axial
slices each, were continuously acquired using a standard T2*-weighted echo-planar imaging
(EPI) sequence (repetition time TR=2000 ms; echo time TE=30 ms; flip angle=90° 64x64
matrices; in-plane resolution: 3x3 mm; slice thickness: 3 mm, interleaved slice acquisition).
High-resolution sagittal T1-weighted images were acquired after the functional scans, using a
magnetization-prepared rapid gradient echo sequence (TR=2250 ms; TE=2.6 ms; 1 mm
isotropic voxel size) to obtain a 3D structural scan. To prevent EEG artifacts caused by the
helium pump and internal ventilation of the scanner, both were switched off during the

recordings.

EEG DATA PREPROCESSING
The first preprocessing step for in-scanner EEG data was to reduce scanner-induced

gradient artifacts. The EEGLAB plug-in FMRIB (www.sccn.ucsd.edu/eeglab, (Niazy et al., 2005)
was used to reduce gradient artifacts. Synchronisation of scanner clocks by the syncbox ensured
accurate sampling of the gradient artifact. BCG artifact correction involved two steps: heartbeat
detection and BCG correction. At first, each heartbeat was identified by detecting QRS
complexes in the ECG recording. Heartbeat detection was carried out using the FMRIB
implemented method or AMRI-eegfmri-toolbox (https://amri.ninds.nih.gov/cgi-bin/software,
Liu et al. (2012)). For all but one dataset, the AMRI method provided a higher QRS detection
performance revealed by average QRS-triggered-ECG ERPs and visual single trial inspection.

OBS method was used to reduce the BCG artifact (Niazy et al., 2005).

For analysis of memory encoding effects, encoding phase data from both datasets, in-
scanner and out-of-scanner, were epoched into trials -2.5 to 3.5 sec around item onset to
provide sufficiently long epochs for wavelet analysis. The epoched data was visually inspected,
and trials containing residual scanner artifacts and other idiographic artifacts (channel jumps,
muscle artifacts, noisy channels) were excluded from further analysis. Noisy channels were

excluded in 4 datasets recorded out-of-scanner and in 3 datasets in-scanner, maximally 3
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electrodes were excluded in each of these datasets. Infomax independent component analysis as
implemented in Fieldtrip (www.ru.nl/fcdonders/fieldtrip, (Oostenveld et al., 2011) was applied
to correct for residual artifacts (e.g. remaining gradient and BCG artifacts, eyeblinks, eye
movements, or tonic muscle activity). The maximum number of independent components was
estimated, equaling the number of channels in a dataset (59 to 62 ICs). On average 11.8 ICs were
rejected owing to these residual artifacts in the in-scanner dataset (range: 9-17 ICs), 3.8 ICs were
rejected in the out-of-scanner data (range:1-8 ICs). Remaining ICs were back projected to
channel level. Data was again visually inspected for remaining artifacts and then subjected to
further analysis. In in-scanner data, on average 62.05 hit trials (range 28-113) and 65.21 miss
trials (range 34-115) passed the artifact corrections. Out-of-scanner consisted of an average of
107.55 hit trials (range 56-170) and 82.55 miss trials (range 41-142). Finally, for datasets with

rejected electrodes prior to ICA, those channels were interpolated using neighboring electrodes.

FMRI DATA PREPROCESSING
Image preprocessing and statistical analysis was performed using SPM8 (Wellcome

Department of Cognitive Neurology, London: UK, www.fil.ion.ucl.ac.uk/spm). After discarding
the first images of each session, time series were corrected for differences in slice acquisition
time, and spatially realigned to the first image of the session. The realignment parameters
obtained in this preprocessing step were used to quantify movement in the latter analyses. The
mean functional image was coregistered with the structural image, and all images were then
normalized to the MNI brain (Montreal Neurological Institute, www.mni.mcgill.ca) using the
normalization parameters determined from segmentation of the structural image. As a last step,

images were smoothed with a Gaussian kernel of 8 mm FWHM.

EEG DATA ANALYSIS
For time frequency analysis, data were subjected to a wavelet transform as implemented

in Fieldtrip (www.ru.nl/fcdonders/fieldtrip,). Data were filtered to obtain oscillatory power
between 2 Hz and 30 Hz using wavelets with a 5 cycle length. Resulting data was z-transformed
to the mean power and standard deviation across all trials of each respective frequency band and

channel.

To identify time-frequency clusters showing significant differences between conditions,
a sliding window cluster permutation test was used (for details, see Staudigl and Hanslmayr
(2013)). This procedure was used to analyze memory encoding effects (Figures 4 A&B) and to
analyze power differences between high and low motion encoding trials (Figure 4 C). For each

300 ms x 1 Hz time bin a cluster permutation test, as implemented in Fieldtrip, was calculated
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(Maris & Oostenveld, 2007), which returned a p-value for each bin. To check if significant time
clusters revealed in this analysis, show continuous scalp topography, another cluster

permutation test was performed on the respective time-frequency bin of these clusters.

MOVEMENT MEASURE
A movement measure was calculated using fMRI realignment parameters. In the

realignment procedure absolute displacement in 6 directions (x, y, z translations and 3 rotations:
pitch, yaw and roll) of every MR volume relative to the first MR volume is estimated.
Realignment parameters represent absolute shifts in position relative to the first volume
acquired in a given session. Those absolute position measures can be used to calculate a relative
motion measure for each 2 s (TR) period by subtraction of realignment parameters of
consecutive scans. We combined realignment parameters to a single normalized motion

measure:

(MATLAB code: motion_parameter= zscore(sum((diff(zscore(realignment_parameters))."2),2))),
Both motion types, rotation and translation, exhibited highly similar time courses (Figure 1B).
Albeit theoretically head rotations should cause the biggest artifact by cutting the magnetic flux,
natural human head motion rotation co-occur with translations explaining the similarity
between both measures. Therefore movement collapsed across all 6 motion parameters was used
for all subsequent correlative analyses. To more closely identify the motion patterns related to
the spurious correlations, we additionally report mean relative differences of each realignment
parameter between consecutive scans. This measure is more easily comparable to outputs of
standard SPM analysis pipelines and is referred to as relative translation or relative rotation

(Figure 5).

MOVEMENT ANALYSIS OF EEG DATA
To investigate the relationship of oscillatory power and in-scanner motion, irrespective

of condition, the continuous artifact corrected EEG recording was epoched in 2-second trials
relative to each volume trigger. Trials were epoched from -500 ms to 2500 ms relative to each
volume trigger in order to provide a sufficiently long epoch for wavelet analysis. The resulting 2-
second trials are temporally matched to a certain fMRI volume (i.e. realignment parameter and
motion parameter). The out-of-scanner data was epoched into arbitrary consecutive 2-second
epochs to create a comparable dataset. Those epochs were subjected to time frequency wavelet
analysis specified above. The z-transformed mean power for each 2-s scan interval was
calculated for 5 frequency bands (delta: 2-3Hz, theta 4-8Hz, alpha: 9-12Hz, betal: 13-16Hz,
beta2: 17-20Hz).
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For in-scanner data Spearman’s rank correlation coefficients were calculated between
EEG power and in-scanner motion for each participant, electrode, and frequency band.
Spearman’s correlations were used to prevent outlier driven correlations; furthermore trials with
extreme power values, z larger than 2, were excluded from this analysis. To test, if group level
correlations significantly exceeded zero, and to investigate the scalp topographies of those
correlations, correlation coefficients were first Fisher z-transformed, and then subjected to a
two-stage permutation approach. In a first step Wilcoxon sign-ranked tests were carried out for
each electrode testing if correlation coefficients are different from zero. Then, to correct this
result for multiple comparisons across electrodes a permutation test was employed. The test
used 1000 permutation runs shuffling the sign of the correlation coefficient randomly for each
subject and electrode. After each run, a Wilcoxon-signed-rank test was calculated returning the
number of electrodes showing a significant effect in a randomly distributed dataset. After 1000
permutation runs this procedure yields test distribution of the probability of a given number of
significant electrodes in a sample with random correlations. This distribution was used to

calculate the corrected p-value henceforth referred to a peorr.

FMRI: POWER AND MOVEMENT CORRELATIONS
To investigate correlations of BOLD signals with motion and EEG power several

random-effects GLMs were set up. In EEG-fMRI GLMs theta power was added as a regressor
either throughout the scanning session (GLM-alltheta) or only during encoding trials that
passed stringent artifact correction criteria (GLM-cleantheta). Realignment parameters were
added as regressors of no interest only to GLM-cleantheta. In all other models we strived to
identify effects of motion in the data and therefore omitted realignment parameters from the
GLMs. In each GLM event-related regressors modeling remembered and forgotten trials for
each encoding condition, task block regressors modeling rest periods, free recall periods for
each encoding condition and the distracter task, and session-specific block and drift regressors

were included. GLMs differed only in the specific theta/motion regressor added.

In GLM-alltheta, a theta power regressor was added based on theta power across the
whole experiment including theta power during high motion recall phases. Power irrespective of
motion or other artifacts (after the standard cleaning methods outlined above) was convolved
with the canonical HRF and downsampled to match the 2 s TR and orthogonalized to regressors
modeling task epochs and remembered and forgotten events. In GLM-allmotion a motion
regressor was added based on the combined motion parameter across the whole recording

period. To construct the allmotion regressor the combined movement parameter was z-
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transformed, convolved with the HRF, and orthogonalized to task regressors to avoid regressor
correlations. For GLM-cleantheta, a theta regressor was built by averaging z-transformed power
of all electrodes showing the positive theta encoding effect (see Figure 4A) of all artifact free
encoding trials. These power time courses were concatenated and zeros were added for trials
that did not pass artifact correction. Data during epochs outside of encoding was not considered
(i.e. replaced with zeros). This time series was then convolved with the canonical HRF,
downsampled to match the TR and mean centered to avoid regressor correlations. GLM-
smallmotion was designed to capture only correlations of small motion with BOLD signals. A
motion regressor was added with only motion parameters of scans in which none of the relative
translational movements exceeded 0.2 mm. The analysis was restricted to those small
movements, as those match the small movements that occur during encoding trials (see Figure
5). Motion parameters of those scans were z-transformed and motion parameters with larger
movements were replaced with zeros. The time series were then convolved with the HRF, and

orthogonalized to task regressors to avoid regressor correlations

GLM-cleanalpha and GLM-cleanbeta were matching GLM-cleantheta, except, that in
these models average alpha and beta power respectively was averaged across all electrodes,
convolved and added to the GLM. Non-convolved models were matching GLM-alltheta, GLM-
cleantheta and GLM-allmotion and GLM-small motion except that in the non-convolved (no

convolution with HRF) version of the theta power or motion model were added to the GLM.
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Figure 1: Paradigm and exemplary oscillatory power and motion timecourses (A)
The experiment consisted of 12 study-recall cycles, each of these cycles consisted of an encoding
phase, a visual detection task, which served as a memory distracter, a free recall phase and a
short rest period, in which participants were allowed to relax, move and close their eyes. During
recall participants verbally recalled items presented in the previous encoding phase. Items
during encoding were classified as later remembered or forgotten according to those responses.
(B) Power time courses of different frequency bands and motion during the whole scanning
session of one exemplary participant. EEG closely resembles motion throughout all four task
phases. Task phases are indicated by the shaded background colors matching coloring in (A).
Epochs of interest in this experiment were encoding phases highlighted by green boxes. An
exemplary encoding epoch is highlighted by dashed lines and shown in close-up. Encoding
phases exhibited no exceedingly high motion and only low motion encoding trials that passed
artifact correction highlighted by green boxes passed visual artifact inspection and were
subjected to further encoding analyses.
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RESULTS

