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SUMMARY 

Short-term memory (STM) refers to the ability to transiently maintain information in memory when it 

is no longer present in the environment, till the behavior is accomplished. During ontogenesis, this 

ability shows a specific decline as a function of advancing age. It is still largely unknown which 

neurophysiological mechanisms contribute to the efficient maintenance of representations. In the 

present thesis, I hope to conduce to our limited knowledge on this topic by discussing two studies, 

both investigating the functional connectivity networks underlying short-term memory (STM) 

maintenance and their relation to cognitive aging. In both studies, the significance of functional 

connectivity in STM was tested by the assessment of phase synchronization within theta oscillation 

(4-8 Hz) between the fronto-midline (FM) cortex and the rest of the brain. A visual delayed match-

to-sample task was applied for the investigation of the processes distinctive of short term 

maintenance. In this conventionally used STM paradigm, participants are presented with a set of 

visual items sequentially or simultaneously and are instructed to maintain their memory in mind 

over an interval of seconds (delay period) after the stimuli is no longer present. Following the delay 

period, a single probe item or array is presented and participants indicate whether the probe 

matches the item(s) of the previous stimuli. By the application of this paradigm, memory 

maintenance delay periods associated with subsequent correct recognition could be separated 

from item maintenance periods associated with failure of recognition, providing us with an 

opportunity to contrast the functional connectivity correlates of subsequent memory effects. In the 

first study, we focused on memory maintenance related functional connectivity in relation with 

subsequent memory effects, memory demands and cognitive aging. The second study presented 

here aimed to provide evidence for the notion that memory maintenance related functional 

connectivity of frontal theta oscillations contribute both to efficient STM performance and encoding 

to long term episodic memory. Based on the results, we conclude that the functional connections of 

the midline frontal cortex serve control processes that hold the relevant representations in STM in 

an active state. The putative mechanism by which these functional connections are established: 

the phase synchronization of theta oscillations in a network of midline frontal brain regions and 

posterior sensory and temporal cortices. The observation, that in the elderly, reduced connectivity 

strength of FM theta is associated with decreased performance, implicates that the postulated FM 

theta related mechanism of active maintenance process is especially vulnerable to aging. 
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ÖSSZEFOGLALÓ  

A rövidtávú emlékezet azon képességünket jelöli, amely révén ideiglenesen aktívan tartunk a 

környezetben már nem jelenlévő információt, amíg a vonatkozó viselkedés befejeződik. Az 

ontogenezis során, az idő múlásával ez a képességünk specifikus hanyatlást mutat. Nagyrészt még 

mindig nem tudjuk, milyen neurofiziológiai mechanizmusok révén tartjuk aktívan a reprezentációkat. 

Jelen disszertáció célja, hogy két kísérlet bemutatásával ehhez a tudáshoz járuljon hozzá. A 

tanulmányok a rövidtávú emlékezeti fenntartás hátterében álló funkcionális kapcsolati hálózatokkal, ill. 

ezek időskorral együttjáró változásaival foglalkoznak. A funkcionális kapcsolatok szerepét a rövidtávú 

emlékezeti folyamatokban mindkét kísérlet során a théta oszcillációnak (4-8 Hz) a frontális és egyéb 

kérgi területek közötti fázisszinkronizációjának mérésével teszteltük. Egy vizuális, késleltetett “minta 

alapú felismerés” (match-to-sample) feladatot használtunk a rövidtávú fenntartásra jellemző 

folyamatok vizsgálatához. Ebben a hagyományos rövidtávú emlékezeti kísérleti paradigmában a 

résztvevőknek vizuális ingereket mutatunk (egyesével vagy egyszerre), és arra kérjük őket, hogy az 

ingerek eltűnését követően tartsák azokat az emlékezetükben néhány másodpercig (késleltetés). A 

késleltetést követően a vizsgálati személyeknek teszt ingert került bemutatásra melyről felismerési 

döntést kellet hozniuk (látott inger megegyezik-e a korábban bemutatott ingerrel/ingerekkel). Ezen 

paradigma használatával szét tudjuk választani a későbbi sikeres felismeréssel és a későbbi 

sikertelen felismeréssel járó emlékezeti fenntartási időszakokat, lehetővé téve a funkcionális 

kapcsolatok későbbi emlékezeti teljesítmény szerinti összehasonlítását. Az első kísérletben az 

emlékezeti fenntartással összefüggésbe hozható funkcionális kapcsolatokat a későbbi felismerés, az 

emlékezeti terhelés és az életkor szempontjából vizsgáltuk. Az itt bemutatott, második kísérlet célja az 

volt, hogy alátámassza azt az elképzelést, miszerint a frontális théta oszcilláció emlékezeti 

fenntartáshoz kapcsolható funkcionális kapcsolatai mind a sikeres rövidtávú emlékezeti 

teljesítményhez, mind a hosszútávú epizodikus emlékezethez hozzájárulnak. Az eredmények alapján 

azt a következtetést vonhatjuk le, hogy a frontális kérgi területek funkcionális kapcsolatai kontroll 

funkciókat látnak el, amelyek a rövidtávú emlékezetben aktívan tartják a releváns reprezentációkat. Az 

a megfigyelésünk, miszerint időseknél a frontális théta csökkent kapcsolati erőssége csökkent 

emlékezeti teljesítménnyel jár együtt, arra utal, hogy a reprezentációk aktívan tartásának feltételezett, 

frontális théta ritmushoz köthető mechanizmusa különösen érzékeny az életkori változásokra.  
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INTRODUCTION 

The introduction consists of several parts. The first two chapters will attempt to review the theories 

of the short-term memory system and the current state of knowledge about the main processes 

influencing (1) encoding into STM, (2) maintenance of stored information and (3) retrieval from the 

short term store. The following, third chapter - based on evidence collected from human brain 

imaging - gives a short summary of brain regions important for STM, considering separately the 

effects of material type stored in memory and of the control processes operating on them. The 

main purpose of the next two chapters (the fourth and fifth) is to introduce the recently developing 

neurophysiological approach, namely the neuronal oscillations based functional connectivity 

analysis by which the investigation of dynamic interplay between brain regions during the 

maintenance of representations in STM is enabled. These chapters argue that STM processes 

arise from the interactions among cortical regions rather than being localized to a single brain 

region. The physiological basis and functions of the EEG oscillations, together with the functional 

connectivity phenomena implemented by phase synchronization of oscillations among distinct brain 

areas are described in more detail, considering their putative role in short and long-term memory. 

Since frontal midline (FM) theta rhythm is in the focus of investigation in the presented studies, the 

changes of FM theta amplitude and functional connectivity corresponding to short and long-term 

memory tasks will be discussed to a greater extent. Finally, the last chapter of the introduction 

section reviews the age related neuroanatomical, neurophysiological changes together with 

corresponding theories of cognitive aging.  Alterations of FM theta rhythm is implicated by this 

chapter as a mechanism that may held partially responsible for the age related impairments 

observed in STM tasks.  

 

CHAPTER 1:  THE STRUCTURE OF SHORT-TERM MEMORY  

 

Memory is not a unitary function but consists of a variety of dissociable processes mediated by 

distinct brain systems. Conventionally, memory is classified into two major systems. Explicit or 

declarative memories consist of representations about prior events and facts that can be 

consciously retrieved from memory whereas implicit /procedural/ memories consist of skills, habits, 

and information that could be assessed from memory without awareness. Explicit memories can be 

either short or long lasting. The function of short-term memory (STM) is to temporarily maintain 

information when it is not present in the environment any more, till the goal directed behavior is 
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accomplished. In cases when the manipulation of task-relevant information in memory is required 

for brief periods of time, it is often referred to as working memory (WM). Short-term memory 

contributes to a variety of cognitive skills, such as language comprehension, learning, planning, 

reasoning, and general fluid intelligence. The most prominent paradigm for studying the 

neurocognitive correlates of STM is the delay-response task in which the distinct stages of 

encoding, maintenance and retrieval can be dissociated (for a review, see Postle, 2006). The main 

purpose of the present chapter is to review the two main, concurrent theories regarding short-term 

memory.  

 

1.1 Multi-store models of memory  

Under the most influential multi-store view model of STM (first termed as WM), developed by 

Baddeley and his colleagues (for recent review Repovs & Baddeley, 2006), STM was considered 

as a qualitatively distinguishable system from long-term memory. The model argues that stored 

contents and processes operating on them are distinguishable. Moreover, it proposes separate 

buffers for different forms of information: the phonological loop is responsible for storing verbal 

material (e.g., letters, digits); a visuospatial sketchpad is proposed to maintain visual information 

(separate stores for the visual/object and spatial); and a multimodal storage system named 

episodic buffer was added recently as another storage component of the model. Both the 

interactions between storage buffers and the control processes operating on their content are 

assumed to be carried out by a so-called central executive.  

Supporting evidence for the model of WM has come from neuropsychological studies, behavioral 

interference studies and neuroimaging data. First, there is substantial neuropsychological evidence 

for distinct short and long term storage systems coming from MTL damaged patients with impaired 

LTM but intact STM performance (Repov & Baddeley, 2006). Second, behavioral studies using 

dual task paradigms found a double dissociation between short term storages of visual and verbal 

information (a verbal secondary task interferes with the performance on a verbal STM task but not 

with performance on a visual STM task). Third, neuroimaging studies compared BOLD activity 

during verbal and visual STM tasks; it demonstrated repeatedly a functional, specialized 

organization of cortex (especially the frontal brain regions) with respect to these two types of 

information.  

The episodic buffer was introduced to the model of WM because of accumulating evidence about 

the effects of long-term knowledge of memoranda on STM capacity (that is, increased STM 

performance in the case of related long-term knowledge). These results strongly suggested the 
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existence of a memory representation which could integrate information both from STM and LTM, 

hence, the notion of the episodic buffer was developed in the framework of WM. However, data 

regarding the localization of the episodic buffer is still debated, leading to some uncertainty about 

this addition to the model of WM (for a review, see (Jonides et al., 2008).  

The distinction of storage from executive processes is supported by neuroimaging and lesion data 

as well (STM performance of frontal-damaged patients under low distraction conditions remain 

intact). A vast number of fMRI studies investigating the effects of increased executive functions 

demand during STM task provided evidence for a distinct involvement of DLPFC and parietal 

association cortex as a function of control demands (for reviews see Gazzaley, Rissman, & 

D’Esposito, 2004; Cabeza, Anderson, Houle, Mangels, & Nyberg, 2000; Curtis & D’Esposito, 

2003).  

 

1.2 Unitary-store models of memory 

Atkinson & Shiffrin (1971, but see also  Hebb 1949) were the first to propose a unitary-store 

approach, and this account has recently been revised by Cowan (2000), (Ruchkin, Grafman, 

Cameron, & Berndt, 2003) and others. The primary difference between multi-store and unitary-

store models is that unitary-store models do not consider STM and LTM as distinct storages. 

Supporting this, and in contrast to the earlier neuropsychological work dissociating STM from LTM, 

several neuroimaging studies have shown that the MTL is also engaged in STM tasks and not just 

uniquely during LTM formation (D’ Esposito, 2007, see also Chapter 1 and further sections). A 

growing number of studies suggest that MTL could be linked to the binding function, representing 

novel relations among features or items (contextual details) rather than to LTM or STM uniquely 

(Michael J Kahana, 2006). Moreover, a meta-analysis comparing regions activated during verbal 

LTM and STM tasks indicated an extensive overlap in their neural correlates, particularly in the 

frontal and parietal lobes (Cabeza, Ciaramelli, Olson, & Moscovitch, 2009 Cabeza & Nyberg 2000). 

Based on these findings, unitary store models claim that STM and LTM are not separable systems 

on a neurophysiological level. 

Instead of the separate buffers and processes postulated by multi-store models, according to the 

unitary-store models, STM consists either of LTM representations at a currently strengthened level 

of activation (strength depends on recency and frequency of occurrence) or of representations of 

items that are in the focus of attention (at any given time, a limited set of items could be within the 

focus of attention which is required to make them available for cognitive processing). Multi store 

models interpreted the sustained hemodynamic activity in PFC (Fuster 1990) observed during the 
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delay period of a STM task as evidence that the PFC is the storage site for STM. Contrary to this, 

activation in many other neocortical regions has been found to be persistent over the short term 

retention period, meaning that they could also provide a possible neural basis for STM 

representations (see Postle, 2006). Furthermore, there is now increasing evidence suggesting that 

frontal theta activity during STM tasks reflects control processes (see also Chapter 4). In contrast 

to multi store models, unitary store models suggest that frontal brain functions are more likely 

involved in focused and sustained attentional processes which hold representations in an active 

state, while the information used in both STM and LTM are stored in those regions of cortex that 

are involved in initial perception and encoding (e.g. posterior association cortex).  

Generally, by attention processes, information might be held continuously available in an integrated 

form (in a chunk, that is, as a set of items that are bound by a common functional context) for 

further cognitive action. Thus, the function of control processes during maintenance of items is to 

hold those items in the focus of attention (with rehearsal is explained controlled sequential 

allocation of attentional focus). Activation of the memory representation is assumed to decay over 

time due to stochastic processes, or as a function of external interference. In summary, this view 

emphasizes that short-term memory consists of well-consolidated and partially consolidated long-

term episodic memories in an active state. Sustained activation of a memory trace is mediated 

largely by the prefrontal cortex interacting with posterior cortical systems. In contrast to multi-store 

models, this model does not dissociate neural systems for short-term and long-term storage of 

information (for a review see Jonides et al., 2008). 

 

1.3. Storage capacity of STM   

STM strictly refers to the ability to remember a small number of items over a relatively short period 

of time. Following Miller (Miller, Erickson, & Desimone, 1996), early theories of STM assumed that 

the storage capacity of this mechanism was limited to a particular number of units or “chunks” (for a 

review see (Gardiner, Ramponi, & Richardson-Klavehn, 2002). Based on behavioral experiments, 

Baddeley drew the conclusion that STM capacity is defined by the number of items that can be 

rehearsed in about 2 sec (Repov & Baddeley 2006). However, results coming from STM tasks that 

do not require the serial recall of individual items (e.g. change detection task, Luck & Vogel, 1997) 

estimated the STM capacity to be approximately only four items. The authors concluded that 

information in visual WM is retained in the form of integrated objects: approximately four items can 

be retained if these are features within a single dimension (e.g. color, orientation) but this can be 

extended with additional three or four features from another dimension because distinct features 

could be integrated into single objects. Based on the recordings of event-related potentials (ERPs) 
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during a visual change-detection task, it was shown that a slow negative potential shift over parietal 

and occipital sites that persisted for the duration of the retention interval was sensitive to the 

number of items held in memory (Vogel & Machizawa, 2004). Moreover, the event related 

response approached a plateau when the array size reached between three and four items (Vogel 

& Machizawa, 2004).  

 

CHAPTER 2: PROCESSES OPERATING ON THE SHORT-TERM MEMORY  

 

The processes operating on representations of STM have traditionally been investigated during 

three core stages of memory (encoding, maintenance, retrieval). In the present chapter, I briefly 

describe their main characteristics. The processes corresponding to the maintenance of 

information in the STM are discussed in more detail. 

2. 1 Encoding of information into STM 

Both recent perceptual events and past experiences retrieved from LTM can be encoded for 

short term. Encoding of representations is sensitive to the modulation of attention: attention 

controls which information enters into memory, and selective attention provides further top town 

control during encoding, by which neuronal activity of sensory cortex is enhanced or suppressed 

based on the task relevance of the stimuli (Awh, Vogel, & Oh, 2006). Top-down modulation of 

sensory processing relies on large scale functional interplay between the PFC (‘control’ regions) 

and parietal cortex (for recent review see (Gazzaley & Nobre, 2012). 

 

 2. 2 Maintenance of information in STM 

The processes of active maintenance keep information in an activate state, thus making them 

available for further cognitive action and protecting them from decay and irrelevant internal or 

external stimuli (e.g., Postle 2006). “Active rehearsal is hypothesized to consist of repetitive 

selection of relevant representations or recurrent direction of attention to those items” (Awh et 

al., 2006). Also, Jonides and collages (Jonides et al., 2008) argue that rehearsal is a controlled 

sequence of retrievals and re-encodings of items into the focus of attention. They suggest that 

attention (particularly selective attention) appears to influence the items already stored in STM 

by focusing our cognitive resources on information relevant to our goals. Indeed, attention and 
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WM are increasingly viewed as overlapping constructs: visual WM maintenance is implemented 

by the modulation of neuronal excitability (in a top down manner) in stimulus- selective sensory 

cortices with concurrent engagement of prefrontal and parietal control regions (i.e. in 

expectation of items to encode or to ignore and during maintenance of items in the absence of 

external stimuli - for a review, see Gazzaley & Nobre, 2012). For instance, the neural substrates 

that mediate spatial WM and spatial selective attention show a great degree of overlap: both 

fMRI and ERP techniques reveal amplified visual responses contralateral to attended locations 

in space during perceptual tasks just as it is observed during delay periods of STM task (Awh et 

al., 2006). It was concluded that the same attentional processes that facilitate the early sensory 

identification of new information (sustained shifts of attention to the stimuli) also play a beneficial 

role for the active maintenance of information within spatial WM. Another example comes from 

verbal WM studies which demonstrate that rehearsal of verbalizable memoranda engages a set 

of frontal structures associated with articulation (i.e. Broca’s area in VLPFC) and with planning 

(supplementary motor, premotor, inferior frontal, and posterior parietal areas, see in detail in the 

review of (Awh et al., 2006). Similarly, active maintenance of a visual object can be explained in 

terms of transiently reactivated and refreshed visual features (e.g. size, colour, texture, shape) 

or even verbal information associated with the particular visual stimulus (Awh et al., 2006). 

2. 3. Retrieving information from STM 

Recent empirical and computational modeling data provided an account of the reaction time 

distribution of performance in STM tasks, suggesting that representations are accessed parallel 

within memory (Jonides et al 2008). It was also hypothesized that the access of an item in STM is 

mediated by cue-based mechanisms and that it involves reactivation of perceptual cortices and - 

consequently - perceptual representations. Forgetting occurs during retrieval, most likely due to an 

interference mechanism, suggesting that attention plays an important role during memory retrieval 

as well (see Jonides et al 2008). 

 

CHAPTER 3: THE FUNCTIONAL NEUROANATOMY OF SHORT-TERM MEMORY  

 

Localization of brain functions during STM tasks by neuroimaging techniques revealed 

specialization as an effect of storage material (spatial, verbal, and object) and control function 

(continuous updating in WM, memory for temporal order, and manipulation of information in WM, 

see the meta-analysis conducted by (Wager & Smith, 2003). 
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3.1 Effects of storage material on hemodynamic brain activity 

The neocortical activations corresponding to distinct categories of material stored in STM follow a 

general functional specialization. Neuroimaging findings appear to be more consistent with the 

notion that item representations are more likely stored in the same neuronal circuitry that also 

supports perceptual processing of that information than in the prefrontal regions that was 

suggested as storage site in multi-store models (that is, the assumption of buffers linked to frontal 

regions) (for a review see (D’Esposito, 2007, Wheeler, Petersen, & Buckner, 2000). For example, 

temporary retention of objects relies on the sustained activation of ventral temporal and occipital 

cortices that are responsible for the visual perception of these stimuli (Postle 2006). 

Another body of evidence comes from the comprehensive meta-analysis of neuroimaging studies 

by Wagner & Smith (2003). Their main findings are as follows: A dorsal–ventral dissociation 

between spatial and non-spatial storage types in the posterior cortex is evident in fMRI studies, 

whereas such a difference has not been consistently found in the frontal cortex. The frequently 

observed activation of superior parietal cortex is associated with tasks requiring spatial storage, 

while non-spatial / object storage is most frequently linked with the activation of the inferior 

temporal cortex. Some support is found for left frontal dominance in verbal WM, across three BAs 

(44, 45, and 46) in the inferior frontal cortex, located in the Broca’s area, as well as in BA 6. In 

relation to object storage, the right lateral frontal cortex (e.g BA 9) is found to be involved more 

frequently, while the left ventral PFC is primarily associated with verbal rehearsal. Right 

lateralization in BAs 47, 10, and 32 is linked to spatial STM, however, only if executive functions 

are also demanded in tasks (Wagner & Smith 2003, for the results of the meta-analysis see Figure 

1). 
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FIGURE 1 FUNCTIONAL SPECIALIZATION OF BRODMANN’S AREAS (BAS) AS AN EFFECT OF MATERIAL TYPE STORED IN STM. 

PLOT REPRESENTS THE RESULTS OF THE META-ANALYSIS OF WAGNER & SMITH, 2003. BAS ARE INDICATED ON THE Y-AXIS. 

COLORED BARS INDICATE MATERIAL TYPES: BLUE-SPATIAL, RED-OBJECT, AND GREEN-VERBAL. REPORTED NORMALIZED 

NUMBER OF PEAK ACTIVATIONS ARE SHOWN ON THE X-AXIS, THE LENGTH OF EACH BAR CORRESPONDS TO THE NORMALIZED 

PROPORTION OF TOTAL COORDINATES FOR THAT MATERIAL TYPE REPORTED WITHIN THE SPECIFIED BA. THE EXTENT OF THE 

BAR TO THE LEFT AND RIGHT OF THE ZERO POINT ON THE X-AXIS CORRESPONDS TO THE PROPORTION OF PEAKS IN THE LEFT 

AND RIGHT HEMISPHERES, RESPECTIVELY. * INDICATES A SIGNIFICANT LATERALIZATION EFFECTS. THE PLOT OF BA REGIONS 

ARE ADAPTED FROM: HTTP://WWW.UMICH.EDU/~COGNEURO/JPG/BRODMANN.HTML 

 

3.2 Effects of control processes on hemodynamic brain activity 

In general, effects of control processes during STM tasks are most frequently linked with the frontal 

and parietal cortices, including the DLPFC (BA 9/46) and VLPFC (BA 44/45/47), the bilateral 

premotor (BA 6), and the superior parietal cortices (BA 7). The superior frontal cortex (BAs 6, 8, 

and 9) responds most frequently to task requirements of continuous updating and temporal order 

maintenance. If manipulation of STM memory representations is required (including dual-task 

requirements or mental operations), the ventral frontal cortex responds with increased activation 

(BAs 10 and 47). Moreover, VLPFC exhibits linearly increasing activation in response to increasing 

WM load (Naghavi & Nyberg, 2005). BAs 47 and the BA 45 may be involved selectively in semantic 

processing (see the review by Martin & Chao, 2001). Therefore, it has been assumed that VLPFC 

is responsible for storage-related processes.  
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In contrast with the VLPFC, DLPFC has been found to respond to a wide variety of control 

demands (manipulation, updating tasks, dual-task coordination, inhibition and shifting processes, 

memory load demand, see also in (Collette & Van der Linden, 2002). In general, DLPC has been 

proposed to serve monitoring functions (such as connecting integrating distinct sources of 

information, managing transfer of information from STM to LTM (and vice versa) or inhibiting task 

irrelevant stimuli, see also in (Naghavi & Nyberg, 2005). The DLPFC (approximately BA 46) 

appears to modulate interactions of posterior perceptual areas and frontal cortices. BA 32 in 

DLPFC is often related to selective attention processes which are assumed to maintain focus on 

the relevant stimulus dimension (Collette et al., 2002). Such a high degree of functional 

heterogeneity of medial prefrontal activations (VLPFC, DLPFC) suggests that the medial PFC is 

activated by basic attention processes.  

Activation of the anterior part of the cingulate gyrus (BA 24/32) has been frequently observed in 

association with STM tasks (Wagner & Smith, 2003). However, this region is often interpreted as a 

brain region that generally serves conflict resolution.  

The activity of superior parietal cortex (BA 7) is influenced by continuous updating, sequential order 

memory, and manipulation and is implicated to be involved in storage of material regardless of its 

type. Since activation of this region has been consistently observed in attention tasks as well, the 

superior parietal cortex seems to serve as a mediator of basic control over the focus of attention 

(meta-analysis of Wagner & Smith, 2003) 
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FIGURE 2 FUNCTIONAL SPECIALIZATION OF BRODMANN’S AREAS (BAS) AS AN EFFECT OF CONTROL PROCESSES OPERATE 

ON STM SOURCE OF THE RESULTS IS THE META-ANALYSIS OF WAGNER & SMITH, 2003. THE X –AXIS INDICATES BAS, AND 

THE Y –AXIS SHOWS SPECIALIZATION, COMPUTED AS THE PROPORTION OF STUDIES SHOWING ACTIVATION (TOP PANEL) OR 

ACTIVATION PEAKS (BOTTOM PANEL) FOR EACH CONTROL DEMAND, IN COMPARISON WITH THE PROPORTION IN STORAGE 

ONLY (GREEN- CONTINUOUS UPDATING, BLUE- TEMPORAL ORDER MEMORY, AND YELLOW INDICATE MANIPULATION OF 

INFORMATION IN STM).  

 

There is now considerable evidence from both primate models and human EEG and fMRI studies 

indicating that processes of active maintenance in STM rely on interactions of prefrontal-posterior 

circuits rather than being localized to a single brain region (for a review, see (Gazzaley & Nobre, 

2012 Smith, Jonides, Marshuetz, & Koeppe, 1998). The central idea behind this notion is that 

posterior regions support storage while the frontal cortex supports processes related to 

interference-resolution, control, attention, response preparation, motivation, and reward (for review 

see D’Esposito, 2007), Collette & Van der Linden, 2002). Generally speaking, during the delay 

period in an STM task, neocortical representations are activated under the control of prefrontal 

networks. For example, several fMRI studies have demonstrated that attentional modulation 

induced by irrelevant distracting stimuli during the delay period disturbs the retained functional 

connectivity between the frontal-midline cortex and visual areas, and at the same time, selective 
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interference is evident on the behavioral level as indicated by lower subsequent memory 

performance (for review see Gazzaley & Nobre, 2012). This body of evidence provides additional 

support for the notion that a plausible mechanism for the active maintenance is the coupling of 

abstract, higher-order information in the PFC and stimuli-specific sensory information in the visual 

association cortex through reverberant activity between these areas (Smith, Jonides, Marshuetz, & 

Koeppe, 1998). Moreover, it is also suggested that PFC contributes to STM retention by 

strengthening the coupling of activity between midline frontal cortex and temporo-parietal areas by 

suppressing the sensory processing of potentially distracting information from the environment, so 

that the disruption of storage processes is minimized. In conclusion, according to the theory 

outlined above, the majority of delay-period activity in the PFC might be related to attentional 

monitoring, and the functional connectivity between PFC and posterior regions predicts trial 

accuracy (Postle, 2006). 

 

CHAPTER 4: EEG OSCILLATIONS 

The main purpose of the present chapter is to review the physiological basis of EEG oscillations, 

and their putative functions particularly in short and long-term memory processes. Since frontal 

midline (FM) theta rhythm is in the focus of investigation in the present thesis, changes of FM theta 

amplitude corresponding to short and long-term memory tasks will be discussed to a greater 

extent. The next chapters will provide further understanding of functional connectivity 

characteristics of FM theta rhythm by introducing the phase synchronization phenomena between 

different regions of the brain. 

The term of neural oscillation refers to a rhythmic or periodic wave-like activity in the central 

nervous system (Fell & Axmacher, 2011). Neuronal oscillation can be observed on the microscopic 

level of a single neuron, through the mezoscopic scale of neuronal assembles to the macroscopic 

scale of the scalp recording seen as the electroencephalography (EEG).  EEG oscillations are 

assumed to arise as a summation of current density induced by synchronized post-synaptic 

potentials occurring in excitatory and inhibitory neurons (reviewed by Buzsáki & Draguhn, 2004). 

Neurons mainly within the cortex, with a so called “open field” orientation are hypothesized to 

generate the activity measured from the scalp (for a review see (Pizzagalli, 2006). Any oscillation 

(here the term of oscillation used synonymous with the term of rhythm) can be defined based on 

three properties: phase (instantaneous angle of a sinusoidal function, measured in degrees), 

frequency (the number of occurrences of a repeating sinusoid wave in one sec, measured in Hz) 

and amplitude (magnitude of the square of electrical activity in a certain frequency, called spectral 
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power, measured in µV2/Hz). The conventional categorization of oscillations is based on their 

frequency bands (delta- 1-4 Hz; theta 4-8 Hz, alpha 8-13 Hz, beta 13-30 Hz, and gamma 30-45/70 

Hz). These frequency bands of the brain rhythms differ according to their neural generators, and 

their dynamic activity also shows functional specialization (e.g. to modulate input selection or to 

foster synaptic plasticity, see Buzsáki & Draguhn, 2004)for details). For example, higher frequency 

beta and gamma oscillations are assumed to be generated by smaller local neuronal assemblies, 

whereas low frequency delta and theta oscillations originate from larger neuronal populations such 

as the thalamo-cortical network or the septohippocampal system (for review see Pizzagalli, 2006). 

The central idea of the brain oscillatory theory of Klimesch and colleagues (Klimesch, Sauseng, 

Hanslmayr, Gruber, & Freunberger, 2007) is that different frequency bands are linked with the 

neural activity of distinct cell assemblies, therefore oscillations have distinct cognitive and neuronal 

processing functions. Dynamical changes in the amplitude of an ongoing oscillation were 

suggested to reflect the extent of involvement of processing a certain task. For example, if a task 

requires enhanced neural processing the amplitude of the corresponding oscillation is higher. A 

higher amplitude oscillation increases the probability of neurons exceeding their firing threshold 

and leads to a higher chance that action potentials (APs) will be generated during the state of 

maximal excitability. The phase of oscillation is proposed to refer to the degree of excitability of 

neurons, therefore it has a major function in timing neuronal discharges (generation of APs). The 

instantaneous phase of oscillation is strongly related to particular neuronal firing patterns (neurons 

more likely to fire in the excitatory phases) and provides high temporal precision of neural activity. 

As a consequence, neuronal communication is supported by the synchronous neuronal activity 

patterns caused by the time window of excitatory phases.   

 

4.1. The generators and functions of brain oscillations 

Delta band (1–4 Hz) Delta rhythm is associated with sleep stages and its activity diminishes with 

advancing age but increases with neurological pathology. From the psychophysiological 

perspective it was linked with large-scale cortical integration and attentional processes (reviews of 

Pizzagalli, 2006, Sauseng & Klimesch, 2008). 

Theta band (4–8 Hz) Theta rhythm activity has been reliably recorded at a variety of anatomical 

sites, from single cells and local field potentials in neuronal assemblies (eg. within the cortex and 

the hippocampus, by invasive recordings in rodents and in epileptic patients) to large cortical 

surfaces using conventional EEG or MEG. Generally, these findings indicate substantial overlap 

between theta related mechanisms (e.g. related to spatial memory) identified in rodent studies and 
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human and non-human primate studies (Düzel, Penny, & Burgess, 2010). A distinct type of theta 

activity, the so-called frontal midline theta (FM theta) during wakefulness has been described with a 

midline frontal scalp distribution and centering around a 6 Hz peak (for an extensive review, see 

(Hsieh & Ranganath, 2014, Mitchell, McNaughton, Flanagan, & Kirk, 2008). Based on intracranial 

recordings, it has been assumed that the direct anatomical projections from hippocampus to the 

interneurons of prefrontal cortex (PFC) may have a role to initiate frontal theta activity in humans 

(reviewed by (Hsieh & Ranganath, 2014).  It has also been claimed that theta can originate from 

the cingulate cortex independently of the hippocampal system (e.g. Onton, Delorme, & Makeig, 

2005, review of Mitchell, McNaughton, Flanagan, & Kirk, 2008). In line with these results, a 

combined EEG and PET study reported positive correlation between the theta current source 

density and increased metabolism in the anterior cingulate cortex (ACC) (for review, see Pizzagalli, 

2006). Locally generated FM theta oscillations within the midline frontal gyrus and dorsolateral 

prefrontal cortex (DLPFC) were also indicated by EEG-MEG source modeling studies (Hsieh & 

Ranganath, 2014, Mitchell, McNaughton, Flanagan, & Kirk, 2008). Theta oscillation is supposed to 

play a causal role in both short and long term episodic memory (e.g of active maintenance of 

representation of events, as well as the consolidation and retrieval of stored memories, for a review 

see(Wolfgang Klimesch, Freunberger, Sauseng, & Gruber, 2008). In the following section, the 

function of FM theta in short and long-term memory is discussed separately.  

Alpha band (8–13 Hz) Resting state alpha rhythm (occurs typically in the 8-10Hz range) is 

desynchronized (suppression effect) due to sensory stimulation (e.g. eyes opening) or mental 

effort. This is usually interpreted to reflect stimulus-unspecific and task-unspecific increases in 

attentional demands (reviews of Pizzagalli, 2006, Klimesch, 1999). The upper alpha band (10-12 

Hz) is attenuated in a task specific manner which is associated with the processing of sensory-

semantic information, increased semantic memory performance, and stimulus-specific expectancy 

(Klimesch, 1999). Since the thalamo-cortical network is assumed to generate the alpha rhythm and 

the thalamus is linked with a gating function for sensory information, the alpha oscillation is 

associated with cortical and behavioral deactivation or inhibition (for details see Lopes da Silva, 

Goncalves & Munck, 2009). 

Beta band (13–30 Hz) The beta rhythm has a fronto-central distribution and is typically associated 

with motor activity. Beta activity is also attenuated by attentional and vigilance states during 

cognitive tasks.  From a functional perspective, it has been suggested that increased amplitude 

within the beta band may reflect increased excitatory activity (Pizzagalli, 2006, Sauseng & 

Klimesch, 2008) 
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 Gamma band (30–45 Hz) The gamma oscillation is widely studied in both humans and animals in 

several cognitive experimental paradigms focusing on processes such as top-down attentional 

modulation of sensory processes, object perception, perceptual binding and encoding, retention 

and retrieval of information (for a review see Kahana, 2006 Pizzagalli, 2006) Synchronization 

phenomena of this brain rhythm is suggested to play a crucial role in binding feature 

representations into coherent objects (e.g. Tallon-Baudry, Bertrand, & Fischer, 2001). For instance, 

encoding related induced gamma oscillations in the hippocampus, prefrontal cortex, and temporal 

lobe (recorded by intracranial EEG (iEEG)) was reported to be predictive for subsequent recall 

(Sederberg, Kahana, Howard, Donner, & Madsen, 2003). Also iEEG recording from human medial 

temporal lobe (MTL) suggested that later memory performance is enhanced as a function of 

increased gamma synchrony between the rhinal cortex and the hippocampus during the period of 

encoding (e.g. Fell et al., 2011), for review see Ward, 2003). In general, these studies have shown 

that gamma bursts are modulated by the instantaneous phase of theta rhythm, showing that theta-

gamma interplay has an essential role in neuronal plasticity (review of Buzsáki & Draguhn, 2004).  

 

4.2. Dynamical changes of FM theta amplitude in short-term memory tasks 

In humans, scalp EEG and MEG recordings, as well as iEEG recordings, have revealed an 

increased amplitude of theta rhythm in working memory tasks such as the Sternberg paradigm, n-

back task and also in a delayed match-to-sample task (for review see Hsieh & Ranganath, 2014, 

Mitchell, McNaughton, Flanagan, & Kirk, 2008).  Summary of the most important findings is given 

below:  

 Regardless of the representation type (verbal or spatial) increased theta band activity has 

been reported over the prefrontal regions (eg. Gevins, Smith, McEvoy, & Yu, 1997;  

Klimesch, 1999;  Kahana, Seelig, & Madsen, 2001; Raghavachari et al., 2001;  Jensen & 

Tesche, 2002a; Onton et al., 2005, Scheeringa et al., 2008) 

 Theta power increased drastically from stimulus presentation, remained constant 

throughout the entire retention period and finally decreased sharply at the end of each trial 

(e.g.  Raghavachari et al., 2001) 

 The amplitude of FM theta is parametrically modulated by the number of items retained in 

memory. This effect was found most consistently during the retention period (e. g. Gevins, 

Smith, McEvoy, & Yu, 1997;  Klimesch, 1999;; Raghavachari et al., 2001;  Jensen & 

Tesche, 2002a).  
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This evidence strongly suggests that sustained FM theta rhythm reflects task-related activity that 

remains enhanced throughout retention to support active maintenance of memory representations. 

Some even inferred that FM theta rhythm may play a role in coordinating periodic replay of 

representation during short term maintenance (see Jensen & Lisman, 1998). The effect of 

increased theta power as a function of the amount of information held in memory lead to the 

assumption that theta oscillation may support the active maintenance of information in WM by 

attentional control processes (Sauseng & Klimesch, 2008). 

 

FIGURE 3 EXAMPLE OF FRONTAL MIDLINE THETA RHYTHM DURING THE MAINTENANCE OF INFORMATION IN A SHORT-TERM 

MEMORY TASK. THE UPPER LEFT PANEL SHOWING THE SCALP DISTRIBUTION OF FM THETA ACTIVITY IDENTIFIED AS AN 

INDEPENDENT COMPONENT (IC) ACTIVITY ACROSS THE TRIALS RECORDED DURING THE DELAY PERIOD OF STM TASK. THE 

UPPER RIGHT PANEL PLOT THE INTENSITY OF COMPONENT ACTIVITY AS A FUNCTION OF TIME (X AXIS) AND TRIALS (Y AXIS) 

OF STM TASK. POWER SPECTRA DISTRIBUTION (LOWER PANEL) REPRESENTS THE PEAK FREQUENCY OF THE IC. 

 

4.3. Dynamical changes of FM theta amplitude in long-term memory tasks 

Neurophysiological correlates of memory formation are usually investigated by contrasting the 

neural activity during encoding on trials associated with the successful memory performance 

against the activity on trials that were not remembered subsequently (Paller & Wagner, 2002). 

Thereby, focusing on subsequent memory effects one could isolate those neural processes that 

are beneficial (or detrimental) for later memory performance (for more details see Hanslmayr & 

Staudigl, 2014). The most important findings are: 
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• Several pieces of evidence from EEG studies show that FM theta power during memory 

encoding is enhanced for items that are correctly recognized or recollected at a later memory 

test (e.g. Hanslmayr & Staudigl, 2014, Summerfield & Mangels, 2000, Sederberg et al., 2003, 

Doppelmayr, Klimesch, Schwaiger, Stadler, & Ro, 2000, Weiss & Rappelsberger, 2000, for 

details see Klimesch et al., 2006) 

• The effect of successful memory encoding on oscillatory activity varied with encoding strategy: 

whereas alpha and beta power decreases were observed exclusively during semantic encoding, 

the amplitude of theta rhythm increased specifically in relation to non-semantic encoding (for 

details see Hanslmayr & Staudigl, 2014) 

In summary, these studies show clearly how theta band oscillations correlate with the cognitive 

processing involved in episodic long-term memory. The results show that the same processes that 

help the system to keep information in WM also enable long-term memory retention, and, therefore, 

they are concordant with the processing based view of memory formation (Blumenfeld & 

Ranganath, 2007, see also  Hanslmayr & Staudigl, 2014 and Hsieh & Ranganath, 2014). 

 

CHAPTER 5: NEURAL SYNCHRONY IN CORTICAL NETWORKS 

The main purpose of the present chapter is to review the functional connectivity phenomena of 

EEG oscillations, and their putative functions particularly in short-, and long-term memory 

processes. Since the functional connectivity of frontal midline (FM) theta rhythm is the main topic of 

the present thesis, the changes of FM theta phase synchronization regarding to short and long-

term memory tasks will be discussed to a greater extent.  