Low FREQUENCY POWER AND MOTION IN SCANNER
EEG power in-scanner is largely dominated by head motion throughout all four phases

of the experiment (i.e. encoding, distracter, recall, and rest; see paradigm in Figure 1A). Figure
1B shows how EEG power in all lower frequency bands closely resembles translational and
rotational head motion during the scanning session. This close relationship is especially evident
during the free recall phase, which was not considered a period of interest, due to the high levels
of movement generated by verbal recall. However, motion and power also co-varied during the
low motion encoding phase (highlighted dashed box, Figure 1B). Not all encoding phase data
was analyzed, but only relatively low motion trials that passed visual inspection during artifact
correction (highlighted in light green in Figure 1B, also see Figure 5 for absolute motion values).
Rotational and translational motion measures are closely related and consequently were
combined into one motion parameter in all following analyses. In line with the above single-
subject observations, analysis across all participants revealed that EEG power and motion are
positively correlated across the whole experiment in all lower frequency bands (<20 Hz), even
after exclusion of outlier trials with z-values of power exceeding z>2 (all frequency bands peor
<0.001) and also during the artifact free encoding phase trials, where correlations are smaller but
still highly significant (all frequency bands pcorr <0.001, Figure 2 shows the correlation

topographies).
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Figure 2: Scalp topographies of motion power correlations across frequencies Power
and motion are significantly positively correlated in all lower frequency bands. (A) Topography
plots of Spearman correlation coefficients throughout the scanning sessions (outlier corrected
for power z>2). (B) shows correlation of power and motion for used encoding trials only. Note
that topographies of correlations do not vary across frequency bands. Correlations were more
pronounced on the outermost electrodes resembling a ring like pattern; circles highlight
electrodes showing significant differences. All pcorr"s<0.001

As an assessment of data quality in- and out-of-scanner, mean raw EEG power in-
scanner for all task phases was contrasted with out-of-scanner data. In-scanner data revealed
amplitudes almost 10 times higher compared to out-of-scanner data (see Figure 3A). EEG
power irrespective of frequency band was always highest for the rest and recall (high movement)
conditions, whereas out-of-scanner data show frequency band specific variations across the task
phases. This is especially apparent when controlling for the difference in scaling between
measurements by normalization to the respective mean and standard deviation (Figure 3B). For
example in data recorded out-of-scanner, alpha power (9-12Hz) during the distracter phase, a
visual attention task, is more pronounced than during other phases. Also, during the free recall
phase, when participants spoke, larger suppression of alpha and beta (9-20Hz) is evident
presumably related to motor activity. In-scanner data is lacking these pronounced frequency
specific effects. The differences between these two datasets show that the out-of-scanner EEG
reflects general neurophysiological characteristics of the task whereas in-scanner EEG power

across frequency bands and tasks seems to be largely driven by a common generator. A probable
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common generator is motion, as mean EEG power in-scanner across phases (Figure 3B) closely

resembles average relative motion across all task phases (Figure 3C).
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Figure 3: Mean power and motion across task phases EEG power is highly distorted in-
scanner compared with out-of-scanner. (A) Mean absolute oscillatory power across the different
phases of the experiment plotted for in-scanner and out-of-scanner data. There is a remarkable
difference in scaling: power of inside scanner data is 10 times higher than outside scanner data
(note the order-of-magnitude difference in ordinate scales for in-scanner and out-of-scanner
data). (B) Z-transformed mean power of each task phase reveal that the frequency spectrum in
the out-of-scanner data varies with experimental phase whereas in-scanner data show very little
variation between phases. Mean motion per condition is shown in (C) and highly resembles
mean power per condition in-scanner. Error bars show SEM.
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TASK-RELATED EEG EFFECTS: IN-SCANNER EEG CONTRASTED WITH

OUT-OF-SCANNER EEG
In both datasets, in- and out-of-scanner, memory-encoding effects were analyzed by

contrasting power in frequency bands from 2-20 Hz depending on subsequent memory
performance. This contrast of later successfully remembered and later forgotten trials is usually
termed subsequent memory effect (SME; (Paller & Wagner, 2002). For in-scanner data, a sliding
cluster statistic revealed only positive SMEs, i.e. higher power for later remembered than for
later forgotten trials (Figure 4A). In the theta band (4-7 Hz), two clusters of positive SMEs were
evident from 500 ms before until 500 ms post word onset, and another cluster 1500 - 2500 ms
after word onset (highlighted boxes and topographies in Figure 4A). Importantly, these theta
SME:s in-scanner are in stark contrast to the effects found in the out-of-scanner dataset (Figure 4
B). In this dataset negative memory SMEs in the theta frequency range were found, i.e. less
power for later remembered than later forgotten words. These negative SMEs were evident 500 -
1000 ms and 1500 - 2500 ms after word presentation (Figure 4B). As EEG data recorded outside
the scanner is more reliable, i.e. free of any MR-related artifacts, the positive theta effect in-
scanner seems to be related to artifacts caused by the scanning environment. Notably, negative
as well as positive SMEs in the theta frequency range are in line with a host of recent EEG
studies (see(Hanslmayr & Staudigl, 2014), for a recent review). Of note, the in-scanner theta
effects seemed to be not limited to the theta frequency range but rather appeared to be part of a

unselective power increase ranging from 2-20 Hz.
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Figure 4: Memory encoding effects and motion (A) In-scanner data showed clusters of
significant positive memory encoding effects. (B) In contrast, out-of-scanner data revealed
positive and negative effects. Specifically, effects in the theta frequency range (~4-7 Hz) are
reversed in-scanner compared with out-of-scanner: increases in theta power were found in-
scanner, whereas decreases in theta power were evident out-of scanner to be related to
successful memory formation. (C) Motion during later remembered trials was higher than
during forgotten trials. (D) Resorting the same trials as in (A) not regarding memory
performance, but regarding motion during the trials reveals significant power increases similar
as for in-scanner memory effects. Topography plots in (A), (B) and (D) show theta effects
highlighted in the time-frequency plots above with grey boxes; circles highlight electrodes
showing significant differences. Time-frequency plot show p-values for time-frequency bin that
reveal significant differences between remembered and forgotten trials. Warm colors indicate
increases in power for remembered/high motion trials in contrast to forgotten/ low motion
trials respectively. Error bars show SEM.
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SMALL EVENT-RELATED MOTION CAUSES SPURIOUS EVENT-RELATED

OSCILLATORY EFFECTS
The above analyses show that EEG power in-scanner closely tracks motion artifacts

suggesting motion as potential source of the artifactual task-related theta increases. However,
correlation between motion and EEG power alone cannot explain the reversal of the theta
effects related to task performance (i.e. subsequent memory) between the two datasets. For
motion artifacts to drive task-related contrasts, motion needs to be correlated with memory
formation, which might seem implausible at first. However, analysis of motion parameters
showed that motion was indeed task related (Figure 4C). Specifically, the motion measure
during those encoding trials that passed rigorous artifact rejection was z-transformed and
contrasted dependent on memory performance. Surprisingly, participants very robustly
exhibited more head motion during the encoding of words that were subsequently remembered
compared to forgotten words (T(18)=4.47 p<0.001). Furthermore, in line with our other
findings, splitting encoding trials into high and low motion trials and contrasting their EEG
power, regardless of memory outcome, revealed that head motion and EEG power are indeed
strongly related, with high motion relative to low motion trials inducing EEG power increases,
especially in lower frequency bands (Figure 4D). Additionally, the time-frequency range of high
vs. low motion effects was comparable to the positive SMEs obtained in scanner (comparing
Figures 4A & 4D). The motion induced EEG power increases were present in all frequency
bands. Especially in the theta band, this increase was continuous throughout the whole trial
period (Figure 4D). Together, these analyses reveal that small task-related differences in motion

can cause task-related effects in in-scanner EEG data.

MOTION SHOWING TASK-RELATED DIFFERENCES
Event-related motion causing the spurious “subsequent-memory-effect” in each of the

three translation and rotation dimensions is shown in Figure 5. Relative motion between
consecutive realignment parameters are plotted to show the pattern of event- related motion in
absolute mm and radians comparable to the typical realignment parameter output of fMRI
preprocessing pipelines. In general, motion during encoding - even before excluding artifactual
trials - was small (Figure 5A). Average motion in trials that passed visual inspection during
preprocessing (Figure 5A, red and blue bars) is even lower than in trials before artifact
inspection and rejection (Figure 5A, green bars) demonstrating that visual artifact correction of
EEG data also implicitly reduces the magnitude of motion in the remaining data. Mean motion
in each translation and rotation dimension is higher for successfully encoded trials in contrast to

later forgotten trials (Figure 5A red compared with blue). To assess the statistical significance of
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this effect, mean motion of z-transformed relative motion in each motion dimension was
calculated for hits and misses and subjected to a repeated measurement ANOVA with factors
motion direction and memory. The ANOVA showed no significant interaction (F(1,18)=1.343),
no significant main effect of motion direction (F(1,18)=1.250) but a significant effect of memory
(F(1,18)=6.617; p<0.05) indicating a memory effect for motion that was unspecific to any given
movement direction. Albeit qualitatively the biggest memory related differences in motion were
found to be related to a z translation (Figure 5A, red compared with blue). Figure 5B shows the
distribution of this motion parameter (z-translation) for each participant and trial, which
reveals that mean relative motion across all used trials and participants did not exceed 0.1 mm
with the majority of movement being below 0.2 mm. This latter result shows that the task
related effect was driven by movements that were small in magnitude but which consistently
correlated with memory (as opposed to a few large movement outliers driving the effect). One
would expect that motion increases across the recording session and that such an increase in
motion across trials might explain the reported task related effect. Importantly, differences in
motion between remembered and forgotten trials were not related to difference in position of
the trials in the recordings. Indeed, the higher motion remembered trials tended to occur on
average even earlier (M=1152 scan, std =180) than the lower motion forgotten trials (M=1199

scan, std=209), albeit this difference was not significant (T(18)=-1.244, p>0.2).
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Figure 5: Overview of the relative motion during encoding (A) shows relative motion in
all 6 motion dimensions (x, y, z planes for translation and rotation) during all of the encoding
epochs (green bar) and for all trials used in memory effects analysis and EEG power-fMRI
correlations (blue and red bars). To highlight memory related motion differences trials are split
into remembered (red) and forgotten (blue) trials. (B) Distributions of relative translational
motion in the z direction, the direction showing the largest relative movements. The median
motion is highlighted in the center of the boxplots, borders of the rectangle signify the
respective first and third quartile. Note that all relative motion is below 0.5 mm and all average
motion is below 0.1 mm.

MOTION CAUSES SPURIOUS EEG-FMRI CORRELATIONS
Next, we were interested in whether motion can also introduce spurious EEG-fMRI

correlations. This is a highly relevant question given that EEG-BOLD correlations are the major
motivation of most multimodal imaging studies (Hanslmayr et al., 2011; Mantini, Perrucci, Del
Gratta, Romani, & Corbetta, 2007; Scheeringa et al., 2011). To this end EEG time courses are
usually convolved with the HRF. Therefore it is important to elucidate if motion driven
correlations with the fMRI data are also evident after convolution with the HRF. To test for this
possibility, BOLD signals were separately correlated with convolved EEG power and convolved

motion.
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In a first step, we were interested in the general pattern of convolved motion-BOLD
correlations including high motion task phases, and whether EEG-BOLD correlations follow the
same pattern. For this analysis theta power and motion parameters throughout the scanning
session were convolved and put as regressor of interest in two separate GLMs (GLM-alltheta
and GLM-allmotion). Both continuous theta power and motion regressors showed widespread
negative BOLD correlations in largely overlapping areas (Figure 6A, p<0.001, clustersize>10, see
SI Table S1), especially in regions that are known to be susceptible to artifacts, like the ventricles
and areas on tissue borders. However, strong negative correlations were also obtained in regions
relevant to cognitive processes: medial frontal, medial- and lateral-parietal regions. This
demonstrates that convolved EEG power and convolved motion indeed correlate with fMRI and

that these correlations largely overlap.

These first BOLD-motion/EEG correlations identified similarities between
motion and EEG correlations. However, including highly artifact loaded data (i.e. EEG data
during the recall phase) does not resemble typical analysis pipelines. A more relevant question
thus is if motion can also produce spurious correlations after stringent, state-of-the-art removal
of data containing artifacts. A second set of GLMs was constructed to explore if the impact of
motion on EEG and BOLD signals is large enough to also drive theta-BOLD correlation during
a standard analysis pipeline. A theta GLM (GLM-cleantheta) was designed, including only
convolved theta power of encoding trials that survived rigorous artifact removal. To further
control for movement related artifacts, realignment parameters were added to the GLM-
cleantheta. Matching this more conservative approach of correlating theta and BOLD signal, a
second motion GLM was setup to investigate the correlation of small movements with the
BOLD signal (GLM-smallmotion, only including motion not exceeding 0.2mm in any of the
translational dimensions throughout the scanning session). The results of this analysis still
revealed a similar motion driven pattern as the previous analysis (Figure 6B, Table S2). Theta
power during encoding still correlated negatively with BOLD signal predominantly at medial
locations (cyan areas, Figure 6B, p<0.001, clustersize>10), areas that also show a strong overlap
with areas correlating with motion (Figure 4B, white areas). Lowering the statistical threshold to
P<0.005 reveals that theta-BOLD correlations show a rim structure at frontal coronal slices and
in axial slices (Figure 4B green areas) and exhibit larger overlap with motion-correlated areas
(Figure 6B, yellow and white areas). Importantly, the correlations shown in green and cyan
could easily pass as physiologically plausible correlates of medial frontal theta power (Cohen,

2014). Clusters showing positive correlations between motion and BOLD signals, and theta and
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BOLD signals, are reported in Figure S1B. These positive correlations were predominantly

found in areas related to voluntary movements such as the precentral gyrus and the cerebellum.

Negative BOLD signal x theta correlation throughout scanning period

BOLD x theta power
p<0.001

B BOLD x motion
Overlap

BOLD x theta power
p<0.005

BOLD x theta power
p<0.001

B BOLD x motion <0.2mm
Overlap:

theta p<0.005 & motion
[ theta p<0.001 & motion

Figure 6: Negative EEG-BOLD signal and negative motion-BOLD signal correlations.
Correlating convolved continuous theta power throughout the scanning session resulted in large
overlap with areas correlating with convolved motion parameters throughout the recording,
including high motion periods (A). Areas shown in green are significantly negatively correlated
with theta power and areas shown in red are significantly negatively correlated with convolved
motion regressor, areas in yellow indicate the overlap of these effects. (B) Correlations of
convolved continuous theta power restricted encoding phase trials (different statistical threshold
in cyan and green respectively) that passed artifact correction still showed an overlap (yellow)
with areas exhibiting significant correlation with small movements (red). See figure S1 for
unconvolved EEG-BOLD correlations, alpha/beta band EEG-BOLD correlations, and positive
EEG/motion BOLD correlations.
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Above we show that power across all frequency bands (<20 Hz) correlates with motion,
therefore similar power-BOLD correlations were expected for alpha (8-12 Hz) and beta (13-20
Hz) frequency ranges. Accordingly, a GLM-cleanalpha and a GLM-cleanbeta were set up,
matching the GLM-cleantheta. Indeed, the results of this analysis resembled the correlation
patterns as obtained for theta (see Figure S1A, Table S3). Further control analyses investigated
the nature of the convolved motion/power correlations by comparing models with convolved
regressors to results of non-convolved models (Figure S1 C&D, Table S4 & S5). These models
reveal that correlations with non-convolved regressors, including periods of large movements,
match and exceed correlations with convolved regressors. This observation suggests that
correlations observed with convolved regressors are, at least in part, due to a prolonged motion
artifact. Likely spin history effects, induced during large movements cause a prolonged signal
change in the EPI data appearing to be a BOLD signal change in the GLM with the convolved
regressors (see Figure S1C). During small motion however, stronger correlations were found in
convolved models, suggesting that correlation of power during small motion periods is only
partially, if at all, linked to spin history MR motion related artifacts, but more related to neural
activity that correlates with motion or physiological vascular correlates of motion (Bright,

Whittaker, Driver, & Murphy, 2015), see Figure S1D, Table S5).

Finally, to demonstrate that the reported correlations are due to specific time-locked
motion-BOLD and EEG power-BOLD correlations, as opposed to unspecific differences in
motion or power, null models were set up resembling GLM-allmotion and GLM-alltheta with a
randomized theta power and motion parameters timeseries convolved with the HRF. In these

null models, no cluster exceeded a p<0.001, clustersize>10 threshold.
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DIsSCUSSION

This study demonstrates that movement related artifacts in simultaneous EEG-fMRI
induce spurious effects in EEG data, but also spurious EEG-BOLD correlations. Movement in
the MR scanner is positively correlated with amplitude increases in simultaneously recorded
EEG, even during low motion epochs. This tight relationship between movement and EEG
results in motion causing spurious EEG-fMRI effects in a twofold manner: in the magnetic field
of the scanner, tiny differences in event-related motion between task conditions can (i) produce
spurious task-related effects in EEG data that can be in stark contrast to task-related effects out-
of-scanner, and (ii) elicit spurious EEG-BOLD correlations by introducing motion-related

artifacts concurrently in EEG and fMRI data.

In our case, small task correlated differences in motion during a memory task
introduced artifacts strong enough to reverse memory related theta effects (Figure 4).
Furthermore, convolving theta power with an HRF before correlating it with the measured
BOLD series, an analysis commonly carried out to reveal mutual generators of hemodynamic
fMRI effects and electrophysiological oscillatory effects, exhibited results closely matching
correlations of motion with BOLD signals. In the presence of even only small motion in the
data, EEG-BOLD correlations do thus not reveal neural activity related to brain oscillatory
power, but exhibit motion related changes present in EEG and fMRI. Importantly, these motion
driven EEG-BOLD correlations were obtained using a standard analysis pipeline after
convolving timecourses with the HRF, employing motion correction, and without exceedingly

high motion in the data (mean relative motion below 0.05 mm, see Figure 5).

Alarmingly, the presented pattern of spurious motion related EEG-BOLD effects could
easily pass as neurophysiological plausible results. The relationship of theta oscillatory power
and successful memory formation remains controversial, as opposing effects are reported by
recent studies (Hanslmayr & Staudigl, 2014). Only artifact free, out-of-scanner control data
rendered the in-scanner theta effects and fMRI correlations implausible, and prompted us to
conduct an in-depth analysis of motion during scanning which revealed the cause of this
spurious theta power increase. BOLD-motion/power correlations were significant in areas
typically thought to exhibit motion effects such as ventricles, regions at the rim of the cortex, but
also in parietal cortex and in midline regions (Lemieux, Salek-Haddadi, Lund, Laufs, &
Carmichael, 2007) (Figure 6). The spurious correlations between theta power and frontal
midline regions we report do, however, fit with the hypothesis of medial frontal cortex

generating theta oscillations (Cohen, 2014), which could easily lead to misinterpretation of our
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data. Several published simultaneous EEG-fMRI studies investigating correlations of theta
power and BOLD signals have reported similar negative correlations in frontal midline regions
(Sammer et al., 2007; Scheeringa et al., 2009; White et al., 2013). The pattern of negative
correlations of low frequency power with BOLD signals in several cortical areas, reported here,
would also be in line with prior work suggesting a negative relationship of low frequency power
and BOLD signals (Hermes et al., 2014; Mukamel et al., 2005; Zumer et al., 2014). This
resemblance of spurious correlations with physiologically expected effects is a serious problem
for simultaneous EEG-fMRI studies trying to unravel the relationship of BOLD signals and

electrophysiological activity.

Even very small movements, generally not considered problematic in fMRI studies,
correlate positively with increases in EEG amplitudes. During the encoding phase, task-related
average motion differences smaller than 0.0lmm between successfully encoded trials in contrast
to forgotten trials (see Figure 5) caused spurious task related EEG power increases. An open
question is: What kind of motion caused this effect? The very small magnitude of the motion
during the encoding phase indicates that these effects might rather be related to physiological
motion than voluntary head movements. Negative EEG-BOLD correlations even exceeded the
negative motion-BOLD correlations in t-values and spatial extent, demonstrating that EEG can
provide a more sensitive motion measure than the realignment parameters (Zotev, Yuan,
Phillips, & Bodurka, 2012). Realignment parameters are considered to provide a very high
spatial resolution up to 100 um (Friston et al., 1996). However, they possess a very low temporal
resolution (in the present case 2 seconds). Consequently, the combined motion measure as a
derivative of the realignment parameter is insensitive to rapid, periodical movements, which
would still produce artifactual increases in EEG power. Such a rapid, periodical movement for
example is caused during each heartbeat, as each heartbeat causes a small nodding movement

with velocities up to 0.5 mm per second (Mullinger et al., 2013).

This capacity of EEG to capture physiological motion of very small magnitude links the
presented results to research focusing on the influence of physiological measures on fMRI.
Several studies have shown that physiological noise related to respiration and heart-rate
variability correlates with cognitive tasks (Birn et al,, 1999; Birn, Murphy, Handwerker, &
Bandettini, 2009; Ent, Braber, Rotgans, Geus, & Munck, 2014; Park et al., 2014; Vlemincx,
Taelman, De Peuter, Van Diest, & Van den Bergh, 2011) and elicits prolonged negative
correlations with BOLD signals - especially in midline areas (Birn et al., 2009; de Munck et al.,

2008; Ent et al., 2014; Shmueli et al., 2007). Furthermore, task related changes in physiology can
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produce BOLD signal changes in vascular networks mimicking neuronal network activations
(Bright et al.,, 2015). An fMRI study, similarly focused on memory encoding as the present
study, showed that respiration is phase-locked to item presentation (Huijbers et al., 2014). This
respiration phase-locking was stronger for later remembered in contrast to later forgotten items.
Interestingly, respiration also predominantly correlates with BOLD effects in midline regions
(Birn, Diamond, Smith, & Bandettini, 2006; Huijbers et al., 2014), resembling the spatial pattern
of motion-related correlations in the present results. Our results show that such small
physiological motion, which in event related fMRI does not cause spurious activation (Birn et
al., 1999), can dramatically drive effects in simultaneous EEG-fMRI. Future research needs to
investigate respiration and other physiological measures (e.g. end-tidal CO;) and measure head
motion directly to reveal the source of these movements, thus inspiring development of

methods to control for these artifacts.

At first glance it is surprising that negative motion-BOLD/EEG-BOLD correlations
were obtained after convolving with the canonical HRF. Correlations of convolved motion with
BOLD signals have been rarely reported (however, see (Jansen et al., 2012)). Commonly, one
would expect that motion related artifacts immediately affect BOLD signals and therefore
motion artifacts would be omitted by effectively delaying the response ~5sec by convolving the
motion timecourse with the HRF. However, the effects of large motion are indeed prolonged
enough to exhibit a similar, albeit weaker, correlation with BOLD signal after convolution.
Negative correlations of non-convolved large motion shown in the supporting material (Figure
S1C) reveal similar effects as after convolution in typical motion artifact prone regions. Similar
widespread artifactual negative correlations between head motion and fMRI have consistently
been found (Satterthwaite et al., 2013; Yan et al., 2013) and motion can induce artifacts lasting
up to 10 sec (Power et al., 2014). Convolving power timeseries therefore does not prevent

motion driven spurious correlations.

Correlations of convolved power and motion seem not only to be related to motion
artifacts but are also found in regions involved in planning and executing motion like the motor
cortices and the cerebellum. Those regions exhibit mainly positive correlations and in contrast
to the motion artifacts are only evident after convolution (Figure S1B) and may reflect neural
origins of motion, as previously suggested (Yan et al., 2013). Another striking pattern, which
emerges especially when correlating power or motion during low movement phases, is an
apparent resemblance with resting state networks (Fox & Raichle, 2007). Negative correlations

with resting state networks might arise because lower motion periods could indicate periods of
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low task involvement and consequently decreases in motion might indicate increases in resting
state related activity. An alternative, and more likely, explanation is that these network regions
are also prone to exhibit cardiorespiratory related correlations (Birn et al., 2006; Shmueli et al.,
2007; van Buuren et al.,, 2009). Therefore, EEG as a very sensitive measure of voluntary and
physiological motion could reveal similar correlations with the default mode network as
cardiorespiratory measures. Together, our reported EEG-BOLD correlations seem to be more
directly connected to motion and not to cortical activity connected to brain oscillatory
responses. We hypothesize that when large movements are present, the correlations that we
observe are primarily driven by voluntary movements (e.g. speech) causing MRI artifacts, such
as spin history effects, as significant correlations are observed in wide-spread areas without
convolution of the EEG/motion regressor with the HRF. However, when only small movements
are present we suggest the primary driver of the correlations that we observe are physiological in
origin, i.e. related to changes in respiration with task, since little correlation is observed without

convolution with the HRF.

Motion in simultaneous EEG-fMRI recordings also impacts on the success of the
gradient and BCG artifact correction, which is an additional undesirable impact of motion on
data quality. Specifically, movement changes the shape and amplitude of the gradient and BCG
artifacts in EEG because of the changed position of electrodes in the magnetic field.
Consequently, artifact templates do not explain the individual artifact occurrences well,
resulting in a less accurate correction. Increased residual BCG artifacts caused by motion can, at
least in part, explain the prolonged increases in the theta frequency activity during high motion
trials (Figure 4D), as the BCG artifact shows highest amplitudes in the theta frequency range
(LeVan et al., 2013). The OBS method used in this study (Niazy et al., 2005) allows for temporal
variations in BCG artifact by fitting an optimal basis set to the data, but still assumes spatial
stationarity. Average artifact subtraction methods that are widely used are theoretically even less
adapted to account for variability in artifacts. Considering motion in-scanner might therefore

also be the key to improve gradient and BCG artifact correction.