Since neurons in the human brain are highly interconnected, the nervous system could be viewed 

as networks of interconnected units from a micro-level (e.g interconnected neuronal assemblies or 

layers; over an area of ~1 cm through monosynaptic connections) to large-scale (e.g between 

distinct lobes of the brain; over an area of 1 cm; through cortico-cortical or thalamo-cortical 

reciprocal pathways) (see (Varela, Lachaux, Rodriguez, & Martinerie, 2001 for a review). Recently, 

a general consensus has been reached by researchers of the field that cognition arises on the 

basis of complex communicative/functional interplay between neuronal networks. A central 

hypothesis is that neuronal communication is served/coordinated by neuronal oscillations and 

synchronization of these oscillations (Fries, 2005, Doesburg & Ward, 2009). Buzsáki & Draguhn 

stated that “the synchronous activity of oscillating networks is now viewed as the critical “middle 

ground” linking single-neuron activity to behavior” (Buzsáki & Draguhn, 2004). Activated neuronal 
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groups oscillate and thereby undergo rhythmic excitability fluctuations which open and close the 

group’s windows for communication, consequently, oscillations establish temporal windows for 

functional interplay between distributed neuronal networks (Communication-through-Coherence 

hypothesis, (Fries, 2005). The effective communication requires that oscillations of sending and 

receiving neuronal units are coordinated in time. Thereby, the sending group’s output could arrive 

at the receiving neuronal unit at the exact time window when that group is in excitable state. Since 

the phase of the oscillations determines the excitability periods of the neuronal activity, the 

mechanism of phase synchronization has been proposed to serve such a coordinating function for 

neuronal interactions. Following the ‘what is wired together, fires together’ principle, only phase 

synchronized neuronal groups communicate and therefore are functionally connected. These 

functional interactions between neuronal networks are transient (with a duration in the order of 

hundreds of milliseconds), dynamic (the strength of association between two cortical regions has a 

time-varying nature) and frequency-specific (neuronal groups oscillate in specific bands according 

to a precise phase relationship Le Van Quyen & Bragin, 2007). These transient, dynamic and 

frequency specific properties arise from the fact that neural oscillations are functionally involved 

during certain stages of information processing and different oscillations become synchronized if 

task demands require the co-activation or integration of corresponding cognitive processes. In 

summary, distributed networks of task-relevant brain sites will become transiently co-activated, and 

functionally linked via reciprocal connections under specific cognitive demands (Sauseng, 

Griesmayr, Freunberger, & Klimesch, 2010). 

An important conclusion from this approach is that dynamic interactions between distant brain 

regions are reflected by different types of phase synchronization mechanisms (Sauseng, Klimesch, 

Schabus, & Doppelmayr, 2005; Varela, Lachaux, Rodriguez, & Martinerie, 2001; Doesburg & 

Ward, 2009). EEG or MEG based functional connectivity between two cortical regions is 

conventionally quantified as a magnitude of phase synchronization among the two regions 

(represented by EEG channels) within a certain frequency band. Oscillations recorded from two 

distant EEG channels are phase synchronized if the phase relationship (phase difference) between 

them is constant over time (see Figure 4)1. Generally speaking, if activities of brain regions are 

                                                           
1
 It should be noted that there are two other types of phase synchronization mechanisms beyond the one described 

above. Synchronization could be investigated between distinct frequency bands (m:n cross frequency 

synchronization) which enables the investigation of networks interaction which may spatially overlap (Klimesch et al., 

2007). Synchronization could also be investigated during event related activity. In response to an external stimulus, 

ongoing phase of a certain frequency is assumed to reset thereby establishing time windows and a temporal order 

for information processing (Sauseng & Klimesch, 2008). 
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related to each other in such a fixed manner (constant phase leading or lagging of one’s regional 

activity relative to another) then they are presumably functionally linked to one another and are 

involved in the same cognitive processes. In conclusion, the measurement of phase relationship by 

phase synchronization quantifies the functional connectivity between two signals from the brain 

(Sauseng & Klimesch 2008). Importantly, the phase synchronization assessment estimates 

synchrony independent of the amplitude of oscillations (Uhlhaas et al., 2009). 

 

FIGURE 4 SCHEMATIC REPRESENTATION OF THE MEASUREMENT OF FUNCTIONAL CONNECTIVITY BY PHASE 

SYNCHRONIZATION BETWEEN EEG/MEG CHANNELS IN A CERTAIN FREQUENCY BAND: THE RAW SIGNALS RECORDED FROM 

EACH CHANNEL FIRST FILTERED FOR A CERTAIN FREQUENCY BAND. FOR THE ESTIMATION OF THE SIGNAL’S PHASE COMPLEX 

WAVELETS OR HILBERT TRANSFORM METHODS ARE USED. AS A RESULTS THE SIGNALS TIME-VARYING PHASES AND 

AMPLITUDES SEPARATED, WITHIN A CERTAIN OSCILLATION. THE NEXT STEP THE PHASE RELATIONSHIP BETWEEN BRAIN 

SIGNALS RECORDED FROM DISTANT BRAIN REGIONS (EEG/MEG CHANNELS) QUANTIFIED. TWO OSCILLATIONS ARE PHASE 

SYNCHRONIZED IF THE PHASE DIFFERENCE BETWEEN THEM IS CONSTANT. THIS IS ANALOGOUS TO TWO POINTS MOVING 

AROUND A CIRCLE AT THE SAME SPEED AND IN THE SAME DIRECTION, WITH A CONSTANT PHASE ANGLE. THE PROBABILITY 

DISTRIBUTION OF RELATIVE PHASE DIFFERENCES BETWEEN TWO SIGNALS ESTIMATED FOR EACH TIME POINT WOULD CENTER 

ON A CERTAIN PEAK WHETHER THERE IS A HIGH PROBABILITY FOR A CONSTANT STABLE PHASE DIFFERENCE EXIST BETWEEN 

THE SIGNALS ACROSS TIME. THE PRESENCE OF PEAK WITHIN THE DISTRIBUTION USUALLY TESTED BY SEVERAL INDICATORS 

FOR INSTANCE MUTUAL ENTROPY, AND ITS STATISTICAL SIGNIFICANCE CAN BE EVALUATED USING SURROGATE DATA. (FOR 

MORE DETAILS SEE (Le Van Quyen & Bragin, 2007, Stam, Nolte, & Daffertshofer, 2007). THE CALCULATION OF PHASE 

SYNCHRONIZATION BETWEEN ALL PAIRWISE EEG ELECTRODES YIELDS A FULL MATRIX OF FUNCTIONAL CONNECTIVITY 

BETWEEN ALL NETWORK ELEMENTS/ EEG OR MEG CHANNELS (RIGHT PANEL,). THE LEFT PANEL SHOWING THE SIGNAL 

PROCESSING STEPS ADAPTED FROM (Le Van Quyen & Bragin, 2007). 
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It has been observed at various scales ranging from single unit recordings to large scale cortical 

dynamics that neural synchronization of oscillatory brain activity in distributed cortical networks 

plays a crucial role in human behavior (e. g. motor activity, object recognition, multisensory 

integration, attention and memory, for review Sauseng & Klimesch 2008). A disturbed pattern of 

phase synchronization of cortical networks has been associated with several neurocognitive 

degenerations such as, for instance, schizophrenia, Parkinson’s disease, autism, dyslexia, and 

Alzheimer’s disease (Doesburg & Ward, 2009); Stam & van Straaten, 2012). The most frequently 

studied cognitive phenomena is the visual binding problem (integration of visual object features 

such as color, edges etc. into a coherent representation) which is linked theoretically and 

empirically with phase synchronization processes (local binding or integration of activities in 

neuronal assembles) in the visual cortex. It was demonstrated that features of visual objects (e.g. 

edges, color, and motion) are treated separately in specific visual areas and gamma band 

synchronizations within cell assembles coding visual objects are essential for integration of visual 

event. Visual binding could be defined then in terms of ‘local’ integration of neuronal properties (for 

reviews see (Klimesch, Freunberger, & Sauseng, 2010, Varela et al., 2001, for a seminal example 

see, Engel, Fries, & Singer, 2001).  

5.1. Phase synchronization of theta oscillations during memory processes 

Empirical evidence from animal and human studies together with the concept of Hebbian learning, 

led to the hypothesis that phase synchronization may facilitate strengthening of synaptic 

connections between two regions (spike timing-dependent plasticity) (Fell & Axmacher, 2011). In 

such a case, when communication mediated by phase synchronization occurs repeatedly or for an 

extended period, it is more likely to induce synaptic plasticity between these regions (either due to 

reinforcement by long-term potentiation (LTP) or to weakening by long-term depression (LTD) of 

the connection between neurons (for more details see Fell & Axmacher, 2011). For instance, this is 

the case during simultaneous activation of two brain regions communicating through theta phase 

synchronization while information in memory is maintained. We know this to be the case in rats, 

where it has been shown that electrical stimulation at the so-calld “up-state” phase of hippocampal 

theta oscillations induces LTP, whereas stimulation at the “down-states” phase induces long-term 

depression. In line with this, pharmacological manipulations demonstrate that decreased theta 

activity induced by drugs also impairs learning, whereas drugs that enhance the induction of LTP 

and consequently theta activity lead to facilitated learning. Therefore, it is now generally claimed 
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that learning-dependent changes are induced at the narrow time windows provided by theta phase 

synchronization.  

Large-scale phase synchronization of theta oscillations in humans, in particular between the frontal 

and temporo-parietal brain regions, represents a highly specific correlate of human memory 

processes. For example, theta phase synchronization between the hippocampus and the prefrontal 

cortex may lead to the induction of hippocampal plasticity. It has also been suggested that a 

putative function of theta phase synchronization between two regions is to recruit memory-related 

regions during periods appropriate for synaptic potentiation. This idea is consistent with the 

proposed top-down control function of theta phase synchronization, as exerted by the prefrontal 

cortex on parietal and temporal regions. Such a mechanism might be relevant for the maintenance 

of information in working memory, whereas the first mechanism suggests a role for theta phase 

synchronization in LTM processes (Fell & Axmacher, 2011). 

 

5.2. Theta phase synchronization in short-term memory tasks 

Evidence from EEG and MEG recordings have revealed that functional connectivity mediated by 

phase synchronization of theta rhythm is involved in the execution of various short-term memory 

tasks (for reviews see Klimesch, Freunberger & Sauseng 2010; Kahana, 2006, Fell & Axmacher, 

2011). These results further suggest that the investigation of theta functional connectivity 

characteristics could yield information about top down cognitive functions which cannot be 

addressed by EEG amplitude estimates alone. In summary, the most prominent findings of this 

field are:  

• In contrast to a resting state, increased phase synchronization of theta oscillation has been 

observed during encoding and retrieval (e.g. Sauseng et. al. 2004, Sauseng et al., 2007) , and 

also throughout the maintenance interval of WM task (e.g. Fell et al, 2003,, Sarnthein, 

Petsche, Rappelsberger, Shaw, & von Stein, 1998) 

• Short-term memory related functional connectivity by theta oscillation has been found to be 

most consistent between the prefrontal cortex and the temporal and parietal lobes  (e.g. 

Sauseng et. al. 2004, Fell et al, 2003, Sarnthein, Petsche, Rappelsberger, Shaw, & von Stein, 

1998) 

• Both visuospatial and verbal stimuli elicited theta phase coupling, however, while an increase 

in fronto-parietal connectivity is the characteristic finding during encoding of visual stimuli. 

Recall of visual and verbal material is associated with stronger coupling between anterior and 
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bilateral temporo-parietal sites (e.g. Sarnthein, Petsche, Rappelsberger, Shaw, & von Stein, 

1998; von Stein, Rappelsberger, Sarnthein, & Petsche, 1999; Sauseng et. al. 2004). 

• Functional interactions between prefrontal and parietal cortices in theta band were more 

pronounced in experimental conditions that require complex cognitive manipulations of the 

maintained representations (e.g. Sauseng et al., 2005, Klimesch et al., 2006 Sauseng et al., 

2007; Sato & Yamaguchi, 2007; Sauseng et al., 2006). 

• Theta coherence between frontal and temporal–parietal regions increases as a function of 

memory demand/memory load (e.g. Payne & Kounios,  2009 Sauseng et al., 2007; Sato & 

Yamaguchi, 2007) and predicts individual working memory capacity (Kopp, Schröger, & Lipka, 

2006, Fell & Axmacher, 2011). More specifically, memory load effect during maintenance has 

been linked to theta band-related functional connectivity of bilateral frontal and temporal 

regions as well as regions in the visual ventral processing stream (for a review, see (Düzel et 

al., 2010) 

The observed large scale pattern of anterior–posterior theta connectivity suggests that theta 

oscillations reflect top-down control processes of short-term memory. This idea can be regarded as 

a straightforward logical role of theta functional connectivity pattern since the frontal cortex was 

found to lead with respect to posterior cortical areas by approximately 30 ms on average (during 

distinct stages: encoding and retrieval), strongly indicating a monitoring function of the prefrontal 

cortex during the encoding of information and during access to WM, whereas posterior brain areas 

seem more likely to reflect storage sites (Fell & Axmacher, 2011, Hsieh & Ranganath 2014). In 

conclusion, theta phase synchronization is an important property of STM because it enables the 

interaction between posterior association cortices (where sensory information is thought to be 

stored) and prefrontal regions (where relevant current information is held and continuously 

updated). In general, the function of theta phase synchronization seems to be the coordination of 

the reactivation of information represented in posterior cortical areas (Klimesch et al 2008 

Klimesch, Freunberger & Sauseng 2010; Kahana 2006, Fell & Axmacher, 2011, Hsieh & 

Ranganath 2014, Sauseng & Klimesch 2008). 

 

5.3. Theta phase synchronization in long-term memory tasks 

Studies in humans and animals have shown that functional connectivity mediated by phase 

synchronization of theta rhythm plays an important role for successful episodic encoding (for review 

see Klimesch, Freunberger & Sauseng 2010 Kahana 2006, Fell and Axmacher 2011). The most 

consistent findings are: 
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• Several EEG studies showed that theta phase synchronization during episodic encoding 

(Summerfield & Mangels, 2005; Weiss & Rappelsberger, 2000) is enhanced for items that are 

correctly recognized or recollected at the later memory test. 

• Facilitated large-scale theta connectivity between frontal and posterior (temporal and parietal) 

brain areas are prominent both during encoding of information ((Summerfield & Mangels, 

2005; Weiss & Rappelsberger, 2000) and during retrieval as well (Fell et al., 2011, Babiloni et 

al 2006). 

• Stronger structural connectivity between the hippocampus and PFC (integrity of white matter 

tracts measured by diffusion tensor imaging (DTI)) correlates with better long-term memory 

(e.g. Miller & Cohen, 2001). Individuals with higher hippocampal-PFC structural connectivity 

are also characterized with a peak of oscillatory power shifted to theta frequencies over frontal 

regions in scalp-recorded EEG (Hsieh & Ranganath 2014). 

• Phase synchronization within the medial temporal structures (between the rhinal cortex and 

hippocampus) mediated by gamma oscillation was significantly larger for remembered than for 

not remembered items. Individual differences in the increase in gamma phase synchronization 

positively correlated with differences in phase synchronization of theta oscillation (Fell et al., 

2003, for more detailed information see Fell & Axmacher, 2011, Werkle-Bergner, Freunberger, 

Sander, Lindenberger, & Klimesch, 2012) 

In summary: although short term and long-term memory have traditionally been considered as 

separate systems, both are supported by phase synchronization of theta oscillation, particularly by 

synchronization between anterior and posterior brain regions. This phase synchronization might be 

interpreted as interplay between material-specific posterior regions and prefrontal control areas. 

According to Hebb’s proposal (Anderson, Rosenfeld, & Hebb, 1989), sustained activation in STM 

networks is maintained by reverberating activity in neuronal assemblies. Consequently, based on a 

range of empirical data cited above, synchronized oscillatory activity might coordinate activity in the 

network of distributed areas and might also establish reverberating activity in the system (Payne & 

Kounios, 2009). Thus, we propose that processes associated with STM - particularly the 

maintenance of representations - support LTM formation through synchronization-based 

mechanisms (see also the review by Fell & Axmacher, 2011 Klimesch et al 2008, Düzel et al., 

2010). 
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CHAPTER 6: THE AGING BRAIN  

 

Recent evidence from animal models suggests that the cognitive deficits associated with advancing 

age might appear due to common neurobiological causes. Neurochemical hypofunction in aging 

(caused by dendritic, synaptic, and axonal degeneration, alterations in gene expression, and 

impairments in intracellular signaling) have recently been related to memory deficits (for review see 

Schliebs & Arendt, 2011).  Evidence from studies of amnesic patients and from studies of 

hippocampal damaged animals indicates that changes within the circuitry of the hippocampal 

system might contribute to the progressive memory impairment in aging (Rossini et al 2007). 

Importantly, morphometrics has provided evidence for age related volumetric reductions – 

particularly in the prefrontal brain regions (caused by cell body shrinkage and regional white matter 

loss) (Mattay et al., 2006). It is generally assumed that volume reduction of PFC alters the 

dynamics within this region, leading to the dysfunction of information processing networks that is 

associated with aging. Cognitive aging has been viewed as a progressive process of the decline of 

several cognitive functions. Salthouse (Salthouse, 2009)  – based on investigations of cognitive 

performance in a broad range of age groups (measuring performance on tasks related to attention, 

memory, etc.) and on reviewing previous evidence about the neurobiological factors of aging – 

concluded that cognitive decline starts and progresses from 20s and 30s of the adults life.  

 

5.1. Cognitive aging 

The two basic cognitive functions most affected by aging are attention (selective / divided/ 

sustained attention) and memory (WM, episodic memory). Although it is widely accepted that WM 

declines with age, it is still a matter of debate which mechanisms or stages of memory processes 

(encoding, maintenance or retrieval) are primarily affected by age related changes. Three main 

theories of cognitive aging have been put forward, all accounting for age related WM deficits in a 

slightly different way: 

 

1) Attentional resources theory: A recent fMRI study indicates that elderly might reach the limits of 

cognitive resources more rapidly than younger adults (Mattay et al., 2006)). Under low WM 

capacity demands, the activity of prefrontal cortex in the elderly group is higher than that of young 

adults, however, as cognitive demand increases, the activity of this region drops just as the 
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performance of the elderly. The authors interpreted the results as a failure to activate one or more 

of the critical brain regions - such as the prefrontal area - under WM demands. More recently, it has 

also been demonstrated that as a function of increasing cognitive demand (memory load), the 

activity within DLPFC, PMC, and PPC measured by fMRI is found to differ between high and low 

performers both within young and elderly age groups. Regardless of age, high performers are 

associated with an ability to adaptively modulate brain activity with increasing cognitive demands 

(Nagel et al., 2009).  

 2) Processing speed theory: According to the idea of Salthouse, age-related decline of WM 

efficiency could be attributed to a general reduction in speed of information processing (Salthouse, 

1996). Evidence, such as statistical control of measures of speed, supports this theory. A recent 

EEG study (Mishra, Zanto, Nilakantan, & Gazzaley, 2013) has demonstrated that during encoding 

of a WM task, a latency delay is observed for the selection negativity (SN) and alpha band activity 

(measures of attentional allocation) in older adults compared to young ones. Additionally, the 

latency and magnitude of the SN is predictive for subsequent memory accuracy.  

 3) Inhibitory control theory: A failure of inhibitory control processes was also indicated as a 

putative source of age related deficits of WM performance. It is widely reported that the presence of 

task-irrelevant information disrupts the efficiency of WM processes, and the effect is generally 

greater for older than for younger adults (West, 1999). ERP and spectral analysis of EEG signals 

from frontal regions suggest substantial age related impairment of suppression of distracting 

information in early stages of encoding of information (Clapp & Gazzaley, 2012, Jost, Bryck, Vogel, 

& Mayr, 2011). In later stages, while information is retained in WM, the age related deficit in the 

suppression of posterior cortex activity (measured by neuroimaging techniques) associated with 

task-irrelevant stimuli was also evident. This suppression specific attention deficit correlated with 

impaired working memory performance (Gazzaley, Cooney, Rissman, & D’Esposito, 2005, Clapp & 

Gazzaley, 2012).  These results suggest that the underlying mechanism mediated by the frontal 

cortex is affected by normal aging and might underlie the WM performance loss with advancing 

age.  