The relationship between motion and EEG power might explain the lack of distinct
correlation patterns found between specific frequency bands and BOLD responses (de Munck,
Goncalves, Mammoliti, Heethaar, & Lopes da Silva, 2009; Lavallee, Herrmann, Weerda, &
Huster, 2014; Mantini et al., 2007), the lack of correlation of oscillatory EEG power in task-
active regions (Ritter, Moosmann, & Villringer, 2009; Scheeringa et al., 2009), and the high

variability in correlation patterns across participants (de Munck et al., 2007; de Munck et al.,
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2009; Goncalves et al., 2006; Laufs et al., 2006; Meyer, van Oort, & Barth, 2013). In particular, we
suggest that EEG-fMRI studies investigating the relationship between oscillatory EEG power
and BOLD responses in resting state are particularly susceptible to spurious correlations, since
in resting state studies, continuous power time series are typically correlated with BOLD time
series similar to the analysis presented here. In contrast, the common approach of including
trial-based average power as a task-specific parametric modulator in the fMRI model (Debener
et al., 2006; Hanslmayr et al., 2011; Scheeringa et al., 2009; Zumer et al., 2014) could reduce the
impact of motion as long as motion is not task correlated. Therefore one important implication
of our results is to avoid correlations of EEG power with fMRI data unless there is evidence that

the EEG power measures are not related to movement.

However, correlating continuous EEG and fMRI measures is difficult to avoid when
investigating ongoing effects, and can provide high power to detect effects of interest. An
interesting solution to control for motion on EEG-fMRI data is to record motion co-registered
to EEG recordings with a sufficiently high sampling rate. Recently, several motion-recording
approaches have been proposed (Abbott et al., 2014; Chowdhury, Mullinger, Glover, & Bowtell,
2014; LeVan et al.,, 2013). Currently none of these methods are used in standard EEG-fMRI
setups or are validated in measurements of oscillatory activity during cognitive tasks. Using such
techniques will likely improve the validity of reported EEG-fMRI results. Post-processing
methods already available may also be of some help in addressing this problem. One potentially
powerful de-noising strategy is beamforming, as separating spatial sources of the EEG signal is
an efficient artifact removal strategy (Brookes et al., 2009; Zumer et al., 2014). This approach has
the advantage for motion correction by not assuming spatially stationary sources, unlike ICA

approaches, but does not lend itself to analysis of all types of EEG data(Brookes et al., 2009).

An approach that has been used for EEG-fMRI analysis is to remove outliers from the
EEG power time series (Sadaghiani et al., 2010; Scheeringa et al., 2009; Yuan, Zotev, Phillips, &
Bodurka, 2013) from any regressors created. However, these studies set quite liberal thresholds
for outlier removal of 4 or 5 standard deviations above the mean, which is not effective to
prevent correlations with motion (Figure 2). Outliers can also be determined by applying a
threshold to data on the basis of realignment parameters. For instance, one of the first EEG-
fMRI studies correlating continuous alpha power with BOLD changes excluded all scans with
motion exceeding a threshold of one standard deviation above the mean (Goldman et al., 2002).
A similar approach of censoring motion scans has been demonstrated as a useful approach in

resting state fMRI studies (Power et al., 2014) and event related fMRI designs (J. S. Siegel et al.,
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2014). However, our results suggest this is not stringent enough when considering EEG-BOLD
signal correlations when motion may be correlated with the task due to anything from voluntary
movements to a change in breathing. Despite all potential clean up techniques the gold standard
to validate EEG effects obtained in the scanner is still contrasting in-scanner EEG data with data
recorded outside of scanner. This is especially important for the low frequency range up to 20
Hz, in which motion and other artifacts are most pronounced during simultaneous recordings

(Masterton, Abbott, Fleming, & Jackson, 2007).

CONCLUSION
Simultaneous EEG-fMRI undoubtedly is a highly useful research tool, which could

provide important insights into countless research questions. However, poor data quality of
simultaneously recorded EEG, especially due to motion induced artifact, is still a major
limitation for simultaneous EEG-fMRI studies. Preventing motion and controlling results for
motion is therefore an important step in acquiring valid results. Artifacts related to small head
motion that would be negligible in each modality alone, cause spurious results that are difficult
to separate from real neurophysiological effects. Tools to record motion in the scanner and
artifact correction methods incorporating those measures might be the key to reliable EEG-

fMRI correlations in future studies.
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STUDY 4: SPECTRAL FINGERPRINTS OF MEMORY
ENCODING: MATERIAL SPECIFIC AND MATERIAL

UNSPECIFIC SUBSEQUENT MEMORY EFFECTS

The formation of a memory relies on two processes: the processing of
to-be-encoded material in the cortex and the binding of these representations to
a memory trace in medial temporal lobes. Contrasting activity during encoding
depending on subsequent memory (i.e. remembered vs. forgotten) consequently
represents activity related to cortical information processing as well as activity
related to medial temporal lobe binding mechanisms. To disentangle these
effects, the present study contrasts oscillatory memory encoding effects during
word and unfamiliar face encoding in MEG and iEEG recordings. Processing of
words and faces is well known to elicit activity in dissociable areas: left
lateralized fronto-temporo-parietal regions for semantic word processing and
right ventral occipito-temporal areas for processing of distinct visual features of
unfamiliar faces. Decreases in alpha/beta power were found to index processing
of faces and words in the predicted word and faces areas. These alpha/beta
decreases specifically tracked successful encoding of words, whereas successful
encoding of faces was related to visual gamma increases. Material unspecific
memory encoding effects were found in the theta frequency range: theta
decreases pre- and poststimulus were related to successful encoding for words
and faces. These results imply that indeed typically reported memory encoding
effects present a mix of concurrent activity of neural networks with dissociable
spectral fingerprints: successful encoding of visual features is reflected in local
gamma power increases, whereas semantic processing is related to alpha/beta
power decreases, material unspecific memory binding is reflected in theta

decreases.
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INTRODUCTION

Despite the hypothesized important role of oscillatory activity in neural processing
(Buzsaki & Draguhn, 2004) and specifically in memory encoding (Buzsaki & Moser, 2013; Fell &
Axmacher, 2011; Hanslmayr & Staudigl, 2014; Watrous et al., 2015) only few studies so far have
carried out experiments to disentangle the role of different frequency bands during memory
formation. Studies investigating oscillatory memory encoding effects usually contrast activity
during encoding depending on subsequent memory, commonly termed subsequent memory
effects (SME, Paller and Wagner (2002)). Typically these memory encoding studies report
decreases in low frequency power up to ~30 Hz and increases in high frequency power from ~40
Hz to 100 Hz to correlate with successful memory encoding (Burke et al., 2014; Burke et al.,
2013; Greenberg et al., 2015; Guderian et al., 2009; Long et al., 2014; Osipova et al., 2006). An
open question remains whether these decreases in low frequency power and increases in high
frequency power are an unspecific general marker of neural activity (Burke et al., 2015; Miller et
al., 2014; Voytek & Knight, 2015) or if specific frequency bands index activity in specific neural
networks thereby serving as spectral fingerprints of specific cognitive processes in the service of

memory encoding (M. Siegel et al., 2012; Watrous et al., 2015).

According to computational memory models, i.e. complimentary learning systems, a
division of labour is proposed between the cortex and hippocampus (Mcclelland et al., 1995):
the processing of the to-encoded-information, which is commonly considered to involve
cortical activity and the binding of this distributed cortical representation to a complex spatio-
temporal memory trace, which is typically linked to medial-temporal lobe activity, specifically
the hippocampus (Eichenbaum, 2000; Nadel et al, 2000; Staresina & Davachi, 2009).
Consequently, subsequent memory effects (SME) as a contrast between subsequently
remembered and subsequently forgotten items reflect both processes: cortical processing of the
stimulus material and stimulus independent medial temporal lobe activity. Medial temporal
lobe connected memory binding processes have been extensively studied (Fell et al., 2001;
Staresina & Davachi, 2009; Staudigl & Hanslmayr, 2013). Theta oscillations in the MTL are
assumed to be crucially involved in memory binding mechanisms (Buzsaki & Moser, 2013;
Lisman & Jensen, 2013). In contrast, alpha/beta and gamma power are commonly reported as a
correlate of cortical information processing (Fries, 2009; Hanslmayr, Staudigl, et al., 2012; M.

Siegel et al., 2012), however their role in memory encoding remains to be studied.

From fMRI studies it is well known that encoding of different materials leads to activity

in dissociable cortical networks: for example encoding of verbalizable material in contrast non-
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verbalizable material (e.g. faces) is related to increased BOLD activity in areas involved in
semantic processes (Golby et al., 2001; Kelley et al., 1998; Kim, 2011). From previous cognitive
studies it is known that encoding of words and unfamiliar faces is supported by different
cognitive operations: extensive semantic processing enhances memory for words (Craik &
Lockhart, 1972), whereas encoding of unfamiliar faces profits from distinct coding of visual
features (Sporer, 1991; Winograd, 1981). Brain oscillatory activity related to distinct cortical
information processing should therefore vary with the type of to be encoded material, whereas
brain oscillatory activity related to MTL memory binding should not differ depending on

material.

To investigate if memory related oscillatory activity in different frequency bands indeed
reflects spectral fingerprints of differing neural networks, we measured oscillatory power during
word and face encoding in MEG and in intracranial recordings (see Figure 1A). As alpha/beta
decreases and gamma increases have been linked to cortical information processing (Fries, 2009;
Hanslmayr, Staudigl, et al,, 2012), we expected that SMEs in these frequency bands vary
depending on the type of to-be-encoded material. Theta oscillatory activity during memory
encoding is usually being linked to MTL processes (Buzsaki & Moser, 2013; Ekstrom &
Watrous, 2014; Hanslmayr & Staudigl, 2014) and has been found in previous studies to not vary
depending on the encoding task (Fellner et al., 2013; Fellner et al., submitted). Therefore theta

SME:s should be related to material unspecific memory binding processes.
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Figure 1: paradigm and behavior

(A) Paradigm. The experiment was split in two blocks: a word block and a face block.
During each block participants were presented with to-be-encoded items, which they rated
regarding pleasantness. Encoding was followed by a short distractor phase and the recognition
phase. During recognition items presented previously were presented mixed with new items and
participants had to rate on a 6-point confidence scale the items as old or new. The paradigm was
slightly adapted for the iEEG patient sample, i.e. less items were presented, and each item was
presented with a longer duration (B) & (C) Behavioral performance in the MEG dataset and
iEEG dataset. ROC curves show memory performance for faces and words. On x axis percentage
of a ratings to new items is plotted (i.e. false alarm rate), y- axis shows percentage of ratings for
old/previously-encoded items (i.e. hit rate), error bars plot SEM. A left upward shift of the ROC
indicates better recognition performance, i.e. more hits and less false alarms.
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METHODS AND MATERIAL

PARTICIPANTS
Thirty-two volunteers participated in the MEG experiment, they were compensated

either with course credit or 10 €/hour financial compensation. All of the participants gave
written informed consent before the experiment, which was approved by the ethics committee
of the University of Konstanz. Data from eleven participants had to be excluded because of low
trial numbers in one of the conditions after excluding EEG artifacts and trials with early
response button presses (>30 trials), one dataset had to be excluded because of a erroneous
headshape, resulting in a sample of twenty subjects used in analysis. Participants in the
remaining sample were aged between eighteen to thirty-three years (M=23.5), fourteen
participants were female. All subjects spoke German as their native language, reported no
history of neurologic or psychiatric disease, and had normal or corrected to normal vision. All
participants gave their written informed consent, and the experimental protocol was approved

by the local ethical review board.

Additional twenty-two patients with pharmaco-resistant epilepsy who had been
implanted with intracranial electrodes for diagnostic purposes volunteered to participate in a
matching memory encoding study. Data of seventeen patients was recorded at the University
Hospital Erlangen, data of five patients was recorded in cooperation with University College
London at the National Hospital for Neurology & Neurosurgery. Data of eight patients was
excluded from reported analyses, due to either technical problems during recordings,
insufficient memory performance or no electrodes in one of the regions of interest. In the
remaining dataset of fourteen patients nine patients were native German speaker, four native
English speaker, and one Slovenian. Word material and instructions were translated

accordingly.

PARADIGM
In the MEG sample every participant had to complete two task blocks: one block

consisting of word encoding and recognition and another block consisting of encoding faces
and face recognition. During encoding phase participants were presented with the 176 to-be-
encoded items and were instructed to judge each item for pleasantness on a 1-6 scale.
Participants were told that judging pleasantness facilitates later memory performance. Before
the real encoding phase started participants had to complete a short practice phase (4 trials)
resembling the encoding phase to familiarize them with the paradigm. Each encoding item (face

or word) was presented for 1.5 sec followed by a 1sec response interval, between trials a fixation
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cross was shown with a variable length (1-1.5sec), in total 176 items were presented. The
encoding phase was followed by a distractor task in order to prevent working memory
contributions to the memory test. The distractor task was a variation of the inattentional
blindness task as used in (Hanslmayr, Backes, et al., 2013). During the recognition phase all 176
old items of the encoding phase were presented intermixed with 88 new items, not previously
shown. Participants were instructed to give confidence ratings ranging from 1, very sure old, to
6, very sure new. In contrast to binary yes/no ratings, this graded confidence ratings provide a

more fine grained scale of memory performance.

During both task blocks MEG was recorded, responses were given using two response
boxes with 3 buttons placed on the right and left side of the body. Word material was drawn
from the MRC Psycholinguistic Database (Coltheart, 2007), translated into German and
separated in three lists of equal length matched for word length, frequency, concreteness and
imageability and according to pleasantness ratings acquired in a pilot study. Faces were drawn
from several face material databases. All face stimuli had an emotionally neutral expression and
were presented in black and white on a black background. Face material was similarly divided in
three sets matched for gender, approximate age, hair color and piloted pleasantness rating. Two
subsets of material (faces, words) were used as to-be-encoded material and one subset was used
as new material during recognition. Material was randomized for each participant, and
counterbalanced across participants. Order of word and face block and response hand use was

also counterbalanced across the sample.

The paradigm for intracranial implanted patients was slightly adapted to match the
clinical setting and the cognitive abilities of the patients. To this end the paradigm was
shortened to 100 items during each encoding block. During recognition these 100 old items
were presented with 50 new items. The presentation was self paced, items were presented for 2
sec instead 1.5 in the MEG, and the response screen was shown until a response button was
pressed. Due to the test setting in the hospital bed response hand use was not controlled, as

flexible response hand use was not always possible.

ROC ANALYSIS
An ROC approach was used to analyze recognition data. A recognition memory test can

be conceptualized as a variation of a signal detection task, therefore ROC analysis can be used
for in-depth analysis of the data. A single process unequal variance model was fitted to the data
to obtain bias free measures of memory strength (Spitzer & Bauml, 2007; Wixted, 2007) and

classify hits and misses relative to individually defined neutral response criterion for MEG/iEEG

112



STUDY 4: SPECTRAL FINGERPRINTS OF MEMORY ENCODING: MATERIAL SPECIFIC AND
MATERIAL UNSPECIFIC SUBSEQUENT MEMORY EFFECTS

analysis (for details of fitting procedures see (Fellner et al.,, 2013; Hanslmayr et al., 2009)). In
short, this approach assumes that memory strength can be modeled by separate normal
distributions for new and old items, i.e. each memory strength has a certain probability to be
elicited by a new or old word. The distance d’ of the mean of these distributions yields a bias free
measure of memory strength. The model assumes that subjects respond with a certain
confidence rating i, whenever their subjective memory strength exceeds a certain criterion ci.
The crossover of the distributions of new and old items represents the point of the neutral
response criterion because this point represents the memory strength that has an equal
probability to be elicited by new and old items. An item that during recognition received
confidence rating i was classified as a hit if the corresponding estimated criterion ¢; was higher
than the individually estimated neutral criterion, otherwise the trial was classified as a miss. As
demonstrated previously this procedure enhances signal to noise ratio by taking into account

individual differences in the use of confidence ratings (Fellner et al., 2013).

MEG RECORDING AND PROCESSING
MEG was recorded with a 148-channel whole-cortex magnetometer (MAGNES 2500

WH, 4D Neuroimaging, San Diego, USA) in a magnetically shielded room, while participants
were in a supine position. Data were continuously recorded at a sampling rate of 678.17 Hz, and
bandwidth of 0.1-200 Hz. The participants’ nasion, left and right ear canal, and head shape were

digitized prior to each session with a Polhemus 3Space Fasttrack.

All analyses were carried out running under MATLAB (The MathWorks, Natick, MA)
using self written scripts and fieldtrip toolbox (www.ru.nl/fcdonders/fieldtrip, (Oostenveld et al.,
2011)). Data of the encoding phases were epoched in trials -1.5 to 3 sec around each item onset
during encoding. Data was visually inspected. Idiographic artifacts (channel jumps, muscle
artifacts, noisy channels) were excluded from further analysis. Infomax independent component
analysis was applied to correct for residual artifacts (e.g. eyeblinks, eye movements, heart beat
related activity or tonic muscle activity). On average 105.8 word hit trials (SD=18.7, range: 75-
129), 51.6 word miss trials (SD=18.4, range 31-88) and 85.8 face hit trials (SD=17.3, range: 39-
111) and 71.8 faces miss trials (M=71.8, SD=18.0, range: 49-111) passed artifact correction and

were used for further analysis.

Data was filtered to obtain lower frequency oscillatory power between 2 Hz and 30 Hz
using wavelets with a 5 cycle length, resulting time-frequency data was smoothed with a
Gaussian kernel (FWHM 200ms and 2 Hz) to control for inter-individual differences and to

control for the time-frequency resolution trade-off across frequencies. To obtain higher
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frequency oscillatory power in the gamma range (40-120 Hz) a multi-taper approach was used
with a 300 ms window and a spectral smoothing of 10 Hz resulting in the use of 5 tapers.
Resulting data was z-transformed to the respective mean and standard deviation across channels
for every time-frequency bin separately for word and face trials. The data was therefore
normalized across channels (not time) in order to maximize sensitivity towards topographical

differences between conditions.

Source analysis was carried out using a linearly constrained minimal variance (LCMV)
beamformer (Van Veen et al., 1997), calculating a spatial filter based on the whole length of all
trials, with each trial bandpass filtered in the frequency range of interest. Individual structural
MR images were aligned into the MEG sensor coordinates using NUT-MEG (Dalal et al., 2004).
Individual single-shell headmodels (Nolte, 2003) were constructed using structural MRs of each
participant. The brain was divided in 10 mm grid voxels and normalized to the MNI brain using
a warping procedure. The source time-course for each grid point was calculated and subjected
to a wavelet analysis. As the beamformer already acts as a spatial filter, data in the source
domain was not z transformed across the across the spatial dimension as sensor level data, but
across time dimension (i.e. to the mean/standard deviation for each grid voxel-frequency

combination).

|IEEG RECORDING AND PROCESSING
Intracranial data was recorded from subdural grid, strip, and depth electrodes. Location

of electrodes was determined using co-registered postoperative MRIs and postoperative CTs.
Electrode locations were then transformed to MNI coordinate, anatomical labels were derived

using the aal atlas (Automated Anatomical Labeling, Tzourio-Mazoyer et al. (2002)).

Data were continuously recorded at a sampling rate between 512 Hz and 4096 Hz. Data
of the encoding phases were epoched in trials from -1.5 to 3 sec around each item onset during
encoding and downsampled to a sampling rate of 512 Hz. Data was converted to a bipolar
montage in order to obtain maximally focal spatial resolution, therefore each electrode was re-
referenced to its neighboring electrode (for grid electrodes across the horizontal and vertical
dimension). Coordinates of these bipolar “virtual” channels were calculated situated between
the neighboring electrodes. Only bipolar contacts in one of the regions of interest defined by the
MEG source analysis results was subjected to further analysis (Word areas: left IFG, left superior
and middle temporal gyrus and left supramarginal gyrus; face area: occipital electrodes, and left
inferior occipital gyrus, fusiform gyrus and inferior temporal gyrus). Data was carefully visually

inspected, electrodes with epileptogenic activity was excluded form analysis. This resulted in a
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dataset of 128 bipolar contacts. Data was filtered to obtain oscillatory power and smoothed
using the same settings as MEG data. Data was z-transformed across the time dimension (i.e. to
the mean/standard deviation for each electrode and frequency), similarly as in previous iEEG

studies (e.g. Burke et al. (2013)).

STATISTICAL ANALYSIS
Statistical analysis of MEG data was carried out using the fieldtrip cluster permutation

approach (Maris & Oostenveld, 2007). To identify significant differences between conditions
summed t-values of multi-dimensional clusters were contrasted in the data to a distribution of
summed t-values obtained by randomizing conditions, which effectively controls for type-I
errors due to multiple testing. For sensor analysis three dimensional clusters were built by
identifying neighboring time-frequency-channel bins below a p-value of 0.01 and involving at
least two neighboring channels. For source space analysis clusters were formed across space. To
identify iEEG electrodes with significant differences between word and face processing

clustering was performed across time-and frequency in each electrode separately.

Conjunction analysis was carried out following the analysis scheme describe by
(Nichols, Brett, Andersson, Wager, & Poline, 2005). For this analysis the two task contrasts in
questions were calculated (e.g. average power of the difference of faces-words and face-hit and
face-miss). To test for the conjunction only the least favorable value (e.g. smallest absolute
value) was kept for each grid point. To test the conjunction for significance, these values were
tested against zero on the group level. This analysis tests the logical “and” of two effects, as this
conjunction can only reach significance for grid voxels in which both contrast show concurrent
decreases across subjects. Note also that according to (Nichols et al., 2005) this test is applicable

for dependent contrasts.
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RESULTS

BEHAVIORAL RESULTS
ROC curves depicting memory performance in both samples are shown in Figure 1B

and 1C. Memory performance was higher for words (mean d’=1.99) than faces (mean d’=0.83,
T(19)=7.836 p<.0001). This effect was highly significant and shows that words by providing the
possibility of a pictorial as well as semantic coding are more efficiently encoded. In the iEEG
sample there was also a tendency of a higher memory performance for words (mean d’=1.33)
than faces (mean d’=0.85, T(13)=2.043 one-sided p=0.032). Note the higher variance in
performance in the patient sample, which might explain the only one-sided significant

difference in memory performance between words and faces in the patient sample.

MEG RESULTS

Material specific effects
As a first step we aimed to identify material dependent power effects in order to

investigate which oscillations differentiate between the processing of different material (i.e.
words vs faces). To this end low frequency power (2-30 Hz) was contrasted between words and
face trials. A significant power decrease cluster for faces in contrast to words was found ranging
from 0.3 -1.5 sec poststimulus in the alpha/beta frequency range (8-25 Hz) at posterior sensors
(Pcorr<0.05, Figure 2A). In the word condition stronger power decreases were evident in the beta
frequency range (10-20 Hz) poststimulus (0.5-1.5 s) at left frontal sensors (pcr<0.005, Figure
2B). This pattern of posterior alpha/beta power decreases for faces and left frontal decreases for
words matches typical regions showing material dependent effects in fMRI (i.e. occipital cortex

in pictorial processing and left frontal cortex in verbal processing, see Kim (2011).
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Figure 2: Material specific decreases in alpha/beta power

(A) Significant decreases in alpha/beta power (~10-20 Hz) for faces relative to words were
found poststimulus at posterior sensor locations. (B) Significant decreases in alpha/beta power
(~10-20 Hz) for words relative to faces were found poststimulus at left frontal sensor locations.
Time frequency plots show the summed cluster t-values across channels of the significant
cluster, topography plots show summed cluster t-values across cluster time-frequency bins. (C &
D) A cluster permutation statistic restricted to channels exhibiting the alpha/beta decreases
depicted in A and B revealed material specific increases in gamma concurrent to the decreases
in alpha/beta power. (E) Average power was extracted from the alpha/beta (left) and gamma
cluster (right) showing face specific effects shown in A & C. Alpha/beta and gamma power in
the face cluster significantly differed between remembered and forgotten items. A significant
trend was found for stronger memory effects for words than faces (F) Average power was also
extracted for the word clusters shown in B & D. Significant memory effects were only evident
for words in the alpha/beta cluster, no significant memory effect was evident for faces or in the
gamma cluster. Stars denote significant post-hoc tests, non-significant trends are shown in grey.
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Low frequency power decreases are often reported to co-occur with high frequency
power increases. Therefore we tested for material dependent gamma power effects restricted to
the time window and sensors, which exhibited low frequency decreases. Significant gamma
power increases were found in the occipital face cluster (pcr<0.05, 0.2-0.7 s, 60-80 Hz, Figure
2C) and in the left frontal word cluster (pc»<0.05, 0.3-0.8 Hz, 40-80 Hz, Figure 2D). These

gamma increases mirrored the effects in the alpha/beta but were spatially more focal.