In conclusion, it is likely that attention, speed of information processing, and the ability to inhibit 

irrelevant information are all important for effective performance on WM tasks and probably all 

these mechanisms are compromised in the elderly.  
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5.2. Cognitive neuroscience of aging 

PET and fMRI studies have revealed age-related hypoactivation (inferior frontal gyrus Br. 44-45, 

posterior dorsal region - BA 6 - of prefrontal cortex: (Cappell, Gmeindl, & Reuter-Lorenz, 2010), 

parietal cortices: Rajah & McIntosh, 2008, occipital activity: (Cabeza, 2004), meaning that older 

adults show less regional brain activation compared to younger adults. On the other hand, age-

related hyper activation of various areas (prefrontal and precuneus regions: Rajah & McIntosh, 

2008, prefrontal and parahippocampal activity: Cabeza, 2004) were also documented. These 

differences have been found across multiple task domains, including verbal WM. Dysfunction of 

MTL (hypo activity) was consistently reported in elderly population in a wide variety of cognitive 

tasks (e.g. during working memory, visual attention and episodic retrieval tasks: Cabeza, 2004; 

explicit learning: (Dennis & Cabeza, 2011); memory retrieval: Rajah & McIntosh, 2008). Decreased 

hemodynamic DLPFC activity has been found in older adults in verbal WM tasks. According to the 

hypothesis of compensation-related utilization of neural circuits (CRUNCH; Reuter-Lorenz, 2002), 

more neural resources are engaged by older brains to accomplish the task requirements that are 

resolved with fewer resources by younger brains. Therefore, elderly compared to the young might 

show over-activations at lower memory loads, and under activations at higher memory loads. 

Consistent with these predictions, in the right DLPFC, we observed age-related over-activation with 

lower memory loads despite equivalent performance accuracy across age groups (Cappell et al., 

2010). In contrast, with the highest memory load, older adults were significantly less accurate and 

showed less DLPFC activation compared to their younger counterparts (Cappell et al., 

2010).Taken together, the results indicate that both general and task specific brain activity pattern 

changes play an important role in cognitive aging. 

 

5.2.1. FM theta rhythm is affected by aging 

In line with the evidence that the function of frontal brain networks may be affected in cognitive 

aging, both task independent and task specific dynamics of frontal midline theta rhythm have been 

found to be sensitive to aging (Missonnier et al., 2011; Cummins & Finnigan, 2007, Werkle-Bergner 

et al., 2012, McEnvoy et al 2001). However, a task independent decrease in older adults' theta 

power was evident in the resting EEG; it was of substantially smaller magnitude than the task-

related theta difference (Cummins & Finnigan, 2007). In association with age related decline of 

memory accuracy, the power of FM theta was found to be significantly lower in older adults during 

both the retention and recognition intervals of a short-term memory task (Cummins & Finnigan, 

2007). The age related lack of memory load dependent changes of phasic frontal theta ERS 
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amplitude indicates that the elderly are less able to activate frontal theta generators during 

cognitive tasks compared to young adults (Missonnier et al., 2011, McEnvoy et al 2001). Disturbed 

theta dynamics (overall reduced power as well as increasing phase-stability estimates) during 

irrelevant information processing in WM has been interpreted as an evidence for impaired inhibitory 

control in older adults (Werkle-Bergner et al., 2012,). Increased FM theta as a function of load was 

found to be absent in elderly, together with the age related changes of alpha oscillation of parietal 

regions which indicated that the fronto-parietal network involved in spatial STM might be 

responsible for some age related deficits (McEnvoy et al 2001). 

 

RESEARCH QUESTION OF THE THESIS 

In the first study, the functional connectivity of FM theta oscillation in relation to memory 

maintenance processes was investigated in young and elderly population. This study was 

published in the journal Neurobiology of Learning and Memory at 2014. The main hypotheses 

which were aimed to test were the following: 

• It was hypothesized that phase synchronization of theta rhythm mediates active maintenance 

of information rather than reflect general sustained attention during a cognitive task. Therefore 

it was tested whether large-scale theta connectivity of midline frontal cortex and the sensory 

posterior brain areas are facilitated during maintenance of information compared to a sustained 

attention demanding perceptual oddball task. 

• It was hypothesized that if temporary retention of information was mediated by the increased 

functional connectivity of the frontal cortex it is also predictive for the efficiency of these 

processes. Therefore it was tested for the first time whether connectivity patterns of the FM 

theta band activity during the delay period of a STM task was  directly associated with  the later 

efficiency of STM recognition. Subsequent STM memory effect was expected meaning that the 

interregional connectivity strength during memory maintenance period would be higher for the 

later remembered items compared to forgotten stimuli. 

• It was hypothesized that additional parallel processes may be required for efficient retention 

than for the processes related to storage demands. Therefore, it was tested whether the 

functional connectivity of theta oscillation in relation with subsequent memory effects, and 

memory load are mediated by the distinct or identical pattern of functional networks. 

• It was hypothesized that the decline of frontal brain functions of normal aging may affect the 

memory maintenance of information thereby leading to impaired performance on a DMST.  



33 
 

Therefore, it was tested whether the effect of cognitive aging on memory maintenance 

processes was a consequence of the disconnection of functional networks in the theta band.  

• It was hypothesized that the phase synchronization of frontal cortex in theta band predicts 

individual differences of short term memory performance and working memory capacity.  

The second study was aimed to investigate the interaction of short term memory maintenance 

processes with operations that contribute to the formation of long term memory representations. 

This study was submitted to the Journal Neuroscience at 2014. The main hypotheses tested were 

the following: 

• It was hypothesized that during the delayed match to sample task (DMST) using unique 

complex visual stimuli initiate not just temporary retention of information but also lead to 

incidental episodic memory formation. Therefore, the memory performance was tested 

following a temporary retention period and an hour later unexpectedly again. 

•  It was hypothesized that the neurophysiological processes that help the system to keep 

information in STM during the delay period of a DMST task also enable long-term memory 

formation, and therefore the systems of STM and LTM may share common processes that 

operate on them. Therefore, it was tested whether the phase synchronization strength during 

the delay period of a DMST positively correlated with the subsequent long term memory 

performance. 

• It was hypothesized that the phase synchronization of theta oscillation particularly between the 

frontal and the midline temporal, parahippocampal regions were involved in the delay period of 

a DMTS task. Therefore it was tested whether large-scale theta connectivity of frontal cortices 

and the middle temporal brain areas were facilitated during maintenance of information 

compared to resting state. 

• It was hypothesized that the connectivity network of frontal cortical related to STM and LTM 

may not entirely overlap but may be dissociated. Functional connectivity differences between 

the trials in which recognition was correct both in the STM and LTM tests were compared with 

the trials in which recognition was correct only in the STM test. 
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a b s t r a c t

Representations in working memory (WM) are temporary, but can be refreshed for longer periods of time
through maintenance mechanisms, thereby establishing their availability for subsequent memory tests.
Frontal brain regions supporting WM maintenance operations undergo anatomical and functional
changes with advancing age, leading to age related decline of memory functions. The present study
focused on age-related functional connectivity changes of the frontal midline (FM) cortex in the theta
band (4–8 Hz), related to WM maintenance. In the visual delayed-match-to-sample WM task young
(18–26 years, N = 20) and elderly (60–71 years N = 16) adults had to memorize sample stimuli consisting
of 3 or 5 items while 33 channel EEG recording was performed. The phase lag index was used to quantify
connectivity strength between cortical regions. The low and high memory demanding WM maintenance
periods were classified based on whether they were successfully maintained (remembered) or unsuccess-
fully maintained (unrecognized later). In the elderly reduced connectivity strength of FM brain region and
decreased performance were observed. The connectivity strength between FM and posterior sensory
cortices was shown to be sensitive to both increased memory demands and memory performance regard-
less of age. The coupling of frontal regions (midline and lateral) and FM-temporal cortices characterized
successfully maintained trials and declined with advancing age. The findings provide evidence that a FM
neural circuit of theta oscillations that serves a possible basis of active maintenance process is especially
vulnerable to aging.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Normal aging is associated with a decline in various memory
and attentional abilities. This age-related memory impairment
specifically involves the disturbed ability to encode new memories
and dysfunction of working memory (WM) whereas implicit and
autobiographical memory remains relatively intact. While the
behavioral aspects of age-related decline in WM are well known,
the changes of functional interactions between brain areas related
to WM (especially during the maintenance period) across the life-
span are still largely unclear, and have not as yet been investigated
by EEG studies. It is still a matter of debate which WM processes

(encoding: Gazzaley et al., 2008; Karrasch, Laine, Rapinoja, &
Krause, 2004, or maintenance: Cappell, Gmeindl, & Reuter-
Lorenz, 2010) underlie much of the WM deficits observed in the
elderly. We aimed to test the frontal lobe theory of age-related
WM decline during the maintenance period of a delayed match
to sample task. The goal of the current study was to investigate
the age related functional connectivity (FC) correlates of WM
maintenance processes, mediated by phase synchronization of
frontal midline (FM) theta oscillations.

WM is a limited capacity neurocognitive system which serves
the temporary maintenance of the required information to achieve
future goals (Baddeley, 2003). By these means learning to utilize
information beyond its transient sensory availability can be real-
ized. Maintenance mechanisms refer to the repetitive selection or
direction of attention to the relevant representations (D’Esposito,
2007). Thus, forgetting occurs when items fail to compete with
other ones to regain the limited focus of attention (interference),

http://dx.doi.org/10.1016/j.nlm.2014.04.009
1074-7427/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author at: Institute of Cognitive Neuroscience and Psychology,
RCNS, Hungarian Academy of Sciences, 1117, P.O. Box 286, Magyar tudósok körútja
2, H-1519 Budapest, Hungary.

E-mail address: brigitta.toth@ttk.mta.hu (B. Tóth).

Neurobiology of Learning and Memory 114 (2014) 58–69

Contents lists available at ScienceDirect

Neurobiology of Learning and Memory

journal homepage: www.elsevier .com/ locate /ynlme

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nlm.2014.04.009&domain=pdf
http://dx.doi.org/10.1016/j.nlm.2014.04.009
mailto:brigitta.toth@ttk.mta.hu
http://dx.doi.org/10.1016/j.nlm.2014.04.009
http://www.sciencedirect.com/science/journal/10747427
http://www.elsevier.com/locate/ynlme


or when the representation declines over time (decay) (Jonides
et al., 2008).

In EEG studies sustained increased power of theta oscillations
(4–7 Hz) was consistently observed particularly within the FM
regions during the maintenance of information in WM paradigms
(for review see Klimesch, Freunberger, Sauseng, & Gruber, 2008;
Mitchell, McNaughton, Flanagan, & Kirk, 2008). Corresponding to
the relationship between FM theta oscillations and the mainte-
nance mechanism it was demonstrated that when theta activity
during retention was reduced, performance decreased (Klimesch
et al., 2006). In association with an increasing number of items
held in WM FM theta amplitude was shown to be enhanced (for
example Jensen & Tesche, 2002; Missonnier et al., 2007; Onton,
Delorme, & Makeig, 2005) which was found most consistently
during the retention interval regardless of the type of information
(verbal, visuospatial). Therefore, it was suggested that the observed
FM theta activity could reflect top-down modulation which helps
to maintain the activation of cortical representations of the
object after it is no longer present (for review see Mitchell et al.,
2008).

Interactions among brain areas related to memory functions
can be particularly important with respect to the fronto-cortical
top-down control mechanisms that serve memory processes. FC
behind EEG oscillations can be assessed by measuring the phase
synchronization of EEG-signals between pairs of electrodes
(Varela, Lachaux, Rodriguez, & Martinerie, 2001). By establishing
sustained coordinated timing of neuronal firing between distant
cortical areas oscillatory synchronization integrates anatomically
distributed processing and facilitates neuronal communication,
thus for instance has a central role in input selection and synaptic
plasticity (Fell & Axmacher, 2011). Maintenance of visual informa-
tion in WM enhances theta-synchrony between frontal and temp-
oro-parietal as well as between occipito-temporal regions
(Sarnthein, Petsche, Rappelsberger, Shaw, & von Stein, 1998;
Sauseng, Klimesch, Schabus, & Doppelmayr, 2005; Sederberg,
Kahana, Howard, Donner, & Madsen, 2003; for review see
Klimesch et al., 2008). Decreased interactions between fronto-
temporo-parietal networks was found during resting state and per-
ception (Sarnthein et al., 1998) compared during WM tasks.
Increasing the number of items to be retained was found to be
associated with increased theta connectivity between frontal and
temporo-parietal regions (Sauseng & Klimesch, 2008; Sauseng
et al., 2005) and between temporo-occipital regions during the
delay-period (for review see Klimesch et al., 2008). For example,
the level of theta connectivity within the fronto-temporo-parietal
network predicts individual working memory capacity (Kopp,
Schröger, & Lipka, 2006 for review Payne & Kounios, 2009). It
was discussed by Sauseng et al. (for review Sauseng, Griesmayr,
Freunberger, & Klimesch, 2010) that connectivity within the fron-
to-parietal network established by theta oscillations might be
associated with the control of the frontal cortex on the activation
level of higher-order sensory areas (posterior association cortex,
where sensory information is thought to be stored).

Recent fMRI analysis of FC revealed that the interruption of the
maintenance mechanism by distractor stimuli results in the dis-
ruption of connectivity between the frontal and sensory cortices
(Clapp & Gazzaley, 2012). Therefore, it was assumed that frontal
regions are likely to be involved in processes related to attention
that optimize memory formation by selecting and continuously
updating the relevant representations (Curtis & D’Esposito, 2003).
In addition, increased fronto-temporal phase synchronization
together with synchronization within the medial temporal lobe
(between the rhinal cortex and the hippocampus) were suggested
to be the neural signature of long-term memory formation, corre-
sponding to the idea that phase synchronization facilitates neural
plasticity (for review see Fell & Axmacher, 2011).

According to the frontal lobe theory of aging many age-related
changes in cognition are due to vulnerability of the frontal lobes
where substantial neuroanatomical and neurochemical changes
occur with advancing age (Raz & Rodrigue, 2006 for review). fMRI
studies found reduced activation in older compared to young
adults in brain areas supporting memory function, such as the
frontal cortex and the medial-temporal lobes (Grady, McIntosh, &
Craik, 2003; Johnson, Mitchell, Raye, & Greene, 2004). For instance,
age-related deficits in prefrontal cortex activation were shown to
have a great impact on tasks which were dependent on executive
functions (Cabeza, 2004; West, 1999 for reviews). With healthy
aging, delta (0.5–4 Hz) and theta activity diminishes, and fast fre-
quencies (beta: 13–30 Hz and gamma: 40–70 Hz) are enhanced
(Cummins, Broughton, & Finnigan, 2008; Werkle-Bergner, Müller,
Li, & Lindenberger, 2006). Karrasch et al., reported that older adults
showed less theta event related synchronization during the encod-
ing period in a Sternberg memory task (Karrasch et al., 2004). Cere-
bral aging clearly has an effect on the dynamics of theta
oscillations and thereby is likely to impair either memory storage
or sustained attention processes, or both, during maintenance of
information, and consequently is assumed to lead to decreased
performance in the elderly.

Since the coupling of the FM theta oscillation is known to be an
essential neuronal signature for WM maintenance we hypothesize
that the network of FM theta activity may be affected by normal
aging not only during information encoding but also during the
period of retention. Therefore, changes of the FM theta network
characterizing WM retention could be linked to the decline of
memory functions in the elderly. The present study aimed to test
whether (1) FM theta connectivity during retention period was
related to the efficiency of WM maintenance in addition to the
actual capacity of WM, (2) FM theta connectivity during retention
period declined in older adults, and (3) impaired WM maintenance
mechanisms underlie the behavioral WM deficits observed in the
elderly. In the visual delayed match to sample task young and
elderly subjects had to memorize sample stimuli consisting of 3
or 5 items. Such a type of WM task allows the investigation of
maintenance without perceptual processes, as well as the study
of the variation of the task demand from one trial to the other.
Besides the memory task a control task (visual odd-ball task) was
also introduced. Both the control and memory tasks consisted of
the same set of visual stimuli and temporal design of the presenta-
tion. The control task used in the present study (in contrast to the
often used resting state condition in EEG studies of memory) obvi-
ously induces sustained attentional state just as like memory task
do as well(especially during the maintenance of perceived infor-
mation in the absence of the sensory input). The contrasting of
the memory and control tasks therefore permits the dissociation
between physiological measures of memory maintenance and that
of sustained attentional functions. We assume that the FM-theta
FC is diminished in the elderly only in the memory task which
may account for the WM decline in aging.

The FC between regions represented by EEG channels was
determined by the computation of the phase lag index (PLI)
(Stam, Nolte, & Daffertshofer, 2007). For EEG analysis, the low
and high memory demanding maintenance periods were classified
based on whether the trials were remembered (termed as success-
fully maintained) or later unrecognized (termed as unsuccessfully
maintained). Previous EEG studies investigating oscillatory charac-
teristics of memory maintenance in retention period only focused
on the effects of memory load (Hsieh & Ranganath, 2013 for
review). We extended the analysis of maintenance processes and
compared EEG characteristics of EEG epochs corresponding to suc-
cessfully versus unsuccessfully maintained items which may
reveal additional FC-s beyond those that are sensitive to increasing
memory load. Differences in the strength of connectivity resulting
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from the comparison of the successfully versus unsuccessfully
maintained items was thought to characterize the pattern of neu-
ronal network during the time of retention, that may considered to
be a predictive indicator of successful maintenance processes
(Paller & Wagner, 2002). The comparison of low and high memory
demanding trials aimed to reveal sustained functional network of
FM theta related to the capacity of WM. It is expected that the
characteristics of these two functional networks corresponding to
successful memory maintenance and/or memory capacity may
not entirely overlap and thus its investigation may reveal so far
unknown vulnerable FC characteristics related to aging.

2. Methods

2.1. Subjects

20 young (18–28 years; male/female ratio: 5/15; mean age:
21.1 ± 5.6), and 16 elderly (61–71 years; male/female ratio: 3/13;
mean age: 65.8 ± 3.16) adults participated in the study. All of them
were right handed and had normal or corrected vision. The partic-
ipants signed an informed consent about the study and received
financial compensation for participation. The study was approved
by the relevant institutional ethics committee. The two groups
were matched with respect to sex and years of education (young
mean years: 12.6 ± 1.9; elderly mean years: 13.5 ± 2.9; no signifi-
cant difference between groups was found regarding to the mean
years of education). The IQ of all participants was measured by
Wechsler Adults Intelligence Scale-WAIS which revealed no signif-
icant group differences (young IQ = 117.6 ± 7.1; performance
IQ = 125.9 ± 8.6; verbal lQ = 118.3 ± 8.7; elderly IQ = 117.3 ± 9.2;
PQ = 118 ± 11.5; VQ = 115.6 ± 8.6).

2.2. Stimuli

Stimuli were presented against a black background on a 19’’
CRT computer monitor at a viewing distance of approximately
125 cm. An array of 3 or 5 colored squares was used as study
and test stimuli in distinct locations of the black display (each
square with 6.5 cm height and 6.5 cm width). The 3 or 5 colors of
the squares which form an array were selected from possible 8
highly-discriminable colors. A given color appeared only once
within a sample and test array. The following colors were used:
red (RGB: 255, 0, 0), yellow (RGB: 255, 255, 0), gray (RGB: 139,
139, 139), green (RGB: 0, 255, 0), brown (RGB: 210, 105, 30), cyan
(RGB: 0, 255, 255), pink (RGB: 255, 105, 180), blue (RGB: 255, 255,
255), white (RGB: 255, 255, 255), and violet (RGB: 160, 32, 240).
The locations of the squares were defined by segmenting the dis-
play into a 7 � 7 matrix which yielded 49 possible locations of
one square.