To test if these material specific oscillatory signatures of pictorial and verbal material
processing are predictive for later encoding, i.e. show subsequent memory effects (SME),
average power for each cluster was extracted for remembered and forgotten items for faces and
words and subjected to a 2x2 ANOVA (memory x material). Power in the low frequency face
cluster (Figure 2A) showed a significant main effect of memory (F(1,19)=10.488, p<0.01);
Successfully remembered items were related to decreases in alpha/beta similarly during word
and face encoding (Figure 2E). In addition, a trend for an interaction was observed
(F(1,19)=3.172, p<0.1), indicating that the SME for words in alpha/beta is marginally stronger
compared to the SME for faces. Gamma power increases in the posterior face cluster (Figure 2C)
exhibited a similar pattern of results. A significant main effect of memory was found
(F(1,19)=5.863, p<0.05), with Gamma power increases indicating successful memory formation.
However no significant interaction or trend for an interaction was evident. Increases in
posterior gamma power therefore were similarly involved in successful encoding for word and
face stimuli. A different pattern of results was obtained for alpha/beta power in the left frontal
word cluster (Figure 2F), were no significant main effect for memory was found. However, the
memory related power decreases differed between words and faces as indicated by a significant
interaction (F(1,19)=5.172, p<0.05). Post-hoc tests revealed that a significant memory effect was
only evident during word encoding (T(19)=-3.059, p<0.01), but not during face encoding

(T(19)=-0.853). No significant memory effects were evident in the left frontal gamma cluster.

To investigate the sources of these effects the sensor data was projected into source
space using an LCMV beamformer. Average alpha/beta power during word and face processing
was contrasted averaged for the time frequency window in which sensor level effects were found
(10-20 Hz, 500 to 1500 ms poststimulus, Figure 2A&B). Stronger alpha/beta power decreases for
words were found in left frontal and temporal areas (cluster p< 0.05, blue areas in Figure 3A).
Stronger power decreases for faces compared to words were evident in occipital areas and the
right ventral occipito-temporal stream (cluster p<0.001, yellow areas in Figure 3A). The same

analysis was carried out for the higher frequency ranges in the time frequency windows of
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sensor level effects (40-80 Hz, 200-800 ms). This analysis revealed that word processing was
related to stronger increases in gamma power in left temporal and temporo-parietal regions
compared to face processing (cluster p<0.1, Figure 3B). Note, that this effect was only
marginally significant on cluster level (i.e. the plot show uncorrected t-values for word related
gamma increases) and was found in regions located posterior to the alpha/beta decrease for
words (see Figure 3A). In contrast, face processing induced a stronger increase in occipital and
parietal gamma power compared to word processing (cluster p<0.001, Figure 3B). Together
these results fit with the sensor level data in suggesting that alpha/beta power decreases are
mirrored by gamma power increases, especially in posterior regions. Specifically face related

alpha/beta decreases seem to greatly overlap with face related gamma increases.
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Figure 3: Source of material specific alpha/beta decreases and gamma effects.

The contrast words vs. faces is plotted on the source level in (A & B). Material specific
alpha/beta power decreases are shown in (A), material specific increase in gamma power in (B)
Analysis was carried out on the time-frequency window defined in the sensor level data, 10-20
Hz, 500-1500 ms for alpha/beta effects and 200 ms-800ms, 40-80 Hz. Stronger decreases in
alpha/beta power for words is shown in blue, stronger decreases for faces in orange.
Accordingly, stronger gamma power increases for words are plotted in orange, stronger
increases for faces in blue. (B) shows the conjunction of face related alpha/beta decreases and
face encoding effects (remembered vs. forgotten), in (C) the conjunction of word processing and
word encoding effects (remembered vs. forgotten).
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To investigate if regions exhibiting material specific alpha/beta decreases are also
exhibiting material specific memory encoding effects we calculated the conjunction between
face specific power decreases and face SME (face remembered vs. face forgotten) and word
specific power decreases and word SME (word remembered vs. word forgotten). Such a
conjunction analysis reveals areas that show similarly significant effects across two task
contrasts. Therefore an area showing a significant conjunction is recruited by both tasks, i.e.
word/face processing and memory. Concerning alpha/beta power decreases during face
processing (relative to word processing) and face SME the conjunction analysis revealed power
decreases in the right ventro-occipito-temporal stream (cluster p<0.06, 10-20 Hz, 500-1500ms).
Concerning alpha/beta power decreases during word processing and word SMEs the
conjunction analysis revealed areas in the left IFG and left temporal cortex (cluster p<0.05, 10-

20 Hz, 500-1500ms).

These results show that alpha/beta power decreases strongly vary with the processed
material and are evident in regions typically involved in processing faces or words respectively.
Interestingly, gamma increases seem to co-occur with alpha/beta decreases. Alpha/beta
decreases in frontal areas are specifically predictive for successful memory formation of word
material, but not for memory formation of faces. Alpha/beta decreases also occur in conjunction
with face alpha/beta SMEs in the visual ventral stream. However, also in posterior regions
showing face specific effects, alpha/beta decreases seem to more strongly index memory
formation for words. In contrast to posterior alpha/beta decreases, posterior gamma power

increases are predicting successful memory formation for both types of material.

Material unspecific memory effects
Additional to material specific effects in the alpha/beta range there are material

unspecific effects. As theta oscillations are typically implicated in memory encoding, an
additional cluster permutation statistic was carried out restricted to theta (2-7Hz) investigating

SMEs irrespective of material (i.e. all remembered and all forgotten trials).

Two clusters of memory related decreases in theta power were found: one pre- to
peristimulus cluster (3-7Hz, -0.5 to 0.3 s, Figure 3A, pcrr<0.05), and a second cluster in the
poststimulus time window (2-6Hz, 0.5-1.5s, Figure 3B, p.rr<0.05), with both clusters showing a
widespread topography. Theta power in these clusters did not vary with material (prestimulus
cluster: F(1,19)=0.051; p>0.82; poststimulus cluster: F(1,19)=0.016; p>0.9). Source analysis

revealed that these theta memory effects prestimulus (3-7 Hz, -500 to 300 ms) and poststimulus
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(2-6 Hz, 800-1500 ms) are found in a distributed network including typical regions involved in
memory encoding. Prestimulus theta power decreases related to memory encoding were found
bilaterally in temporal, medial temporal, frontal and parietal regions (cluster p<0.001, Figure
4C). Post-stimulus theta power decreases during memory formation are evident in similar
regions (cluster p<0.001, Figure 4D), additional to the prestimulus sources poststimulus theta
decreases were also found in retrosplenial areas. Summed up, source localization revealed that
memory related theta decrease are evident in a widespread cortical network including MTL and

retrosplenial cortex, regions typically implicated in memory encoding.
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Figure 4: Material unspecific memory effect in theta power

A cluster permutation statistic restricted to the theta frequency band (2-7 Hz) revealed
two significant clusters: A decrease in theta power prestimulus (~-500-300 ms, 3-7 Hz) (A) and
poststimulus  (~800-1500 ms, 2-6 Hz) (B) was stronger during successfully encoded items
contrast to later forgotten items. (C) Average power in these clusters did not differ between
material and memory encoding effect did not vary with to be encoded material. Time frequency
plots show the summed cluster t-values across channels, topography plots show summed cluster
t-values across cluster time-frequency bins. Source of the prestimulus memory encoding effect
are shown in (C), sources of the poststimulus effects are shown in (D).
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IEEG RESULTS
Similarly as in the MEG analysis the first step of analysis in iEEG data was to define

electrodes that exhibited differences in alpha/beta power between face and word processing. To
this end we contrasted oscillatory activity for words and faces in each electrode, testing for a
significant difference in the time-frequency window found in the MEG data (10-20 Hz, 500-
1500 ms). Electrodes, which showed a significant cluster indicating a relative decrease during
word than face processing where classified as “word electrodes” (Figure 5A in blue), electrodes
showing significant cluster indicating a relative decrease for faces were labeled “face electrodes
(Figure 5A in red). To test if these word and face electrodes were more prevalent in the
respective word and face areas as identified by the previous MEG source analysis, numbers of
“face” and “word electrodes” in face and word areas was counted (see Table 1, areas defined as
in table legend). A X*contingency test revealed that indeed the distribution of word and face

electrodes is dependent on the region (X*(2)=23.284, p<0.0001).

Table 1: Number of significant electrodes showing a significant relative alpha/beta
decrease for words or faces in words areas or face areas respectively.

Number of electrode showing significant effects

decrease words decrease faces no effect
word areas 21 7 45
face areas 9 26 20

Words areas: left IFG, left superior temporal, left temporal pole, left supramarginal gyrus;
Face areas: occipital cortex, right fusiform gyrus, right inferior temporal gyrus)
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Figure 5: Material specific encoding effects in iEEG data. All electrodes included in the
analysis are plotted in (A). Electrodes showing a significant difference in alpha/beta power (10-
20 Hz) between word and face processing are highlighted in colors: red electrodes showed a
higher decrease during face processing, blue electrodes during word processing. (B-E) Average
alpha/beta power (10-20 Hz, 500-1500 ms) and gamma power (40-80 Hz, 200-800 ms) was
calculated for each electrode showing face selective or word selective alpha/beta decreases. (B)
Memory encoding effects at electrodes showing word related decreases did differ in alpha/beta
power, but not in gamma power (D). Memory related decreases in alpha/beta power were also
stronger at electrodes showing face selective effects (C), memory encoding related increases in
gamma power however were stronger for face encoding at these electrodes. Stars indicate
significant post-hoc tests, non-significant trend are highlighted in grey.
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Keeping with the MEG analysis, further calculations were restricted to electrodes
exhibiting word and face specific alpha/beta power decreases. Average alpha/beta and gamma
power for these electrodes was calculated separately for hits and misses in each condition using
the time frequency windows identified in MEG analysis (alpha/beta 10-20 Hz, 500-1500 ms,
gamma: 40-80 Hz, 200-800ms) and subjected to a 2x2 ANOVA with factors memory and

material.

In order to test if material specific alpha/beta decreases are accompanied by memory
related alpha/beta decreases we contrasted alpha/beta decreases in word electrodes (Figure 5B).
No significant main effect of memory was found (F(1,29)=1.37, p>0.25), but alpha/beta SMEs in
these electrodes differed significantly between words and faces as indicated by a significant
interaction (F(1,29)=4.35, p<0.05). Post hoc tests revealed a trend for a significant memory
effect for words (one sided t-test: t(29)=-1.926, p<0.05), no significant memory effect was found
for faces (t(29)=0.56). These results replicate the MEG results in showing material specific
memory effects in electrodes showing word related alpha/beta power decreases during

processing of verbal material.

To test for material specific effects in electrodes showing face related alpha/beta power
decrease a similar 2-way ANOVA was carried out (Figure 5C). Again, a significant interaction
was obtained (F(1,32)=9.05, p<0.005) but no significant main effect of memory (F(1,32)=11.68,
p<0.005). Post-hoc tests revealed that the memory effect was only present for word encoding
(t(32)=-3.54, p<0.001), but not for face encoding (t(32)=-0.96). These results suggest that even
electrodes which show a face specific alpha/beta power decrease also show memory related
power decreases for words, but not for faces, this tendency is also evident in MEG data, however

only as non-significant trend (see Figure 2E).

Concerning power in the higher frequency ranges, increases in gamma power were
found which mirrored the power decreases in alpha/beta, replicating the MEG findings. We also
investigated whether the SME in gamma power varies with material, i.e. whether “face” and
“word” electrodes show an interaction between Material and Memory. As above, face and word
electrodes were defined according to whether they show material specific alpha/beta power
decreases, regardless of later memory. For “word” electrodes, no significant interaction or main
effects were obtained; Interaction: F(1,29)=1.63 p<0.21, Material effect: F(1,29)=0.097, p<0.76,
Memory effect F(1,29)=1.154, p<0.29 (see Figure 5D). For “face” electrodes a significant
Material by Memory interaction was obtained (F(1,32)=5.89, p<0.05), which was due to a

positive SME in gamma power for faces (i.e. more power for later remembered compared to
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later forgotten items; t(32)=2.95 p<0.01), compared to a tendency for a negative SME for words
(t(32)=-1.68; p<0.1). These results are in accordance with the MEG results in showing that areas
which are involved in face processing show concomitant alpha/beta decreases and gamma
power increase. In contrast to MEG data the gamma power increases in intracranial recorded
data are specifically related to encoding of non-verbal material (i.e. faces). This difference in

results might be due to the higher spatial resolution of effects in iEEG.
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DIsSCUSSION

In this study we identified specific spectral fingerprints of dissociable cortical memory
encoding networks. Encoding information into memory can be broken down to two processes:
processing of the to be encoded material and binding of these representations to a unified
memory trace (Mcclelland et al., 1995; Paller & Wagner, 2002). We hypothesized, that cortical
information processing is reflected by alpha/beta power decreases and gamma power increases.
As an index of cortical information processing power in these frequency bands should vary with
to-be-encoded material. In contrast to alpha/beta and gamma oscillations, MTL theta
oscillation are typically considered to be related to material independent memory binding
processes. Indeed, memory encoding of verbalizable, familiar word material elicit stronger
alpha/beta decreases in the well characterized, left lateralized semantic network (Pulvermuller,
2013), including left IFG, left superior and middle temporal gyrus and temporo-parietal areas.
In contrast, successful encoding of non-verbalizable, unfamiliar, pictorial face items was related
to alpha/beta power decreases and concurrent gamma power increases in cortical areas involved
in visual processing in occipital cortex and along the right ventro-occipito-temporal stream, a
cortical network typically involved in shape processing and faces in particular (Kanwisher &
Yovel, 2006). Decreases in theta power were found during successful encoding for material types
at widespread cortical areas resembling a potential MTL-cortical network. The findings provide
evidence that commonly found memory encoding effects indeed index separable memory
encoding networks: Whereas theta decreases are related to material independent memory
binding processes, alpha/beta decreases index semantic information processing and gamma

increases index processing of visual features.

Interestingly, alpha/beta decreases closely followed activations usually found in fMRI
studies during word and face processing (e.g. (Guerin & Miller, 2009) suggesting alpha/beta
decreases as a general correlate of cortical activity similar to the BOLD response (Scheeringa et
al.,, 2011; Zumer et al., 2014). Processing words leads to alpha/beta decreases in the semantic
network in contrast to processing faces. Processing faces lead to alpha/beta decreases in occipital
and the ventro-occipito-temporal areas. A conjunction analysis of MEG data showed that
memory related alpha/beta decreases and material related decreases are evident in regions
typically reported during processing of the specific material: in left lateralized IFG, and
temporal, and temporo-parietal regions for words and right ventro-occipito-temporal regions
for faces. However, alpha/beta decreases were not equally involved in the encoding of words and
faces. An interaction analysis of these decreases revealed that left frontal word related decreases

exclusively index memory formation for words matching findings in fMRI studies (Kirchhoff et
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al., 2000; Otten & Rugg, 2001b). More surprisingly stronger memory related alpha/beta
decreases during word memory formation were also evident in posterior areas exhibiting
stronger task related alpha/beta decreases for faces. These effects were replicated in the iEEG
data: again alpha/beta decreases in word sensitive areas exclusively indicated successful
encoding of word material and again also in face electrodes alpha/beta decrease related to
memory encoding were stronger for words than faces. Combined the matching pattern in both
experiments, in MEG and iEEG, demonstrate that alpha/beta decreases are generally more

involved in the encoding of verbal material than unfamiliar pictorial stimuli like faces.

Alpha/beta decreases during memory formation seem to be specific spectral fingerprints
of semantic processing. Previous studies have shown that decreases in alpha/beta power are
specifically related to semantic encoding (Hanslmayr et al, 2014; Hanslmayr et al., 2009).
Especially beta oscillations have been connected to language and semantic processes (Wang et
al., 2012; Weiss & Mueller, 2012). On a more general level alpha activity has been hypothesized
to reflect access to a semantic memory system (Klimesch, 2012) and alpha/beta decreases have
been linked to cortical information processing in general (Hanslmayr, Staudigl, et al., 2012).
Interestingly alpha/beta decreases here are not generally indexing successful memory encoding,
as alpha/beta face SMEs are weaker or absent even in face processing areas. Following the notion
that decreases in power might be related to increases in long range connectivity (Popov et al.,
2013; Weisz et al., 2014), the stronger alpha/beta decreases during word encoding might mirror
the larger cortical network involved in semantic memory formation in contrast to the encoding
of visual features. Research inspired by the levels of processing framework of memory encoding
(Craik & Lockhart, 1972) has shown that memory formation is strongly dependent on the way
information is processed during encoding, with semantic processing being the most efficient
encoding strategy for words. The reported stronger alpha/beta decreases during successful
encoding of words might therefore be a oscillatory marker of the recruitment of semantic

cortical networks.

Successful encoding of unfamiliar faces, material that is not strongly linked to prior
knowledge and semantic associations, was not linked to decreases in alpha/beta power, but to
increases in gamma power. In MEG, gamma increases in the posterior cluster showing face
processing related alpha/beta decreases were found to index successful memory formation for
both materials, faces and words. In iEEG data, gamma increases were exclusively found for
electrodes showing face specific alpha/beta decreases. Gamma increases have been reported

previously during memory encoding in visual cortex (Osipova et al., 2006) and in ventral
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occipito-temporal regions (Burke et al., 2014; Burke et al., 2013). Co-occuring alpha/beta
decreases and gamma increases in occipital cortex have also been reported during working
memory maintenance of visual features (Jokisch & Jensen, 2007). Occipital gamma is
hypothesized as correlate of visual feature binding (Fries, 2009) or more broadly as a general
correlate of local cortical activity (Burke et al., 2015; Miller et al., 2014). As successful encoding
of unfamiliar faces especially relies on the coding of distinct visual features (Sporer, 1991;
Winograd, 1981), increases in gamma power, as observed in this study, likely index local visual
pictorial encoding processes. The lack of alpha/beta memory encoding effects might be related
to the lack of semantic processing employed to encode unfamiliar faces. For instance patients
with semantic dementia are still able to recognize familiar faces even without being able to
retrieve semantic knowledge about the familiar face (Simons, Graham, Galton, Patterson, &

Hodges, 2001)

In contrast to the material specific memory encoding effects in alpha/beta and gamma
power, theta power decreases were found during successful encoding unspecific for to-be-
encoded material. Similarly as in previous studies, we found theta power decreases during
successful encoding (Burke et al., 2013; Guderian et al., 2009; Long et al., 2014; Sederberg et al.,
2007), which did not vary with the type of encoding processes employed (Fellner et al.
submitted). Sources of these theta power decreases were found in a widespread cortical network
including MTL, frontal lobe, temporal, and parietal areas matching memory encoding related
theta decreases reported before (Burke et al., 2013; Greenberg et al., 2015). On a general level,
theta activity has been related to MTL related memory binding processes (Hanslmayr &
Staudigl, 2014; Nyhus & Curran, 2010). MTL neurons have been shown to code stimuli
independent of stimulus modalities, i.e. respond similar to the picture of a person as to the
written name (Quiroga et al., 2008; Quiroga et al., 2005). Widespread theta activity as shown in
the presented study might provide these neurons with the input necessary for this stimulus type
independent coding. The presented results yield further evidence in favor of the theta-MTL-
memory binding hypothesis, as we demonstrate that theta oscillatory power independently of

the to-be-encoded material indexes successful memory formation.

Notably, stimulus coding of words and faces is of course not exclusively differential. For
example the processing of written words also involves processing of visual features in a word,
also coded in the ventral occipito-temporal stream (McCandliss et al., 2003). Especially as the
present study employed a recognition test, recognizing words could also be supported by

successfully encoding visual features of a word. Previous research has shown that word form
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and face selective areas in the ventral stream are highly overlapping (Matsuo et al., 2015). The
reported iEEG electrodes in the ventral stream showing word selective activity therefore might
not be false positives, but indeed reflect word selective processing that is beneficial for memory.
Vice versa, unfamiliar faces can also carry a resemblance to a familiar person and therefore lead
to activity in the semantic system. Consequently, other cortical areas than the ventral stream
should also be involved in face processing. However, as previous behavioral research has shown,
words should be especially well remembered if semantically processed (Craik & Lockhart, 1972),
whereas faces are more likely to be later recognized if distinctive visual features are coded
(Sporer, 1991; Winograd, 1981). Note, that the general pattern of results implicate that word
encoding employs semantic and perceptual feature processing, face encoding more exclusively
relies on only perceptual feature processing. This use of two different codes might explain the
better memory performance for word material (see Figure 1 A &B), as the use of two code

(semantic and visual) might support higher memory performance (Paivio, 1991).

On a more functional level, the presented results do not yet answer how low frequency
power decreases and gamma power increases produce a later retrievable memory trace. Low
frequency decreases might be a prerequisite for long range connectivity. On this note, semantic
encoding, a cognitive operation involving widely separated cortical regions (Pulvermuller, 2013)
and MTL memory binding operations should show stronger power decreases, which is in line
with the reported alpha/beta and theta decreases. Decreases in low frequency power might be
needed to form fine-grained cortical networks enabling semantic processing and memory
binding. Therefor an open question that remains unanswered in the current analysis is whether
the reported power decreases are related to increases in long range phase synchrony (see for
example (Burke et al., 2013). Alternatively, low frequency power decreases might interact with
local gamma increases and thereby provide a flexible code of distributed (semantic) features and

more focal (pictorial) features (Donner & Siegel, 2011; Lisman & Jensen, 2013).
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CONCLUSIONS

The presented data provide evidence that commonly reported decreases in low
frequency power and concurrent increases in high frequency power during memory encoding
do not reflect a general marker of neural activity, but indeed reflect spectral fingerprints of
dissociable memory encoding processes. Common theories assume that memory encoding relies
on two subprocesses (Mcclelland et al., 1995; Tulving, 2002): cortical information processing
and MTL based memory binding. The present results suggest whereas alpha/beta power
decreases and gamma power increases index cortical information processing, theta decreases

reflect memory binding processes.
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Supplementary Figure 1: A Example of an individual ROC. The cumulated hit rate is
plotted on the y-axis, and the cumulated false alarm rate is plotted on the x-axis. These 10 data
points (hit rate and false alarm rate for 5 criteria each) are used to estimate the model parameter.
Each point on the ROC represents the false alarm and hit rate for a rating i.e. criterion with
varying bias. B Assumed Model. The unequal variance signal detection model assumes that
memory strength for new and old items can be modelled with normal distributions. The
criterion values ¢; represent cutoff values. If an item elicits a certain memory strength higher
than a criterion c;the item is rating with confidence rating i. The neutral response criterion is at
the crossover of the distributions representing the criterion of no bias. Old items receiving a

confidence rating with a criterion lower than the neutral criterion were classified as misses.

158



SUPPLEMENTAL MATERIAL

RESULTS USING A FIXED CRITERION FOR MISS CLASSIFICATION
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Supplementary Figure 2: Power and phase locking results using a fixed criterion for

misses. All effects were calculated in the same time frequency bins as the effects employing

individually defined criterion for classification of misses. Note the qualitatively very similar

results. Although in line with the underlying theory, signal to noise ratio using a fixed criterion

is decreased, resulting in some effects following short of significance.
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SUPPLEMENTAL MATERIAL TO STUDY 3

SUPPLEMENTAL FIGURES
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Figure S1: Alpha/beta band EEG-BOLD correlations, positive EEG/motion BOLD
correlations, and unconvolved EEG-BOLD correlations.

(A) Negative alpha/beta power-BOLD signal correlations. Upper plots show continuous
alpha power (8-12 Hz) of the low motion encoding trials convolved with the canonical HRF.
Lower plots show the matching correlations for the beta frequency ranges (13-20 Hz). Clusters
show correlations of convolved alpha or beta power during encoding and BOLD according to a
statistical threshold of either p<0.001 (=10 voxel, cyan) and p<0.005 (210 voxel, green). Areas in
yellow/white show an overlap of motion correlation and the more liberally/conservatively
thresholded power correlations, respectively. Note the similar pattern of alpha/beta power-
BOLD correlations with theta power correlations in Figure 6B.

(B) Positive EEG-BOLD signal and positive motion-BOLD signal correlations are shown.
Positive correlations between convolved continuous motion throughout the scanning session
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and during small motion trials showed significant activity in areas typically involved in motion
generation and execution (i.e. motor cortex, cerebellum). Correlating convolved continuous
theta power during the scanning session yielded weaker effects in fewer motion related areas,
correlating theta power during the low motion, artifact-free encoding trials showed no
significant positive correlations. All plots show uncorrected effects with p<0.001 and
clustersize>10 voxel. Slice coordinates are x=-21, y=-7, z=10.