2.3. Memory task and procedure

The task used in the present study was a modified version of a
WM task previously used by Vogel and Machizawa (2004). Subjects
performed a visual delayed match to sample task, in which they
were instructed to memorize the colors of the sample array (dis-
tinctly colored squares). Following a delay period the participants
were instructed to recognize the currently seen array by matching
the sample to the test array. The test array was either identical to
the sample array or differed only by one color. The locations in
which the colored squares were presented did not change in the
test array compared to the locations in a previous study array.
Depending on the task demands 3 or 5 locations were selected ran-
domly from the 49 possible locations. The color of one square in
the test array was different from the corresponding item in the

sample array in 50% of trials. Two memory load conditions were
used: in the low memory load condition an array consisted of 3
squares whereas in the high memory load condition an array con-
sisted of 5 squares. Subjects pressed one of two buttons by using
two hands to indicate whether the two arrays were identical or
different.

The subjects performed a total of 192 experimental trials dis-
tributed in 6 blocks (32 trials in each block). Within each block
in a counterbalanced (50–50%) and randomized way trials from
both low and high memory load conditions were presented. In
an experimental trial (Fig. 1) first a blank screen with a fixation
cross located in the center of the screen was shown for 300 ms
which was followed by the presentation of the sample array (dura-
tion: 1500 ms). A blank screen with a fixation cross was present for
a 4100 ms long delay interval (retention). Following the offset of
the retention period the test array appeared until the subject made
a same (match) or different (mismatch) response within a 4000 ms
time window by using a game pad (right for match and left for mis-
match response). Subjects were asked to respond as quickly and as
correctly as possible. At the end of each trial feedback on correct/
incorrect responses was given on the display.

2.4. Control task

A visual odd-ball task was performed by the participants as a
control task before the memory task. Both the control and memory
tasks consisted of the same set of visual stimuli and temporal
design of stimulus presentation. In contrast to the memory task
in the control task the participants were asked to indicate the
appearance of a red square within the array of 3 or 5 squares by
button press. The target item (red square) occurred in 32% of the
trials). Only the non-target trials were included in the data analy-
sis. The participants performed one block of 50 trials. The stimuli
with 3 or 5 items were presented during the trials in counterbal-
anced and randomized way. The control task required perceptual
discrimination; therefore identically to the memory task sustained
attentional state was needed to accomplish it, without any demand
of memory maintenance.

2.5. EEG data collection

The data was recorded in an acoustically attenuated and electri-
cally shielded chamber. The participants were seated in front of a
19 in. CRT computer screen (125 cm distance). The Neuroscan soft-
ware and Nuamps amplifiers were used for 33 channel EEG record-
ing (Ag/AgCl electrodes placed according to the international 10–
20 system). The impedance of the electrodes was kept below
10 kO. Vertical (from above and below the left eye) and horizontal
(from left and right outer canthi) eye movements were recorded.
The reference electrode was placed on the tip of the nose and an
electrode placed between Cz and Fz was used as ground. The sam-
pling rate was 1000 Hz and signals were on-line filtered with a
70 Hz low-pass digital filter.

2.6. Data analysis

Performance was evaluated in terms of accuracy which was
measured as the percentage of correct responses for the test arrays
relative to all the trials presented. Correct responses corresponded
to correct change detection, and correct rejection if there was no
change in the stimuli. Accuracy was calculated separately for con-
ditions of low and high task demands. For recognition speed (reac-
tion time) data was calculated for each condition by including only
reaction time of the correct responses. The WM capacity of the par-
ticipants was tested before the EEG recording with the digit span
task included in the WAIS. The overall digit span score, and the
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scores for the forward and backward task parts were used to fur-
ther test the between group differences in WM capacity.

The EEG recorded during the memory maintenance correspond-
ing to the delay period was selected for analysis, thus visual evoked
potentials elicited by previously presented stimuli had no effect on
the analyzed data. From the control task EEG epochs recorded in
the delay period were analyzed regardless of the sample size. To
avoid the movement artifacts elicited by the button press target
trials were excluded from the data analysis. The EEG was filtered
(24 dB/octave rolloff) in the theta (4–8 Hz) frequency band. The
entire interval of the retention period was analyzed by extracting
two 2048 ms long EEG epochs from the 4100 ms retention period.
This procedure resulted in an increased number of artifact free
epochs which were averaged for the final analyses. Independent
Component Analysis (Matlab 2009b software; EEGLab 10.2.5.8b
toolbox; ADJUST version 3 plugin) and visual screening were
applied for artifact (blinking, movement, etc.) removal. ADJUST
plugin based on stereotyped spatial and temporal features as arti-
facts can detect automatically Independent Components of arti-
facts (optimized to capture blinks, eye movements and generic
discontinuities). These artifacts can be removed from the data
without affecting the activity of neural sources (Mognon,
Jovicich, Bruzzone, & Buiatti, 2010).

EEG epochs of the memory task were analyzed separately for
low and high memory load trials according to later recognition per-
formance. As a result the successfully and unsuccessfully main-
tained trials of the retention period were distinguished in both
the low and high memory load conditions. This procedure resulted
in 4 trial categories: successfully maintained and unsuccessfully
maintained trials both in the low and high memory load condi-
tions. The relatively high performance in the low memory condi-
tion resulted only in a few unsuccessfully maintained trials
which were therefore excluded from the further analysis. In order
to counterbalance the difference between any conditions with
respect to the number of epochs the same number of epochs/sub-
ject was selected in randomized manner from each condition. As a
result 86 epochs/subject were selected to the compare control and
memory task respectively. 81 epochs/subject were selected to the
compare low and high condition, respectively. 56 epochs/subject
were selected to the compare successfully and unsuccessfully
maintained trials respectively.

The strength of FC was calculated by measuring multichannel
phase synchronization with using the Brainwave software (0.9.38
version; http://home.kpn.nl/stam7883/brainwave.html). The level
of FC between any two channels i and j is defined as the phase
lag synchronization (phase lag index: PLI). PLI measures the asym-
metry of the phase difference distribution between two EEG sig-
nals, and reflects the consistency with which one signal is phase
leading or phase lagging with respect to another signal (a detailed
mathematical description can be found in Stam et al. (2007). PLI
was shown to be sensitive in detecting dynamical changes of phase
relationship between brain regions and also efficient to eliminate
the effect of volume conduction (effect of common sources on
the EEG signal) and independent of the reference electrode.
Random phase differences indicating low connectivity strength

are expressed as PLIs values around 0 whereas high connectivity
strength results in PLIs values around 1. The FC between all pairs
of electrodes obtained in all the EEG epochs was averaged across
conditions respectively. The region of FM area was defined corre-
sponding to electrodes Fp1, Fp2, Fz, FC1 and FC2. The average PLI
for all channels within the FM region (local – intra-regional syn-
chronization) was assessed for all conditions separately. Long dis-
tance (inter-regional) synchronization for the FM area was
calculated for the left and right FM-temporal, FM-parietal, FM-
occipital regions and FM-lateral frontal regions for all conditions,
respectively. For this analysis the rest of the EEG channels were
grouped into eight regions of interest (ROIs): lateral frontal (left:
F3, F7, FC5; right: F4, F8, FC6); temporal (left: FT9, T7, TP9; right:
T8, FT10, TP10), parietal (left: CP1, CP5, P7, P3; right: CP2, CP6,
P8, P4) and occipital (left: PO9, O1; right: PO10, O2). The average
PLIs between the FM region and all other ROIs were calculated.

Statistical analysis was performed with the Statistica software
(version 11.0). (1) For the behavioral data, two-way ANOVAs were
performed on reaction time, and accuracy data in a group �mem-
ory load condition design. One-way ANOVAs were performed on
the digit span task scores, in which the group was used as the
between subject factor. (2) For statistical analysis of difference
between control and memory task for FM connectivity mixed
model ANOVAs were performed for each ROIs separately involving
age group as between subject factor and task type as within subject
factor. (3) Memory performance effect on FM connectivity was
tested using successfully and unsuccessfully maintained trials in
the high memory load condition. For each ROIs separately mixed
model ANOVA was performed involving age group as between sub-
ject factor and trial type as within subject factor. (4) The analysis of
memory load effects involved the correct trials in the low and high
memory load conditions (mixed model ANOVA was applied for all
9 ROIs separately using memory load as within subject factor and
group as between subject factor). (5) For the study of the relation-
ship between individual FM connectivity and memory perfor-
mance Pearson correlation analysis was conducted between
accuracy and the PLI of ROIs separately. EEG data for this analysis
involved the correct trials in the high memory load. For post hoc
analysis the Tukey test was used.

3. Results

3.1. Memory performance: accuracy, reaction time, IQ measures

Overall both the young and elderly adults performed well above
chance level on the memory task. Details are shown in Table 1.
According to the significant main effect of age (F1,34 = 29.6,
p < 0.001 partial eta square g2 = 0.44) the performance of elderly
was lower than that of the young adults. The observed main effect
of memory load (F1,34 = 174.2, p < 0.001; g2 = 0.85) indicated that
the performance decreased as a function of increasing memory
load. Significant age and memory load interaction effect was also
found (F1,34 = 4.4, p = 0.044; g2 = 0.12). According to the post hoc
tests the decrease of accuracy as a function of memory load was
evident in both groups (post hoc, p < 0.001), and the effect of age

Fig. 1. The structure of a delayed match to sample task.
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in the high memory load condition was more conspicuous than in
the low memory load condition (post hoc, p = 0.001 at the low, and
p < 0.001 in the high memory load trials. There was no age group
difference related to reaction time. On the contrary, a slowing of
reaction time was observed in the high compared to that seen in
the low memory load condition which was indicated by the signif-
icant main effect of memory load (F1,34 = 36.15, p < 0.001;
g2 = 0.46). Analysis of the digit span performance revealed signifi-
cant main age effect [F1,34 = 13.08; p < 0.001; g2 = 0.28], indicating
higher WM capacity in the young compared to the elderly adults
(see Table 2.). The analysis of task subsets (backward and forward
digit span) indicated the effect of age with respect to the forward
digit span performance which was marginally significant
(F1,34 = 3.89; p = 0.057; g2 = 0.1), while it was clearly evident in
backward digit span performance (F1,34 = 11.58; p = 0.002;
g2 = 0.25).

3.2. Control and memory task differences on FM connectivity (PLI)

3.2.1. PLI within the MF region
Significant task type and age interaction effect (F1,34 = 9.78,

p = 0.004; g2 = 0.22) was observed. The connectivity within MF
ROI was found to be decreased in the elderly compared to the
young only during the memory task (p < 0.001) but not in the con-
trol task. The pairwise contrast analysis of the control and the
memory task in each group revealed increase of PLI within the
MF cortex only in young (p = 0.002), but not in the elderly. In con-
clusion the source of interaction is that the age related differences
were absent in the control task and were evident only during the
delay period of the memory task. A significant decrease of PLI
within MF region was also evident in the elderly (main effect of
age – F1,34 = 11.62, p = 0.002; g2 = 0.25).

3.2.2. PLI between the MF and left lateral frontal ROIs
Significant task type and age interaction effect (F1,34 = 9.63,

p = 0.004; g2 = 0.22) was observed. The connectivity was found to
be decreased in the elderly compared to the young only during
the memory task (p < 0.001). The pairwise contrast of the control
and memory tasks revealed a significant increase of PLI between
ROIs (p < 0.001) only in the young. Significant main effect of age

(decrease of PLI between ROIs in the elderly; main effect of
age – F1,34 = 11.01, p = 0.002; g2 = 0.24) and main effect of task type
(increased PLI between ROIs in memory task F1,34 = 4.41, p = 0.043;
g2 = 0.12) were also obvious.

3.2.3. PLI between the MF and right lateral frontal ROIs
Significant task type and age interaction effect was observed

(F1,34 = 8.56, p = 0.006; g2 = 0.20). During the memory task
decreased connectivity was found in the elderly compared to the
young (p = 0.019). The contrast analysis of the control and memory
tasks revealed a significant increase of PLI between ROIs only in the
young (p < 0.001). Significant main effect of age (decrease of PLI
between ROIs in elderly; F1,34 = 7.91, p = 0.008; g2 = 0.18) was
found.

3.2.4. PLI between the MF and left temporal ROIs
Significant task type and age interaction (F1,34 = 6.76, p = 0.014;

g2 = 0.16) was observed. Connectivity was decreased in elderly
compared to young (p < 0.001) only during the memory task.
Significant increase of PLI between ROIs was observed between
the control and memory task (p = 0.049) only in the young.
Decrease of PLI between ROIs in the elderly was revealed by the
significant main effect of age (F1,34 = 6.73, p = 0.014; g2 = 0.16;
g2 = 0.16).

3.2.5. PLI between the MF and right temporal ROIs
Significant task type and age interaction (F1,34 = 13.17,

p = 0.001; g2 = 0.27) was found. Connectivity was found to be lower
in the elderly compared to the young only during the memory task
(p < 0.001). The contrast of control and memory task in each group
revealed that while in the young connectivity between ROIs tended
to increase in the memory task (p = 0.091), in the elderly PLI
between ROIs was observed to be significantly decreased
(p = 0.002). Significant main effect of age (decrease of PLI between
ROIs in elderly; F1,34 = 10.08, p = 0.003; g2 = 0.23) was found.

3.2.6. PLI between MF and left and right parietal ROIs
Main effect of age was observed between the MF and left pari-

etal (F1,34 = 9.46, p = 0.004 g2 = 0.22) and and right parietal ROI
(F1,34 = 5.97, p = 0.02; g2 = 0.14). In contrast to the young a gener-
ally lower level of connectivity between these ROIs characterized
the elderly.

3.2.7. PLI between MF and left occipital ROIs
A significant interaction of task type and age was seen

(F1,34 = 6.07, p = 0.019; g2 = 0.15). Pairwise contrast of age group
differences in each task type revealed decreased PLI between ROIs
in the elderly (p < 0.001). By comparing memory and control task
differences in the group of elderly, PLI between these ROIs was
found to be significantly decreased in memory task (p = 0.025).
PLI was found to be different between groups: a substantial
decrease was observed in the elderly compared to the young (age
main effect – F1,34 = 9.85, p = 0.004; g2 = 0.22).

3.2.8. PLI between MF and right occipital ROIs
Interaction of task type and age was found to be significant

(F1,34 = 6.46, p = 0.016; g2 = 0.16). Decreased PLI was observed
between ROIs in the elderly compared to young but only during
the memory task (p = 0.002). Decreased PLI was found between
these ROIs during memory task compared to control only in the
elderly (p = 0.013). PLI was found to be decreased in the elderly
compared to the young (age main effect – F1,34 = 4.63, p = 0.039;
g2 = 0.12) (see Fig. 2).

Table 1
Response accuracy and reaction time data in the young adult and in the older adult
groups during the vDMTS task.

Low (3 items) WM load High (5 items) WM load

Mean SD Mean SD

WM performance on vDMTS task
Accuracy (%)
Young 94.26 ±4.61 81.67 ±6.98
Old 82.94 ±11.06 65.61 ±9.81

RT (ms)
Young 896.25 ±191.95 1091.90 ±253.11
Old 1049.57 ±207.85 1200.98 ±378.81

Table 2
Raw scores on the digit span task (WAIS-R) in the young and old groups.

Overall score Forward score Backward score

Mean SD Mean SD Mean SD

Digit span task performance
Young
12.3 ±2 6.75 ±1.019 5 ±0.79

Old
10 ±1.75 6.06 ±1.063 4.06 ±0.85

62 B. Tóth et al. / Neurobiology of Learning and Memory 114 (2014) 58–69



3.3. Successfully and unsuccessfully maintained trials differences in
strength of phase synchronization

3.3.1. PLI within the MF region
Significant decrease of PLI within the MF region was obvious in

the elderly compared to the young (main effect of age –
F1,34 = 31.52, p < 0.001; g2 = 0.48). The connectivity within MF
was found to be decreased in unsuccessful compared to success-
fully maintained trials (main effect of trial type – F1,34 = 7.01,
p = 0.012; g2 = 0.17).

3.3.2. PLI between the MF and left lateral frontal ROIs
Significant task type and age interaction (F1,34 = 5.29, p = 0.028;

g2 = 0.13) was observed. By comparing trial type differences in
each group, a significantly higher PLI was found in successfully
maintained to trials relative to unsuccessful ones only in the young
group (p = 0.008). The connectivity between ROIs was found to be
generally decreased in unsuccessful compared successfully main-
tained to trials (main effect of trial type – F1,34 = 5.33, p = 0.027;
g2 = 0.14). Significant main effect of age (decrease of PLI between
ROIs in elderly; F1,34 = 20.63, p < 0.001; g2 = 0.37) was found.

3.3.3. PLI between the MF and right lateral frontal ROIs
Significant decrease of PLI was observed in the elderly com-

pared to the young (main effect of age – F1,34 = 14.16, p < 0.001;
g2 = 0.29). The connectivity between ROIs was found to be
decreased in unsuccessful compared to successfully maintained
trials (main effect of trial type – F1,34 = 5.54, p = 0.025; g2 = 0.14).

3.3.4. PLI between the MF and left temporal ROIs
Significant task type and age interaction (F1,34 = 4.18, p = 0.049;

g2 = 0.11) was observed. By comparing trial type differences in
each group, a significantly higher PLI was found in successfully
maintained trials relative to unsuccessful ones only in the young
group (p = 0.041). The connectivity was decreased in elderly com-
pared to young (p < 0.001) only during successful trials. According
to the observed main effect of age substantially decreased PLI was
evident in the elderly relative to the young group F1,34 = 11.31,
p = 0.002; g2 = 0.02).

3.3.5. PLI between the MF and right temporal ROIs
Significant decrease of PLI was observed in the elderly com-

pared to the young (main effect of age – F1,34 = 17.25, p < 0.001;
g2 = 0.33). The connectivity between ROIs found to be decreased
in unsuccessful compared to successfully maintained trials (main
effect of trial type – F1,34 = 6.34, p = 0.017; g2 = 0.16).

3.3.6. PLI between MF and left and right parietal ROIs
Main effect of age was observed between MF and left parietal

ROI (F1,34 = 11.94, p = 0.002; g2 = 0.26) and also between the MF
and right parietal ROI (F1,34 = 11.767, p = 0.002; g2 = 0.26). In con-
trast to the young a generally lower level of connectivity between
ROIs characterized the elderly.

3.3.7. PLI between MF and left occipital ROIs
A significant decrease of PLI was observed in the elderly com-

pared to the young (main effect of age – F1,34 = 15.09, p < 0.001;
g2 = 0.3). The connectivity between ROIs was found to be
decreased in unsuccessful compared to successful trials (main
effect of trial type F1,34 = 9.47, p = 0.004; g2 = 0.21).

3.3.8. PLI between MF and right occipital ROIs
Significant decrease of PLI was observed in the elderly com-

pared to the young (main effect of age – F1,34 = 13.87, p = 0.001;
g2 = 0.29). The connectivity between ROIs found to be decreased

in unsuccessful compared to successful trials (main effect of trial
type F1,34 = 7.81, p = 0.009; g2 = 0.19) (see Fig. 3).

3.4. Memory load effect on strength of phase synchronization

3.4.1. PLI within the MF region
In the elderly relative to the young decreased PLI was observed

(age main effect F1,34 = 15.73, p < 0.001, g2 = 0.32).

3.4.2. PLI between the MF and left and right lateral frontal ROIs
In the elderly compared to the young a general decrease of PLI

was observed in the left (age main effect F1,34 = 14.11, p < 0.001
g2 = 0.29) and also between the ROIs in the right side
(F1,34 = 17.89, p < 0.001; g2 = 0.34).

3.4.3. PLI between the MF and left and right temporal ROIs
In the elderly compared to the young a general decrease of PLI

was observed (age main effect, left: F1,34 = 5.73, p = 0.022; g2 = 0.14
and right: F1,34 = 23.08, p < 0.001; g2 = 0.4).

3.4.4. PLI between MF and left parietal ROIs
In the elderly compared to the young a general decrease of PLI

was observed between ROIs in the left side (age main effect
F1,34 = 5.44, p = 0.026; g2 = 0.14). A tendency was observed regard-
ing to the connectivity between ROIs indicating increased in the
high compared to the low memory load condition (main effect of
memory load – F1,34 = 3.42, p = 0.073; g2 = 0.09).

3.4.5. PLI between MF and right parietal ROIs
In the elderly relative to the young decreased PLI was observed

(age main effect F1,34 = 8.88, p = 0.005; g2 = 0.21). A tendency was
observed regarding to the connectivity between ROIs indicating
increased in the high compared to the low memory load condition
(F1,34 = 6.89, p = 0.013; g2 = 0.17).

3.4.6. PLI between MF and left occipital ROIs
In the elderly relative to the young decreased PLI was observed

(F1,34 = 13.51, p < 0.001; g2 = 0.28). Significant task type and age
interaction effect (F1,34 = 5.70, p = 0.023; g2 = 0.14) was observed.
By comparing load condition differences in each group, a tendency
of higher PLI was found in the high load condition compared to low
memory load only in the young group (p = 0.082). Age related dif-
ference was only significant (p = 0.003). at high memory load
condition.

3.4.7. PLI between MF and right occipital ROIs
In the elderly compared to the young decreased PLI was

observed (F1,34 = 19.92, p < 0.001; g2 = 0.36). A marginally
significant memory load condition main effect was observed
(F1,34 = 3.93, p = 0.056 g2 = 0.10) indicating that an increased PLI
characterized the high compared to the low memory load trials
(see Fig. 4 ).

3.5. Relationship between theta FC and memory performance

Significant positive correlations were observed between the
individual connectivity within and between ROIs and memory per-
formance. The strength of FM theta FC during the retention period
statistically predicted (with 13–34% accuracy, see detailed r2 indi-
ces in Table 3.) the latter memory performance. Significant positive
correlations were also observed between the individual connectiv-
ity strengths between ROIs (MF-parietal and MF- occipital ROIs)
and the digit span task performance (see Table 3).
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Fig. 2. Frontal midline theta connectivity related to WM maintenance period relative to control task. Marked regions in the head plots represent the analyzed locations. Each
diagram corresponding to the head plots show FM theta connectivity results of ROIs (shaded areas). Vertical bars show standard error. Significance values are detailed in the
text.
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4. Discussion

The present study for the first time shows that connectivity pat-
terns of the FM theta frequency band activity is directly related to
efficiency of WM maintenance and is affected by aging. Functional
interactions of the MF cortex were proved to be facilitated during
the retention period of the WM task relative to the visual oddball

control task. Age related deficits of FM connectivity were linked
to the memory maintenance processes. It was also demonstrated
that interactions of the FM cortex facilitates latter recognition
memory. The stronger the functional interactions of FM theta
activity were that characterized the retention of an item, the better
was its later recognition. In the elderly substantially reduced con-
nectivity strength of the FM region in association with decreased

Fig. 3. Frontal midline theta connectivity related to WM load. Marked regions in the head plots represent the analyzed locations. Each diagram corresponding to the head
plots show FM theta connectivity results of ROIs (shaded areas). Vertical bars show standard error. Significance values are detailed in the text.
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performance was evident suggesting that impaired maintenance
processes mediated by FM theta phase synchronization plays a role
in the WM deficits observed in elderly.

4.1. Working memory decline in association with aging

In line with the widely demonstrated WM decline related to
aging, substantial WM impairment with advancing age was evi-
dent, but only for recognition accuracy and not for reaction time
data. Also the increasing amount of information to be held in
WM disrupted the efficiency of memory performance and slowed
down the recognition process. As the function of higher memory
load the age related differences became more apparent, which con-
firms the well-established age-related diminished processing
resources (reduced attentional capacity or cognitive slowing)

during WM task (West, 1999). The cognitive slowing theory of
aging argues that there is more time for WM contents to decay
due to slower processing in the elderly, which leads to reduced
capacity. However, the decline of WM capacity cannot be only
attributed to slowing because WM capacity declines more in the
elderly than response speed, as it was confirmed by the present
data. Van der Linden, Brédart, and Beerten (1994) suggests that
attentional resources linked to FM cortex undergo a marked
decline with ageing whereas the storage capacity remains rela-
tively unaffected (as described by the frontal lobe theory of aging).
Accordingly, WM capacity measured by digit span task confirmed
that the component of WM capacity depending on executive pro-
cesses (indexed by the backward subtest) is more likely to account
for age related deficits of WM than the storage capacity (indexed
by the forward subtest).

4.2. The potential role of FM theta FC during maintenance in WM

The contrast of WM and control visual oddball tasks permitted
the assessment of the differences between FM theta functional
connectivity characteristics of memory maintenance and sustained
attentional functions. Substantially increased connectivity strength
within the FM cortex and between the FM and lateral frontal and
temporal regions were observed during the retention period of
the WM task compared to that seen in the control periods. In con-
trary the interactions between MF and the parietal and the occip-
ital cortices were involved to the same extent during oddball as in
WM tasks. FM theta oscillations have been widely documented to
be involved not just in memory functions but also in a wide range
of attention demanding tasks (for review see: Mitchell et al., 2008;
Onton et al., 2005). As a potential generator of FM theta activity the
anterior cingulate cortex and medial prefrontal cortex were
implicated independently of the hippocampal system (Hsieh &

Fig. 4. Frontal midline theta connectivity related to efficiency of WM maintenance. Marked regions in the head plots represent the analyzed locations. Each diagram
corresponding to the head plots show FM theta connectivity results of ROIs (shaded areas). Vertical bars show standard error. Significance values are detailed in the text.

Table 3
Results of the correlation analysis between the individual accuracy/digit span task
and the connectivity within and between the midline frontal region and all other
ROIs.

r r2 t p

Accuracy
Midline frontal (MF) 0.522 0.272 3.566 0.001
MF-left frontal 0.538 0.289 3.724 0.001
MF-right frontal 0.566 0.321 4.007 <0.001
MF-left temporal 0.587 0.344 4.225 <0.001
MF-right temporal 0.546 0.298 3.798 <0.001
MF-left parietal 0.366 0.134 2.2904 0.028
MF-left occipital 0.476 0.226 3.152 0.003
MF-right occipital 0.428 0.183 2.762 0.009

Digit span
MF-right parietal 0.339 0.114 2.100 0.043
MF-right occipital 0.290 0.084 1.767 0.086
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Ranganath, 2013; Pizzagalli, 2006 for review). Up till know electro-
physiological studies compared only resting state with memory
retention period characteristics. According to these results
decreased interactions between the entire fronto-temporo-parietal
networks were found during the resting state compared to WM
tasks (Sarnthein et al., 1998; Sauseng et al., 2005; Sederberg
et al., 2003; for review see Klimesch et al., 2008). Contrary to the
above, the present results indicate that maintenance of visual
information in WM enhances theta-synchrony within the frontal
and between the fronto-temporal cortices while attentional func-
tions required by both WM and oddball tasks may be supported
by the same fronto parieto-occipital theta phase synchrony. Verifi-
cation of this hypothesis also comes from the correlations observed
between FM theta connectivity and behavioral indices. Individual
WM capacity was found to be correlated exclusively with fronto-
parietal connectivity strength, while the success of performance
in the recognition memory task was predicted by the functional
links of FM brain site and all other brain regions.

Although the evidence relating WM processes to FM theta activ-
ity is quite clear as found in the present study and in others
(Sauseng & Klimesch, 2008) there is still no conclusive interpreta-
tion regarding its functional significance. One of the putative
hypotheses suggests that theta oscillation might coordinate the
activation of relevant object information maintained in more pos-
terior brain regions during WM (Sauseng et al., 2005), whereas the
other assumes that theta activity regulates the activation of differ-
ent items such that each item representation is sequentially acti-
vated at different phase of the theta cycle based on the temporal
order in which it is perceived (Raghavachari et al., 2006). A possible
function of theta oscillation is to hold memory representations in
an active state by providing a sustained neural activation that
can bridge the temporal gap of the delay period between stimulus
presentation and memory test. However, it is well-established that
the amplitude of this oscillation decreases over time in the lack of
regular refreshment (Sauseng & Klimesch, 2008). Our results may
indicate that the functional connections of FM theta could serve
a top-down function of the FM cortex by influencing the dynamical
theta activity of brain regions which maintain only relevant object
features (visual, etc.). This hypothesis suggests that the content of
WM will decay if FM theta connectivity fails to reach an optimal
level for its updating.

4.3. Functional connections of FM region during maintenance period
modulated by WM load

Increased interaction was shown in the theta band functional
network between FM and visual cortices (occipital regions) and
also between FM sites and higher-order sensory areas of the pari-
etal region as an effect of increasing memory load. This modulation
of FM connectivity strength with memory load replicates the
results of previous studies (Sauseng et al., 2005) showing the cou-
pling of frontal and sensory areas during the performance in a WM
task. This mechanism implies that the theta activity modulated by
the FM area might enhance neural representations of relevant sen-
sory stimuli by controlling when and which representations are
reactivated in the sensory cortices thereby making information
available for recognition. The above mechanism is supported by
models suggesting that the top-down signals from the frontal cor-
tex select and reactivate temporarily stored representations thus
enhancing the rehearsal of those items (Curtis & D’Esposito, 2003).

4.4. Functional connections of FM theta during WM maintenance is
predictive for subsequent memory

The EEG FC characteristics of the retention period in relation to
later memory performance have not yet been investigated.

According to our results within and between frontal cortices, FM-
temporal and FM-occipital interactions were substantially facili-
tated during the successfully maintained, i.e. later correctly recog-
nized trials. The present data support that theta activity in the
delay period is predictive for the efficiency of memory perfor-
mance. According to our findings, the coupling within the regions
of frontal cortex and fronto-temporal sites were not found to be
sensitive for the modulation of memory load, but were predictive
for the efficiency of maintenance processes. Therefore, it appears
that fronto-parietal connectivity corresponds to the amount of
information to be held in WM even if item recognition fails. This
result indicates that the process of effective active maintenance
is at least distinguishable from the actual capacity of WM reten-
tion. Further studies are needed for the conclusive interpretation
of the significance of these functional interactions. However, based
on the FM theta connectivity characteristics observed during mem-
ory processes some possible inferences can be proposed. Available
evidence from EEG and fMRI data suggest that successful encoding
into LTM depends on close interactions between frontal and tem-
poral regions. Stronger activation of these regions positively corre-
lates with performance on a later memory test (see Fell &
Axmacher, 2011; Paller & Wagner, 2002 for a review). Theta
rhythm resulting from hippocampal-cortical interactions proved
to be important for encoding episodic memories via long-term
potentiation and depression (i.e. Kahana, Seelig, & Madsen,
2001). Furthermore, Jonides argued that the same neural represen-
tations initially activated during the encoding of information show
sustained activation during retention or retrieval from LTM into
WM (Jonides et al., 2008). Therefore, a possible assumption could
be that the retention interval of the present task enables also con-
solidation processes into LTM. Several fMRI studies have shown
that the role of the medial temporal region is important when
retention intervals are longer than a few seconds (Cabeza,
Ciaramelli, Olson, & Moscovitch, 2009). It is also possible that func-
tional interactions of frontal cortex during maintenance may
involve retrieving long-term representations associated to the sen-
sory stimuli.

4.5. Age related alterations of FM theta connectivity during the WM
retention

The present study provides further evidence for altered FC of
the FM theta network in the elderly. In line with our hypothesis
particularly in WM task FM-theta FC (within the MF and between
MF-lateral frontal and MF-temporal regions) were observed to
decline in the elderly. These age-related differences were found
to be absent in the control task and were only evident during the
delay period of the WM task indicating that active memory main-
tenance is specifically affected by advancing age. This decline of FC
specifically seen during WM maintenance related to advancing age
(indicated by partial eta squared scores of age main effects of each
ROIs) was observed to be more apparent in the anterior than the
posterior brain regions. The age related differences of slow oscilla-
tory activities might be attributed to the general effect that with
healthy aging peak frequencies of delta and theta bands may
change (Werkle-Bergner et al., 2006). However, in the present
results showing WM maintenance specific decline of FC with
advancing age, not seen during the oddball task rule out this inter-
pretation. The findings support the frontal lobe theory of aging by
demonstrating that the dysfunction of FM connectivity during
memory maintenance may be held responsible for WM memory
deficits in aging.

It is if interest to note that both during the oddball and the WM
task phase synchronization in the theta band between FM sites and
posterior brain regions (parietal, occipital) was shown to decrease
with aging. Therefore, this age related deficit could be attributed to
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a common function required both by the oddball and the WM
tasks. These age-related changes of fronto-parietal fronto-occipital
networks in the theta band could represent a common mechanism
– as assumed by the frontal lobe theory of aging- underlying the
changes across wide domains of cognition.

So far, no studies are known in which memory maintenance
related EEG connectivity was investigated in association with
aging. The successfully maintained trials were accompanied with
strengthened coupling within the frontal cortices and between
fronto-temporal, fronto-occipital areas. Contrary to that seen in
the young, interactions between the MF and lateral frontal cortices,
and those between the MF temporal regions related to successful
maintenance processes were absent in older adults. The present
results are consistent with those of previous studies in which a
decline of FM theta power was observed in elderly participants
compared to young subjects during a retention period of an epi-
sodic word recognition task (Cummins et al., 2008). An interpreta-
tion could be that in the older adults the maximum amount of FM
theta connectivity response has already reached its plateau and
therefore failed to increase with task-related requirement for effi-
cient WM maintenance. Thus age related deficits on FM theta con-
nectivity in retention period may be due to the dysfunction of the
frontal or that of the temporal lobes, or both. There is indirect evi-
dence for both possibilities from an in vivo volumetric study (Raz
et al., 2005) in which age related gray matter volume reduction
was demonstrated within the lateral frontal cortex and the hippo-
campus. These findings, together with evidence of increased likeli-
hood of neuropathology in the FM area with age (Johnson et al.,
2004; Raz & Rodrigue, 2006 for review; West, 1999), strongly sug-
gest that at least some of the age-related memory deficits are due
to changes in the FM cortex.

The present findings support our hypothesis that FM theta con-
nectivity corresponding to the maintenance period is generally
decreased in the elderly and may have an impact on age related
WM decline. In line of the present observations reduced activation
was seen in neuroimaging studies in older compared to young
adults in the frontal cortex in memory tasks (Cabeza, Anderson,
Houle, Mangels, & Nyberg, 2000; Grady et al., 2003). The observed
decrease in FM theta connectivity in the elderly could be inter-
preted in a way that the elderly fail to keep all of the item repre-
sentations in the focus of attention during the period of
maintenance because of inefficient recruitment of the WM related
networks, in line with the processes proposed Cabeza (2004).

It should be noted that scope of the present study was focusing
on the slow frontal midline theta rhythm, although other (alpha,
beta and gamma) frequency bands may also play a potential role
in memory processes. The investigation of memory maitenance
processes in relation with aging could be extended to these frquen-
cy bands in further studies.

5. Conclusions

In the present study the retention period of a WM task was
found to be associated with increased FM theta connectivity which
supports the role of midline frontal influences in this period. Our
data indicate that FM theta networks are an essential neuronal sig-
nature for the efficiency of WM maintenance in addition to the
WM capacity. Characteristics of the fronto-temporal coupling were
predictive for the efficiency of maintenance, and not sensitive for
the modulation of memory load, while fronto-parietal connectivity
corresponds to the amount of information to be held in WM even
when item recognition fails. The present results suggest an age-
dependent functional decline of the FM region to sustain a memory
maintenance specific connectivity network. These findings may
reflect a failure of FM interactions to efficiently recruit other corti-

cal (such as the lateral frontal and temporal regions) during mem-
ory maintenance thereby leading to age related behavioral deficits
in the memory domain. The findings support the frontal lobe the-
ory of aging by demonstrating that the dysfunction of FM connec-
tivity during memory maintenance may be held responsible for
WM memory deficits in aging.
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Abstract 

Frontal theta rhythm (4-7 Hz) was separately 

demonstrated to support subsequent memory 

performance during the encoding to long term memory 

and provide processes for STM maintenance of 

representations. The present study aimed to test the 

prediction that STM maintenance processes promote 

successful LTM formation based on the functional 

connectivity of FM theta oscillation. In the visual 

delayed recognition task young (18-26 years, N=18) 

adults had to memorize sample stimuli while 62 

channel EEG recording was performed. Participants 

were asked to recognize each item both in short term 

and also in long term memory tests. The phase lag 

index was used to quantify connectivity strength 

between source reconstructed cortical regions. The 

STM maintenance periods were classified based on 

whether they were remembered or forgotten later 

either in the short or long term recognition tests. It was 

found that EEG theta phase synchronization during 

the period of STM maintenance particularly between 

the midline frontal and middle temporal, 

parahipochampal regions was correlated with later 

successful LTM recognition, substantiating the claim 

that theta oscillations modulate successful LTM 

formation. Results indicate that processes associated 

with STM - particularly the maintenance of 

representations - support LTM formation through theta 

synchronization-based mechanisms and therefore the 

systems of STM and LTM may share common 

processes that operate on them.  

Keywords: short and long term memory, functional 

connectivity, phase lag index, frontal midline theta 
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INTRODUCTION 

Short term memory (STM) processes ensure the temporary 

maintenance of information thus allowing this information to  

be manipulated or quickly accessed at a later time 

(Baddeley, 2003). By these means learning to utilize 

information beyond its transient sensory availability can be 

realized. Recent evidence from EEG (for review see Hsieh & 

Ranganath, 2014) and fMRI (Ranganath et al., 2005) studies 

indicate that processes of STM maintenance may contribute 

also to the formation of episodic long-term memories (LTM, 

which refers to memory for unique episodic events). The 

present study aimed to test the EEG functional connectivity 

(FC) characteristics related to either to efficient STM 

maintenance or long term episodic formation processes. 

Hebb (1949) proposed that STM maintenance might be 

accomplished by inducing reverberating activity in neural cell 

assemblies. Corresponding to this hypothesis numerous 

studies have reported persistent activity (sustained increased 

power of theta oscillations [4–7 Hz]) in brain regions such as 

midline frontal cortex during active maintenance of novel 

information (for review see Klimesch et al., 2008; Mitchell et 

al., 2008). For example, lower level of theta activity during 

retention was found to be associated with declining 

performance (Klimesch et al., 2006). In association with an 

increasing number of items held in STM the amplitude of 

frontal midline theta seen in the delay period was shown to 

be enhanced ( Onton et al., 2005; Jensen and Tesche, 2002; 

Missonnier et al., 2007), regardless of the type of information 

(verbal, visuospatial) to be maintained. Therefore, it was 

suggested that the observed FM theta activity could reflect 

top-down modulation which helps to maintain the activation 

of cortical representations of the object after it is no longer 

present (for review see Mitchell et al., 2008). Interactions 

among brain areas can be particularly important with respect 

to the top-down control mechanisms that serve memory 

processes (Stam et al 2012). By establishing sustained 

coordinated timing of neuronal firing between distant cortical 

areas oscillatory synchronization integrates anatomically 

distributed processing and facilitates neuronal 

communication, thus for instance has a central role in input 

selection and synaptic plasticity (Fell & Axmacher, 2011). 

Maintenance in STM compared during resting state and 

perception enhances theta-synchrony between frontal and 

temporo–parietal as well as between temporo-occipital 

regions (Sarnthein et al., 1998; Sederberg et al., 2003; 

Sauseng et al., 2005; for review see Klimesch et al., 2008). 

Increasing the number of items to be retained was found to 

be associated with increased theta connectivity between 

frontal and temporo–parietal regions (Sauseng & Klimesch, 

2008; Sauseng et al., 2005) and between temporo-occipital 

regions (for review see Klimesch et al., 2008). 