(C) Negative motion-BOLD and theta power-BOLD signal correlations before and after
convolving motion or EEG power timecourse with the HRF. BOLD signal correlations with
theta-power and motion throughout the scanning session (C) and during clean encoding trials
and during small motion (D) are shown. Throughout the scanning session similar correlation
pattern before and after convolution are evident, magnitude of t-values is reduced after
convolution. (C). This pattern is different for small motion shown in (D): Correlations during
small movements are more pronounced after convolution, suggesting that correlations during
small motion are related to neural activity or physiological vascular responses driving the
measured motion. Note, however the similarity in areas exhibiting effects to the areas showing
GLM-allmotion correlations. All plots show uncorrected effects with p<0.001, clustersize=10
voxel. Slice coordinates are x=3, y=-21, z=48. Convolved motion/power correlations are
identical to the ones presented in Figure 6.
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RESULT TABLES
Table S1: Peak locations of significant convolved all theta power x BOLD correlations
and convolved all motion x BOLD correlations (negative correlations shown in Figure 6,
positive correlations in Figure S1)
MNI coordinates
Anatomical label HS BA Size X y z Z

convolved all theta power x BOLD correlation
negative correlations

Caudate R/L 10763 -3 5 13 5.9
Medial Frontal Gyrus 2 -3 44 34 5.67
Cingulate Gyrus 23 0 -10 28 5.4
Inferior Parietal Lobe R/L 40 651 45 -49 52 4.58
40 54 -52 43 4.41
40 48 -37 46 4.04
positive correlations
Superior Temporal Gyrus R 22 71 63 2 1 4.27
Transverse Temporal Gyrus 42 66 -16 10 3.87

convolved all motion x BOLD correlation
negative correlations

Inferior Parietal Lobule L 40 452 -39 -52 52 4.59
40 -45 -52 46 4.54
Middle Temporal Gyrus 39 -42 -64 37 4.25
Inferior Parietal Lobule R 7 391 39 -55 52 4.1
Precuneus 7 27 -52 49 4.04
Inferior Parietal Lobule 40 45 -43 49 3.96
Inferior Frontal Gyrus L 44 4282 -54 20 16 4.59
Superior Frontal Gyrus 6 -6 17 52 4.57
Caudate -18 -31 25 4.49
Middle Frontal Gyrus R 9 325 51 23 25 3.97
6 36 5 40 3.46
9 39 38 28 3.46
Medial Frontal Gyrus 10 12 18 50 -5 3.33
Claustrum R 21 33 23 -8 3.36
positive correlations
Lingual Gyrus R/L 19 874 -15 -67 4 5.42
Declive 27 -61 -20 5.01
Posterior Cingulate 30 0 -70 16 4.39
Precentral Gyrus R 6 552 63 2 4 5.24
Superior Temporal Gyrus 22 66 -13 4 4.7
Postcentral Gyrus 43 63 -10 13 4.53
Superior Temporal Gyrus L 41 130 -45 -31 10 5.16
Precentral Gyrus L 6 33 -54 -4 7 3.57
Parahippocampal Gyrus R 64 -24 -1 -26 5.02
Superior Temporal Gyrus 38 -33 5 -23 4.82
Parahippocampal Gyrus L 12 24 -1 -23 3.85
Cerebellum 16 -24 -40 -26 3.84
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Table S2: Peak locations of convolved clean encoding theta power x BOLD and
convolved small motion x BOLD correlations (negative correlations in Figure 6, positive
correlations in Figure S1B)

MNI coordinates
Anatomical label HS BA Size X y z Z

convolved clean encoding theta power x BOLD correlation
negative correlations

Medial Frontal Gyrus R/L 9 80 -3 50 25 3.74
Cingulate Gyrus 32 3 32 34 3.22
Paracentral Lobule R/L 31 15 -3 -16 46 419
Lentiform Nucleus L 50 -21 2 -14 4.93
-12 8 -2 3.82

-18 -1 -2 3.4

Claustrum R 78 39 -16 -5 4.67
Inferior Frontal Gyrus R 44 80 57 14 16 4.45
Insula 13 51 5 10 3.53
Inferior Frontal Gyrus 9 42 14 25 3.24
Inferior Frontal Gyrus R 22 54 20 -5 4.04
Culmen L 27 -36 -58 -20 4.33
Fusiform Gyrus 37 -42 -52 -17 3.74
Middle Temporal Gyrus L 37 101 -45 -64 7 4.24
22 -57 -43 4 3.89

Superior Temporal Gyrus 13 -45 -49 19 3.39
Precuneus 7 37 12 -37 55 414
Superior Temporal Gyrus L 22 19 -57 -7 -14 4.05
Middle Temporal Gyrus 21 -51 -4 -23 3.6
Superior Temporal Gyrus R 13 279 51 -49 19 3.98
22 54 -37 7 3.9

41 54 -25 7 3.84

Thalamus R/L 165 6 -13 7 3.97
-18 -19 10 3.79

-6 -13 7 3.79

Posterior Cingulate 29 97 0 -46 13 3.92
29 9 -46 7 3.47

Thalamus 12 -34 4 3.41
Insula L 13 22 -60 -31 19 3.83
Superior Parietal Lobule L 7 28 -33 -61 52 3.81
Sub-Gyral R 13 17 48 2 -20 3.76
21 42 -4 -20 3.41

convolved small motion x BOLD correlation
negative correlations

Medial Frontal Gyrus R/L 8 3600 6 29 43 4.77
Middle Frontal Gyrus 10 -36 50 13 4.69
Anterior Cingulate 32 0 47 13 4.67
Thalamus R/L 604 0 -1 16 4.62
Caudate -15 -34 25 4.58
Cingulate Gyrus 23 -3 -7 22 4.46
Inferior Parietal Lobule R 40 222 51 -58 43 4.21
40 57 -43 49 3.86
40 48 -34 46 3.64
Inferior Parietal Lobule L 40 249 -45 -52 46 4.08
Middle Temporal Gyrus 39 -45 -58 31 3.85
Precuneus 39 -39 -64 40 3.8
Superior Temporal Gyrus L 22 24 -51 -22 -8 3.61
Middle Temporal Gyrus -54 -34 -2 3.35
positive correlations
Precentral Gyrus R 4 548 42 -13 37 5.02
4 66 -1 22 4.99
6 54 -7 25 4.62
Precentral Gyrus L 43 202 -60 -7 10 4.23
Postcentral Gyrus 43 -60 -4 22 417
Precentral Gyrus 4 -54 -10 28 4.05
Transverse Temporal Gyrus L 41 79 -42 -34 13 4.25
Superior Temporal Gyrus 42 -60 -28 16 3.56
Declive R 74 27 -64 -17 4.04
Fastigium 12 -58 -23 4.04
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L 152 -12 -61 -23 3.93

Declive -24 -64 -20 3.78
Culmen -33 -55 -23 3.24
Cuneus R 18 125 6 -76 25 3.71
18 0 -85 31 3.6

Lingual Gyrus 18 -15 -70 7 3.52
Medial Frontal Gyrus R 6 10 3 -7 55 3.66
Parahippocampal Gyrus R 19 26 24 -58 1 3.53

Table S3: Peak locations of significant convolved clean encoding alpha power x BOLD
correlations and convolved clean encoding beta power x BOLD correlations (correlations shown
in Figure S1A)

MNI coordinates
Anatomical label HS BA Size X y z Z

convolved encoding clean alpha power x BOLD correlation
negative correlations

Paracentral Lobule R/L 5 541 9 -37 55 4.82
Superior Temporal Gyrus 4 51 -37 10 4.06
Precuneus 31 21 -46 40 4.04
Middle Frontal Gyrus R 6 61 39 2 49 4.76
Caudate R 684 27 -4 28 4.47
21 -4 22 4.44
Precentral Gyrus 6 42 -1 25 434
L 6 857 -30 -4 52 4.44
Superior Parietal Lobule 7 -33 -58 49 442
Middle Frontal Gyrus 6 -18 -13 52 417
Anterior Cingulate R/L 32 364 -6 35 19 4.25
Medial Frontal Gyrus 8 0 35 40 4.10
9 0 38 28 4.01
Lentiform Nucleus L 410 -21 -7 7 410
Thalamus -18 -28 1 4.09
-24 -16 16 3.96
Middle Frontal Gyrus L 10 58 -33 44 13 4.05
10 -33 38 7 3.43
Cingulate Gyrus R/L 31 23 0 -43 40 4.05
Lentiform Nucleus L 27 -27 2 -14 3.88
Extra-Nuclear 13 -36 11 -14 3.34
Posterior Cingulate L 23 17 -9 -31 31 3.87
Claustrum L 17 -27 20 10 3.86
no gray matter R 89 45 -70 25 3.81
Precuneus 31 36 -73 31 3.56
31 27 -73 22 3.38
Posterior Cingulate R/L 29 43 0 -43 16 3.76
23 3 -34 19 3.42
Culmen 19 6 -34 -8 3.71
Posterior Cingulate R/L 29 16 3 -58 13 3.68
Middle Frontal Gyrus R 8 23 33 35 46 3.67
6 36 23 46 3.17
Cingulate Gyrus R/L 24 28 3 5 28 3.66
23 -9 -10 31 3.31
Superior Frontal Gyrus L 9 16 -24 44 25 3.59
Insula L 13 17 -30 -40 25 3.54
Precuneus R 7 24 21 -70 52 3.52
Culmen R 12 18 -46 -26 3.49
21 -34 -23 3.30
Paracentral Lobule R 31 14 6 -13 49 3.47
Cingulate Gyrus L 24 10 -15 8 34 3.43
Caudate -12 5 25 3.26
Precuneus L 31 12 -15 -58 28 3.40
MNI coordinates
Anatomical label HS Size X y z Z

convolved encoding clean beta power x BOLD correlation
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negative correlations
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Table S4: Peak locations of significant non-convolved all theta power x BOLD
correlations and non-convolved all motion x BOLD correlations (correlations shown in Figure
S1C)

MNI coordinates
Anatomical label HS BA Size X y z Z

non-convolved all motion x BOLD correlation
negative correlations

Precentral Gyrus R/L 9 13847 -36 11 34 4.46
Postcentral Gyrus 43 -60 -16 16 4.36
Anterior Cingulate 32 -18 47 -14 416
Superior Temporal Gyrus R 42 59 60 -28 13 3.54
Cerebellum 88 3 -37 -14 3.40
Midbrain 9 -28 -11 3.18
Cerebellum 18 -31 -11 3.16
Thalamus 11 -3 -34 1 3.29
Midbrain 23 -3 -19 -20 3.24

-12 -19 -17 3.22
Middle Temporal Gyrus L 37 12 -39 -61 10 3.19

non-convolved all theta power x BOLD correlation
negative correlations

Paracentral Lobule R/L 5 20999 -6 -31 55 6.42
Paracentral Lobule 5 9 -37 55 6.18
Cingulate Gyrus 31 6 -28 46 5.81

Table S5: Peak locations of significant non-convolved clean encoding theta power x
BOLD correlations and non-convolved small motion x BOLD correlations (correlations shown
in Figure S1D)

MNI coordinates
Anatomical label HS BA Size X y z Z
non-convolved clean encoding theta power x BOLD correlation
negative correlations

Claustrum R 17 27 29 -8 4.29
no gray matter defined R 14 36 -46 28 3.86
Insula R 13 17 36 26 10 3.74

non-convolved small motion x BOLD correlation
negative correlations

Caudate R 137 21 26 -5 4.08
Anterior Cingulate 32 15 47 -11 3.97
no gray matter defined 33 44 -5 3.69
Superior Frontal Gyrus L 8 202 -15 41 43 3.84
8 -27 32 49 3.79

Middle Frontal Gyrus 8 -21 44 37 3.68
Medial Frontal Gyrus R 9 43 18 50 16 3.77
Caudate L 29 -21 26 -5 3.76
-9 23 -2 3.53

Middle Frontal Gyrus L 10 32 -36 44 7 3.75
Medial Frontal Gyrus L 10 41 -15 56 10 3.62
Superior Frontal Gyrus R 6 41 21 35 49 3.5
Medial Frontal Gyrus 8 12 26 46 3.34
Anterior Cingulate L 32 16 -9 47 -11 3.33
Caudate R 10 6 14 1 3.33
6 26 1 3.2
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