A further assumption of Hebb (1949) was that this 

reverberating activity might serve to strengthen LTM traces 

for corresponding items. This idea as a part of the formal 

models of memory (Atkinson & Shiffrin, 1968) yielded the 

prediction that the amount of time spent actively maintaining 

an item should enhance LTM. However, studies testing the 

interaction of LTM formation and STM maintenance provided 

inconclusive results (Craik & Watkins, 1973), and some 

suggested that these processes might be functionally and 

neurally independent (Repovs, & Baddeley,  2006; Craik, 

2002). As an indication joint processing of STM and LTM FM 

theta activity was recently demonstrated to be predictive not 

just uniquely of STM maintenance efficiency but also of 

successful LTM formation (Hanslmayr et al., 2009; 

Summerfield and Mangels, 2005; see also; Sederberg et al., 

2003, 2007). The relationship between theta activity and 

memory encoding might depend on the connectivity between 

the hippocampus and PFC (Cohen, 2011). By using diffusion 

tensor imaging (DTI), the study showed that participants with 

higher hippocampal-PFC connectivity tended to have better 

long-term memory (LTM) performance in association with 

slower theta/delta EEG frequency bands over the frontal 

regions. There is increasing evidence to suggest that 

increased fronto-temporal phase synchronization together 

with synchronization within the medial temporal lobe 

(between the rhinal cortex and the hippocampus) might serve 

to be the neural signature of long-term memory formation, 

corresponding to the idea that phase synchronization 

facilitates neural plasticity (for review see Fell and Axmacher, 

2011). In an intergrative theory, Hebbian plasticity 

mechanisms were linked to FM theta by assuming that the 

sequential activation of items in a theta cycle could allow an 

influence of neural computations on memory representations 

and thereby modify memory processes (Jensen and Lisman, 

1996). FM theta oscillations are probably exclusively related 

to performance on STM and episodic encoding processes 

although their functional significance and their interactions 

are still unknown. 
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The present study aimed to test the prediction that STM 

maintenance processing as a result of characteristic changes 

of frontal theta connectivity patterns promotes either efficient 

STM performance or successful LTM formation. The present 

task required subjects to actively maintain novel visual 

objects during short time delays corresponding to memory 

retention. In addition to the short term recognition test an 

unexpected long term memory test (LTM phase) was 

performed one hour after the STM task. Such a type of task 

allows the investigation of neural activity during STM 

maintenance that is predictive of subsequent STM and LTM 

performance. Following the EEG source signal reconstruction 

the functional connectivity was investigated by computing the 

phase synchronization (phase lag index [PLI], Stam et al., 

2007) of theta oscillations from distributed brain regions. 

Functional connectivity assessment was performed based on 

the analysis of the theta EEG rhythm in order to identify the 

interactions within and between regions of which during the 

retentions period were predictive of subsequent STM and or 

LTM performance (Paller and Wagner, 2002). It could be 

assumed that functional connectivity of frontal theta activity 

during the STM maintenance would be enhanced for items 

that are later remembered relative to items that are later 

forgotten. It was expected that the characteristics of the two 

functional networks corresponding to successful memory 

maintenance and/or LTM formation may not entirely overlap 

and thus its investigation may reveal so far unknown FC 

characteristics related to either to STM maintenance and/or 

episodic memory formation. 

METHODS 

Subjects 

18 young (21-28 years; male/female ratio: 8/10; mean age: 

22.5±1.97) adults participated in the study. All of them were 

right handed and had normal or corrected vision. The 

participants were given detailed written information about the 

study which they signed and received financial compensation 

for participation. The study was approved by the relevant 

institutional ethics committee. 3 subject were excluded from 

the analysis based on the high noise to signal ratio or the 

bases of minimum epoch number criteria. 

Stimuli 

Stimuli were presented against a black background on a 19” 

CRT computer monitor at a viewing distance of 

approximately 125 cm. Colored two dimensional geometric 

circle shaped formations (fractal like patterns) were used as 

a stimuli positioned in the center area of the black display ( 8 

cm radius each). Altogether 288 such visual objects were 

used in the study which were generated by the Mandala 

graphic software (version 4.02 downloaded from 

http://www.seed-solutions.com/gregordy/Software). Each 

visual object consisted of 4 distinctly colored curved lines 

(see in Figure 1). The length of each curved line was set to 

28,000 pixels. The colors of the stimuli were selected from 

the following  12 highly-discriminable colors: red (RGB: 255, 

0, 0), pink (RGB: 255, 0, 255), yellow (RGB: 255, 255, 0), 

gray (RGB: 139, 139, 139), green (RGB: 0, 255, 0), dark 

green (RGB: 0, 128, 0), cyan (RGB: 0, 255, 255), blue (RGB: 

0, 0, 255) white (RGB: 255, 255, 255), brown (RGB: 128, 64, 

0), orange (RGB: 255, 128, 0), violet (RGB: 128, 0, 255). The 

objects were symmetrical so that the whole circle was divided 

into pie-shaped slices/section (3, 6 or 12) and the curved line 

drawings within each section either reflected or rotated from 

the first slice. The entire set of stimuli used in the study was 

presented counterbalanced with respect to the dimension of 

used colors, and symmetry settings.  

Memory task and procedure 

Figure 1 shows the schematic diagram of the task design. 

Subjects performed a visual delayed recognition task, in 

which they were instructed to memorize 12 sequentially 

presented novel colored visual objects. Following the 

presentation of each sample object a short term delay period 

was introduced and the task required the maintenance of 

these items. In the short term test phase, the participants had 

to make old/new decisions for 24 items (the 12 to-be learned 

and 12 new items). Subjects pressed one of two buttons by 

using two hands to indicate whether the probe object was 

identical or different from the recently presented sample 

object. The subjects performed in 8 such trials.  An additional 

unexpected long term memory test (LTM phase) was 

performed one hour after the working memory task, using the 

studied items together with the same number of new set of 

previously unseen items (86 previously presented objects 

and the same number of novel objects). 

The timing of an experimental trial was the following: first a 

blank screen with a fixation cross located in the center of the 

screen was shown for 300 ms which was followed by the 

presentation of a colored visual object (duration: 2000 ms). It 

http://www.seed-solutions.com/gregordy/Software
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was followed by a blank screen with a fixation cross for a 

4100 ms long delay interval (retention period). Following the 

delay period the next sample item was presented. The object 

was shown on (short term recognition test) was shown until 

the subject made a same (old) or different (new) response 

within a 4000 ms time window by using a game pad (right for 

“old” and left for “new” response). Subjects were asked to 

respond as quickly and as correctly as possible. At the end of 

each trial feedback on correct/incorrect responses was given 

on the display. The timing of the long term memory test (LTM 

phase) was identical to the STM recognition test. 

Figure 1. Sematic representation a delayed match to sample 

task. 

 

EEG data collection 

The data was recorded in an acoustically attenuated and 

electrically shielded chamber. The Neuroscan software and 

Synamps amplifiers were used for 64 channel EEG recording 

(Ag/AgCl electrodes placed according to the international 10-

20 system). The impedance of the electrodes was kept below 

10 kΩ. Vertical (from above and below the left eye) and 

horizontal (from the left and right outer canthi) eye 

movements were recorded. The reference electrode was 

placed on the tip of the nose and an electrode placed 

between Fpz and Fz was used as ground (AFz). The 

sampling rate was 1000 Hz and signals were on-line filtered 

with a 70 Hz low-pass digital filter. The 4 min of spontaneous 

EEG data of subjects were recorded in eyes open resting 

state condition as a control condition prior to the task 

execution. 

Data analysis 

Performance was evaluated in terms of accuracy which was 

measured as the percentage of correct responses for the 

probe stimuli divided by the sum of all responses for probe 

trials. Correct responses corresponded to correct change 

detection, and correct rejection if there was no change in the 

stimuli. Accuracy was calculated separately for STM and 

LTM recognition tests. For recognition speed (reaction time) 

data the median was calculated for each memory tests (STM, 

LTM) by including reaction time for the correct responses 

only. 

The EEG recorded during the resting state or memory 

maintenance corresponding to the delay period was selected 

for analysis. The EEG was filtered (24 dB/octave roll off) in 

the theta (4-7 Hz) frequency band. The entire interval of the 

retention period was analyzed by extracting 4096 ms long 

EEG epochs from the 4100 ms retention period. Independent 

Component Analysis (Matlab 2009b software; EEGLab 

10.2.5.8b toolbox; ADJUST version 3 plugin) and visual 

screening were applied for artifact (blinking, movement, etc.) 

removal. ADJUST plugin based on stereotyped spatial and 

temporal features artifacts can detect Independent 

Components of artifacts. These artifacts can be removed 

from the data without affecting the activity of neural sources 

(Mognon et al., 2010). 

EEG epochs of the memory tasks were analyzed separately 

according to later recognition performance on STM and LTM 

recognition tests. As a result remembered and forgotten trials 

in STM and or LTM were distinguished. This procedure 

resulted in 3 categories which were analyzed further: 

forgotten trials both in STM and LTM tests; remembered 

trials in STM and forgotten in the LMT tests and remembered 

trials both in STM and LTM tests. In order to counterbalance 

the difference between any conditions with respect to the 

number of epochs the same number of epochs/subject were 

selected in randomized manner from each condition.  

The strength of FC was calculated by measuring 

multichannel phase synchronization with using the 

Brainwave software (0.9.38 version; 

http://home.kpn.nl/stam7883/brainwave.html). The level of 

FC between any two channels i and j is defined as the phase 

lag synchronization (phase lag index: PLI). PLI measures the 

asymmetry of the phase difference distribution between two 

EEG signals, and reflects the consistency  by which one 

signal is phase leading or phase lagging with respect to 

http://home.kpn.nl/stam7883/brainwave.html
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another signal (a detailed mathematical description can be 

found in  Stam et al., 2007). PLI was shown to be sensitive in 

detecting dynamical changes of the phase relationship 

between brain regions and also to eliminate efficiently the 

effect of volume conduction (effect of common sources on 

the EEG signal) and to be independent of the reference 

electrode. Random phase differences indicating low 

connectivity strength are expressed as PLIs values around 0 

whereas high connectivity strength results in PLI values 

around 1.  

 Source signal reconstruction  

For source signal reconstruction a minimum norm estimate 

model (sLORETA developed by Pascual-Marqui 2002) was 

applied by using Brainstorm toolbox 

(http://neuroimage.usc.edu/brainstorm Tadel et al., 2011). 

The source reconstruction was performed using a standard 

brain template MNI/Colin27. The forward model provided by 

the openMEEG algorithm (Gramfort et al, 2011). The time 

signals of the voxels were reconstructed with the orientation 

perpendicular to the cortex, then averaged to 62 cortical 

regions (volume of interest - VOIs, see table 1.) according to 

the parcellation scheme introduced by Klein and Tourvilee 

(2011). From the 62 VOIs only those were selected for the 

final analyses which were presumably involved in memory 

related networks. The following cortical regions were 

selected respectively from the left and right hemispheres: 

frontal lobe (caudal and rostral middlefrontal, lateral  and 

medial orbitofrontal, pars orbitalis pars triangularis superior 

frontal) temporal lobe   (inferior temporal, middle temporal, 

parahippocampal, superior temporal, fusiform gyrus) parietal 

lobe (inferior parietal, superior parietal gyrus) occipital lobe 

(cuneus) cingulate cortex (caudal anterior cingulate, rostral 

anterior cingulate, posterior cingulate) 

ROI selection and statistical analysis 

Statistical analysis was performed with the Statistica software 

(version 11.0). For the analysis of the memory tests 

differences with respect the behavioral performance, 

dependent sample t tests were performed on reaction time, 

and accuracy data separately.  

The final analysis of EEG data had two stages: first the 

frontal theta phase synchronization was compared between 

the delay period of the STM task and the resting state control 

task (including  all the correct trials of memory task), second 

the phase synchronization strength between regions of the 

memory task was contrasted consisting the delay periods 

corresponding to correct trials only of STM test and the delay 

periods associated with to correct response both on short 

and long term memory tests. In order to evaluate functional 

connectivity between brain regions, we performed a seed-

basis phase synchronization analysis (e.g. Kuo et. al 2011) 

by computing the strength of PLI between a seed region and 

all other source ROIs. The source ROIs of the frontal and 

anterior cingulate cortices were selected as seed regions 

(caudal and rostral middle frontal gyrus, pars triangularis and 

pars orbitalis as the regions of the inferior frontal cortex, the 

lateral and medial orbitofrontal gyrus, the superior frontal 

gyrus, and the caudal dorsal parts of anterior cingulum, 

respectively for left and right hemispheres). 

1, Statistical analysis of task resting state differences on PLI: 

By the first detailed analysis the significant phase 

synchronization-increase between task and control resting 

state was evaluated by applying paired one-tailed t tests in a 

within subject design between all of the seed and source 

region pairs (our hypotheses were directional such as Prado 

et al 2011, Wu et al 2007). The enhancement of functional 

connectivity in the memory task in contrast to resting state 

was plotted as a line connecting seed and source region 

sites in summary maps (Figs.), if the significance level was 

p< 0.025 or better. Because we wanted to determine the 

memory maintenance related networks as a whole in this 

procedure significance levels were not corrected for multiple 

comparisons since it would have cancelled out important 

results as well.  As a solution we also performed ANOVAs as 

post hoc regional analyses. Thereby the detection of main 

effects and interactions on PLI of laterality ((left vs. right 

hemispheric source), task type (memory task vs. resting 

state) and interregional connectivity type (between the seed 

region and ROIs belonging to a certain lobe) was possible to 

carry out. For considering functional connectivity type in this 

general analysis source regions were grouped into a single 

ROI representing lobes: ROI of parietal lobe including 

superior and infrerior parietal gyrus, occipital lobe consisting 

of the cuneus and fusiform gyrus, temporal lobe ROI 

including the superior-, inferior-, and medial gyri, the 

parahipocampal gyrus, the frontal lobe consisting of the 

caudal and rostral middle frontal gyrus, pars triangularis and 

pars orbitalis as the regions of the inferior frontal cortex, the 

lateral and medial orbitofrontal gyrus, the superior frontal  
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FIGURE 2. THE ANATOMICAL VIEW (TOP VIEW –UPPER PANEL, LATERAL VIEW AT THE MIDDLE PANEL, AND THE BOTTOM VIEW AT 

THE LOWER PANEL) OF THE VOIS THAT WERE SELECTED FOR THE FINAL ANALYSES WHICH WERE PRESUMABLY INVOLVED IN 

MEMORY RELATED NETWORKS. THE FRONTAL LOBE AND CINGULAR CORTICAL REGIONS WERE SELECTED RESPECTIVELY FROM THE 

LEFT AND RIGHT HEMISPHERES AS A SEED REGIONS OF THE ANALYSIS.  
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gyrus, cingular cortex including the caudal and rostral 

regions of anterior cingulum, and the posterior cingulate 

cortex  .  Three-way ANOVAs with within subject factors 

TASK TYPE (memory task vs. resting state), HEMISPHERE 

(left vs. right hemispheric source) and CONNECTIVITY 

TYPE (between the seed region and ROIs corresponding to 

each lobe) were calculated for each seed regions separately. 

Greenhouse– Geisser corrected values are reported whent 

was appropriate. 

2, Statistical analysis of memory maintenance efficiency 

related to either STM or LTM: 

Similarly to the detailed statistical contrast of memory and 

resting state functional connectivity networks a detailed 

analysis was first performed on STM retention periods 

according to their subsequent outcomes on STM and LTM 

tests. The significant phase synchronization between delay 

periods associated only with correct STM recognition with 

trials of delay periods that lead to correct STM and LTM 

recognition were statistically compared by paired two-tailed t 

tests in a within subject manner separately for all of the seed 

and source region pairs. As a post hoc general analysis 

three-way ANOVAs with within subject factors TRIAL TYPE 

(correct trials linked with STM performance vs. correct trials 

linked with LTM encoding), HEMISPHERE (left vs. right 

hemispheric source) and CONNECTIVITY TYPE (between 

the seed region and ROIs corresponding to each lobe) were 

calculated for each seed region separately. 

For the study of the relationship between individual FM 

connectivity and memory accuracy in STM and LTM tests 

separately Pearson correlation analyses were performed 

between accuracy and the PLI of ROIs separately.  

RESULTS 

1. Memory performance: accuracy, reaction time 

Overall the performance was well above chance level on 

both STM and LTM memory tests. The recognition accuracy 

was significantly (t=7.75, p<0.001) lower on the LTM (84.3%; 

SD=6.58) than on the STM test (71%; SD=6.83). The 

recognition speed was significantly (t=-3.33, p=0.003) lower 

on the LTM (1748.2 ms; SD=703.) than on the STM test 

(2233.6; SD=797.7). 

2. Resting state memory task differences of functional 

connectivity stgrength (PLI) 

Figure 3 summarizes the differences in functional 

connectivity between resting state and memory tasks. All 

seed and source region pairs are included; enhancements of 

coherence are plotted as lines connecting seed and source 

region sites in probability maps. Since, as a first step, we 

wanted to define memory maintenance related networks in 

their entirety, the criterion for displaying connections was a 

significance level of p< 0.025. 

Post hoc regional analyses were performed for the detection 

of main effects and interactions for factors laterality, task type 

and interregional connectivity type on PLI changes 

(analyzing separately the frontal and cingular regions as 

seed regions and their connectivity with other lobes of the 

brain). Results are discussed separately for each seed 

region.   

Superior frontal gyrus: Phase synchronization strength of 

superior frontal gyrus tended to be higher during STM delay 

period compared to resting state [main effect of task type 

F(4, 56)=2.2770, p=.07231 𝜼2=0.11] 

Orbitofrontal gyrus:  

Lateral orbitofrontal gyrus (lateral OFG): Phase 

synchronization strength of lateral OFG was found to be 

significantly higher during the STM delay period compared to 

the resting state [F(1, 14)=7.4900, p=.01606 𝜼2 =0. 35]. 

Medial orbitofrontal gyrus (medial OFG): Phase 

synchronization strength of medial OFG was found to be 

significantly higher during the STM delay period compared to 

the resting state [F(1, 14)=5.6573, p=.03216 𝜼2= 0.29].  

Inferior frontal gyrus:  

Pars triangularis: Higher PLI was found during memory task 

in contrast to control state [main effect of task type 

F(1,14)=6.0860, p=.02714 𝜼2= 0.3]. Main effect of laterality 

was found to be significant [F(1, 14)=7.5984, p=.01545, 𝜼2= 

0.35] Higher PLI was observed in the left hemisphere.  
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Pars orbitalis: Phase synchronization strength of pars 

orbitalis was found to be significantly higher during STM 

delay period compared to resting state [F(1,14)=6.0267, 

p=.02778 𝜼2= 0.30] 

Medial frontal gyrus: 

Rostral midline frontal gyrus (rostral MFG): Phase 

synchronization strength of rostral MFG was found to be 

significantly higher during the STM delay period compared to 

resting state [main effect of task type F(1, 14)=5.6302, 

p=.03252,  𝜼2=0.29]  

Caudal midline frontal gyrus (caudal MFG): Phase 

synchronization strength of the caudal MFG was found to be 

significantly higher during the STM delay period compared to 

the resting state [main effect of task type F(1, 14)=7.4211, 

p=.01646 𝜼2=0.35].  The main effect of connectivity type 

proved to be significant as well F(4, 56)=3.1258, p=.02165 

𝜼2=0.18]: Higher PLI was found between the caudal MFG 

and the other frontal cortices (p= 0.008)  cingulate cortex (p= 

0.020)  than between the caudal MFG and parietal cortex. 

Higher PLI was found between the caudal MFG and the 

other frontal cortices (p= 0.012) (cingulate cortex (p= 0.030)) 

than between the caudal MFG and occipital cortex. 

Interaction effect of task type and connectivity type was 

found [F(4, 56)=2.9853, p=.02642 𝜼2=0.18] : The source of 

the interaction was that the resting sate memory task 

functional connectivity difference was absent between the 

caudal MFG and parietal cortex while the rest of the 

functional connections strengthened as a result of task 

condition. 

Cingulate cortices: 

Caudal anterior cingulate cortex (caudal ACC): a tendency of 

interaction effect of task type, laterality and functional 

FIGURE 3. SCHEMATIC REPRESENTATION OF RELATED MEMORY MAINTENANCE NETWORKS IN THE THETA BAND: FUNCTIONAL CONNECTIONS OF FRONTAL 

CORTICES WHICH WERE SHOWN TO BE SIGNIFICANTLY HIGHER DURING STM IN CONTRAST TO RESTING STATE. FUNCTIONAL CONNECTIVITY STRENGTHS ARE 

PLOTTED REGARDLESS OF THE LATERALITY EFFECTS. THE ARROWS CORRESPONDS TO THE SIGNIFICANCE LEVEL: NARROW DOTTED LINE INDICATES P<0.025, 

DASHED LINES REFERS TO P<0.01 AND BLACK LINES INDICATES P<0.001. THE COLOR KEY OF THE BOXES CORRESPONDS TO THE LOBES: RED SHOW ROIS OF 

FRONTAL LOBE (MIDLINE FRONTAL GYRUS- MFG, INFERIOR FRONTAL GYRUS- IFG, ORBITOFRONTAL GYRUS- OFG, DARK BLUE SHOW ROIS OF THE FRONTAL 

LOBE, GREEN SHOW ROIS OF THE PARIETAL LOBE, YELLOW SHOW ROIS OF THE CINGULATE CORTEX, GREY SHOW ROIS OF THE OCCIPITAL LOBE. 
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connectivity type was observed [F(4, 56)=2.3620, p=.06409 

𝜼2=0.14]: In the left hemisphere the STM maintenance 

related PLI between caudal ACC and the rest of the frontal 

cortices was higher than during rest (p<0.001), while this task 

related effect was absent in the right hemisphere.  In the right 

hemisphere, the STM maintenance related PLI between 

caudal ACC and the occipital cortices was higher than during 

rest (p<0.017), whereas this difference was not found in the 

left hemisphere. 

Rostral anterior cingulate cortex (rostral ACC): Main effect of 

functional connectivity type was observed [F(4, 56)=2.9149, 

p=.02920 𝜼2=0.15]: PLIs between the rostral ACC and frontal 

(p= 0.012), temporal (p=0.038) and cingulate cortex 

(p=0.013) were higher than the PLI between rostral ACC and 

parietal cortex. PLIs between the rostral ACC and frontal (p= 

0.45) and cingulate cortex (p= 0.49) were higher than PLI 

between rostral ACC and occipital cortex. 

3. Differences of functional connectivity strength (PLI) 

between trials which was recognized correctly both in the 

STM and LTM test compared to the trials that were 

recognized only in the STM test: 

Cingulate cortices: 

Caudal ACC: the interaction of memory efficiency type and 

ROI was found to be significant [F(4, 56)=2.7669, p=.03603 

𝜼2=0. 17]. Post hoc contrast of memory efficiency type for 

each seed ROI pairs showed that the connectivity strength of 

caudal ACC with the parietal lobe (p=0.003) and with the 

frontal cortices (p = 0.053) was lower in the trials which was 

recognized correctly both in the STM and LTM test compared 

to the trials that were recognized only in the STM test.  

Midline frontal gyrus:  

Caudal MF gyrus: Interaction of memory efficiency type and 

ROI was found to be significant [F(4, 56)=2.7013, p=.03956 

𝜼2=0. 16]. Post hoc contrast of memory efficiency type for 

each seed ROI pairs showed that the connectivity strength of 

caudal MF gyrus with the parietal lobe (p= 0.015) was lower 

in the trials which was recognized correctly both in the STM 

and LTM test compared to the trials that were recognized 

only in the STM test. In contrast the connectivity strength of 

caudal MF gyrus with the temporal lobe (p= 0.081) tended to 

be higher in trials in which recognition was correct both in the 

STM and LTM test compared to the trials in which recognition 

was correct only in the STM test. 

 

 

FIGURE 4 RESULTS OF MEMORY MAINTENANCE RELATED NETWORKS IN 

THE THETA BAND: FUNCTIONAL CONNECTIONS OF FRONTAL CORTICES 

WHICH WERE FOUND TO BE SIGNIFICANTLY HIGHER DURING IN STM 

COMPARED TO THE RESTING STATE. LIGHT GREEN REFERS TO THE PLI 

DURING MEMORY MAINTENANCE PERIOD, DARK GREEN CORRESPONDING 

TO THE PLI DURING RESTING STATE. 
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Orbitofrontal gyrus: 

Medial OF gyrus: Interaction of memory efficiency type and 

ROI was found to be significant [F(4, 56)=4.8014, p=.00212, 

𝜼2=0.26]. According to the post hoc analysis of the effects 

trial types on each seed ROI pairs the PLI between medial 

OF gyrus and the frontal lobe (p= 0.043) as well between 

medial OF region and cingular cortices (p =0.004) were lower 

in the trials which was recognized correctly both in the STM 

and LTM test compared to the trials that were recognized 

only in the STM test. Contrary the higher PLI between the 

medial OF gyrus and the occipital lobe (p = 0.016) was 

evident for trials in which recognition was correct both in the 

STM and LTM tests compared the trials in which recognition 

was correct only in the STM test 

 

 

Inferior frontal gyrus: 

 Pars triangularis: Interaction of memory efficiency type and 

ROI was found to be significant [F(4, 56)=3.4915, p=.01292 

𝜼2=0.20]. Higher PLI between the pas triangularis and the 

cingulate cortex (p=0.001) in the trials that were recognized 

only in the STM test compared to the trials which were 

recognized correctly both in the STM and LTM test. 

4. Relationship between theta FC and LTM performance  

Significant positive correlations were observed between the 

individual connectivity between seed regions and ROIs and 

memory performance on LTM recognition test. The strength 

of theta FC during the retention period statistically predicted 

(see detailed results of the analysis in Table 1.) the 

subsequent LTM memory performance.  

FIGURE 5 DIFFERENCES OF FUNCTIONAL CONNECTIVITY STRENGTH (PLI) BETWEEN TRIALS WHICH 

WAS RECOGNIZED CORRECTLY BOTH IN THE STM AND LTM TEST (DARK BLUE BARS) COMPARED TO 

THE TRIALS THAT WERE RECOGNIZED ONLY IN THE STM TEST (LIGHT BLUE BARS).  
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Table 1. Results of the correlation analysis between the 

functional connectivity strength and the LTM accuracy 

DISCUSSION 

The present study investigated the network of interregional 

phase synchronization in theta oscillation during the retention 

period of a delay match to sample task by minimum–norm–

estimate (MNE) based source reconstruction of EEG signals. 

The synchronization in slow theta frequency band between 

frontal cortices and temporal and sensory cortical areas in 

the occipital and parietal lobes was found to be transiently 

enhanced during the retention of information relative to the 

network of theta oscillation at resting state. The present study 

for the first time shows that extensively overlapping 

connectivity patterns of the theta frequency band both related 

to STM maintenance period and episodic long term memory 

formation. The stronger the functional interactions of frontal 

theta activity were that characterized the maintenance of an 

item, the better was its later recognition in the LTM memory 

test. Functional connectivity of the frontal cortex in theta 

oscillation may support the binding of anatomically 

distributed memory processing by providing sustained top 

down control over the neuronal representations of the to be 

maintained items in the sensory and temporal cortices 

thereby leading reverberating activity that strengthen LTM 

traces for corresponding items. In conclusion it is suggested 

that the mechanism of phase synchronization in theta 

oscillation serves consolidation processes which already 

begin with active maintenance of information.  

It should be noted that M/EEG studies that have used source 

signal reconstruction /modeling/ in the investigation of 

functional networks by measurement of phase 

synchronization between brain regions and its role of 

cognitive processing represent a novel, recently developed 

approach (review of Palva 2012). Identification of the 

underlying synchronized anatomical structures is crucial for 

appropriate interpretations of the EEG results because even 

nearby cortical regions may have distinct functional roles, for 

instance the default mode system of the frontal midline area 

and the attentional control related medial frontal regions. 

Furthermore, it provides the opportunity to integrate better 

the evidences from neurophysiological EEG and 

neuroimaging fMRI studies. 

According to our findings, memory performance both on short 

and long term memory tests were high above the chance 

level which indicates that even though the task required  only 

to keep in mind the memoranda for a few seconds the 

memory recognition judgments were based upon efficiently 

formed short and then long lasting representations of the 

stimuli. It is important to note that the representations of the 

presented visual items are likely to involve the integration of 

visual features (color, edges, form) into a unique object 

representation. If the memory representations were formed 

only on the bases of segregated features of the objects (like 

memorizing only the color etc.) then the participants could 

not efficiently discriminate during the memory test between 

the “old” the stimuli and “new” stimuli which may consist of 

some identical features of the old items. Thus most likely the 

integrated pattern of stimulus features formed a complex 

object representation as a whole visual event in memory. 

Recognition accuracy significantly dropped during the long 

term memory test compared to the performance on the short 

term test which indicates that some of the stimuli to be 

maintained were efficiently stored in a short term buffer but 

their transfer into a more durable storage system failed. 

 

 

  

r(X,Y) r2 t p 

Caudal MF Inferior temporal 0.461 0.213 1.87 0.084 

 

Middle temporal 0.460 0.212 1.87 0.084 

 

Parahippocampal 0.476 0.227 1.95 0.073 

 

Rostral MF 0.456 0.208 1.85 0.087 

Rostral MF Inferior temporal 0.499 0.249 2.08 0.058 

 

Parahippocampal 0.478 0.228 1.96 0.072 

Lateral OF Middle temporal 0.541 0.293 2.32 0.037 

 

Pars triangularis 0.599 0.359 2.70 0.018 

Pars trianguaris Inferior parietal  0.444 0.197 1.79 0.097 

 

Lateral OF 0.599 0.359 2.70 0.018 

 

Superior parietal  0.665 0.443 3.21 0.007 

Caudal ACC Fusiform  0.626 0.392 2.89 0.013 
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FIGURE 6. SCHEMATIC REPRESENTATION OF MEMORY MAINTENANCE RELATED LTM OR STM: UPPER PANEL SHOWS FUNCTIONAL CONNECTIONS OF FRONTAL 

CORTICES WHICH WERE SHOWN TO BE STRONGER IN TRIALS WHICH WAS RECOGNIZED CORRECTLY BOTH IN STM AND LTM TEST (NETWORK RELATED TO LTM). 
LOWER PANEL SHOWS FUNCTIONAL CONNECTIONS OF FRONTAL CORTICES THAT WERE STRONGER IN THE TRIALS WHICH WAS RECOGNIZED ONLY IN THE STM 

(NETWORK RELATED TO STM) TEST (LIGHT BLUE  BARS). CONNECTIONS WERE PLOTTED REGARDLESS OF THE LATERALITY EFFECTS. THE GREY DOTTED ARROWS 

INDICATED SIGNIFICANCE LEVEL P<0.025,  THE BLACK DOTTED ARROWS REFERS TO P<0.01 AND THE BLACK NORMAL ARROWS CORRESPONDS TP P<0.001  
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Consequently, this forgetting effect might be due to inefficient 

consolidation mechanism that operates on the long term 

memory system. In the present study it was hypothesized 

that during the delay period of a short term memory task the 

maintenance processes at least partially may contribute to 

the formation or consolidation into long term memory. Short 

and long term memory systems are traditionally investigated 

separately since they are considered to be separate systems 

and little is known about their possible interactions. The 

present study provides a novel approach by which 

subsequent short and long term memory effects on functional 

connectivity properties could be studied in a within subject 

design by using the same set of stimuli. Thus this paradigm 

provides further understanding of the overlap and differences 

between short and long term memory operations and how 

these systems interact with each other. In order to investigate 

the functional networks related to LTM formation or only to 

STM maintenance the delay period of individual items were 

classified into two categories: trials which were correctly 

recognized in both STM and LTM tests, and trials which were 

only associated with correct STM recognition, but were not 

recognized at the LTM test. The assumption was that the 

trials associated with correct STM and LTM recognition 

indicates memory maintenance processes that support the 

formation of elaborated visual event representations while 

trials only linked with STM recognition indicate memory 

maintenance processes that satisfy short term goal directed 

actions which, however, operate on short lasting 

representations.  These latter could be either less 

elaborated, or fade as a function of time due to stochastic 

processes such as internal noise). Therefore, the sustained 

network of functionally connected brain regions over the 

delay period for correctly recognized trials in STM and LTM 

tests are considered as a neuronal signatures of 

mechanisms that may support 1) the same function in the 

systems of STM and LTM but with a greater extent relative to 

the trails that are associated only with STM performance or 

2) involve additional processing that is unique for LTM 

consolidation only.  

1. The network of theta phase synchronization related to the 

retention period of delayed match to sample task  

The contrast of retention periods of a delayed match to 

sample task with the control resting state permitted the 

assessment of the theta functional connectivity network of 

frontal and anterior cingular cortices related to efficient 

memory processes (trials associated with correct recognition 

were entered to the analysis only). Memory maintenance 

operations involved distributed neural networks across 

multiple brain regions. Substantially increased phase 

synchronization strength relative to the baseline resting state 

condition was evident in the midline frontal gyrus, the inferior 

frontal gyrus. The memory task effect size was equally high 

on each of the regions as shown by the changes of functional 

connectivity strength. The index of eta squares indicated that 

the memory task effect predicted higher than 30 percent of 

the variability of the functional connectivity in the seed 

regions. In contrast to the inferior, midline regions the effect 

of memory maintenance was absent on the strength of 

superior frontal cortex functional connectivity and the anterior 

cingular functional connectivity. This observation highlights 

the functional specialization among frontal cortical regions in 

memory processes, indicating that the neuronal network of 

theta oscillation underlying memory maintenance operations 

may include exclusively the inferior, midline and orbitofrontal 

areas even though the superior frontal gyrus and the anterior 

cingular cortex are particularly close topographically for 

instance to the middle frontal regions. The interactions of 

these frontal regions mediated by theta rhythm became more 

prominent under demands of memory processes even 

though the anterior cingulate cortex just as medial prefrontal 

cortex were implicated as a potential generators of FM theta 

activity (Hsieh & Ranganath, 2014; Pizzagalli, 2006 for 

review). The dorsolateral prefrontal cortex (DLPFC, 

approximately BA 9 and 46), which is part of the middle 

frontal gyrus,  has been found in fMRI studies to respond to a 

wide variety of control demands during working memory 

tasks (manipulation, updating tasks, dual-task coordination, 

inhibition and shifting processes, memory load demand, see 

also in Collette et al 2002). In general, DLPFC has been 

proposed to serve monitoring functions (such as connecting 

and integrating distinct sources of information, managing 

transfer of information from STM to LTM (and vice versa) or 

inhibiting task irrelevant stimuli, see also in Naghavi & 

Nyberg 2005). The inferior frontal gyrus includes the 

ventrolateral prefrontal regions (VLPFC: BA 44, pars orbitalis; 

BA 45, pars triangularis, and BA 47). Based on neuroimaging 

evidences the activity of VLPFC was found to increase as a 

function of increasing memory demand (i.e. memory load) 

and with attentional selection requirements observed in wide 

variety of tasks (Wagner & Smith 2003 meta-analyisis). In the 

present study left lateralization effect was found in pars 
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triangularis, which is in line with the frequently reported 

semantic processing sensitivity of this region indicating that 

the maintenance of present stimuli may involve semantic 

associations of their representations (Wagner & Smith 2003). 

The orbitofrontal cortex is also involved in memory tasks. In 

particular the medial orbitofrontal cortex has been associated 

with  reward-related familiarity-based learning while the 

lateral prefrontal cortex serves encoding and retrieval of 

contextual details such discriminating the source of 

information the verification and monitoring of recollected 

information (Simons and Spiers, 2003). Generally speaking, 

during the delay period in an STM task, neocortical 

representations are presumably activated under the control 

of prefrontal networks. 

The functional connectivity of these frontal brain regions 

(middle inferior frontal and orbitofrontal gyrus) are generally 

increased due to the memory maintenance demands and 

these results further suggest that the investigation of theta 

functional connectivity characteristics could yield information 

about top down cognitive functions of frontal cortices which 

cannot be addressed by EEG amplitude estimates alone. In 

line with previous earlier findings the short-term memory 

related functional connectivity by as evidenced by theta 

oscillation changes was found to be most conspicuous 

between the prefrontal cortex and the temporal and parietal 

lobes. Also in line with previous results decreased 

interactions between the entire fronto-temporo-parietal 

networks were found during the resting state compared to 

STM tasks (Sarnthein et al., 1998; Sauseng et al., 2005; 

2004 Sederberg et al., 2003; for review see Klimesch et al., 

2008, Toth et al 2014, for reviews see Klimesch, Freunberger 

& Sauseng 2010, Fell and Axmacher 2011). Taken together 

the present results show increasing connectivity es as a 

function of memory load (e.g. Payne and Kounios , 2009 Fell 

et al., 2003; Sauseng et al., 2007) and predicts individual 

working memory capacity (Kopp ,Schröger and Lipka 2006, 

Toth et al 2014, Fell and Axmacher 2011). More specifically, 

memory load effect during maintenance was found to be  

linked to increased theta band-related functional connectivity 

of bilateral frontal and temporal regions as well as regions in 

the visual ventral processing stream (for a review, see Düzel 

et al., 2010).  The present results demonstrate memory 

related functional connectivity between the frontal cortices 

and the fusiform area representing the ventral visual stream 

and also with the dorsal visual stream (superior and inferior 

parietal gyri). This phase synchronization increase might be 

interpreted as an interplay between material-specific sensory 

regions and prefrontal control areas. According to Hebb’s 

proposal (Hebb, 1949), sustained activation in STM networks 

is maintained by reverberating activity in neuronal 

assemblies. For example, several fMRI studies have 

demonstrated that attentional modulation induced by 

irrelevant distracting stimuli during the delay period disturbs 

the retained functional connectivity between the frontal-

midline cortex and visual areas. At the same time, selective 

interference is evident on the behavioral level as indicated by 

lower subsequent memory performance (for review see 

Gazzaley& Nobre 2012). This body of evidence provides 

additional support for the notion that a plausible mechanism 

for active maintenance is the coupling of frontal cortices and 

stimuli-specific sensory information in the visual association 

cortex through reverberant activity between these areas 

(Awh & Jonides 2001). Moreover, it is also suggested that 

PFC contributes to STM retention by strengthening the 

coupling of activity between midline frontal cortex and 

temporo-parietal areas by suppressing the sensory 

processing of potentially distracting information from the 

environment, so that the disruption of storage processes is 

minimized. In conclusion, according to the theory outlined 

above, activity in the frontal area during the delay period 

might be related to attentional monitoring, and the functional 

connectivity between frontal cortices and posterior regions 

mediated by theta oscillation may serve efficient memory 

performance (Postle, 2006). Taken together the available 

evidence, a possible function of theta oscillation is to hold 

memory representations in an active state by providing a 

sustained neural activation that can bridge the temporal gap 

of the delay period between stimulus presentation and 

memory test (Sauseng & Klimesch, 2008) which also imply 

that the content of STM will decay if frontal theta connectivity 

declines below an optimal level and does not ensure the 

refreshment of relevant object features (visual, etc.). 

Furthermore, it could be assumed that the reverberating 

activity of theta oscillation may establish strengthened long 

term plasticity of corresponding neuronal networks thereby 

leading a formation of LTM traces for corresponding items.  
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2 Theta phase synchronization processes related to either or 

both STM and LTM 

The present study was aimed to characterize the relationship 

between STM maintenance and LTM formation. The most 

important findings suggest that maintenance operations 

initiate the later formation of a durable memory trace as 

reflected by the positive linear relationship/correlation 

between the strength of theta functional connectivity during 

the delay period and the subsequent long term memory 

outcome. Since STM and LTM systems have been typically 

studied separately no data are known with respect to their 

interaction. Up till now two studies investigated the LTM 

subsequent memory effects on the maintenance period of a 

STM task. The study by Khader (Khader et al., 2010) 

investigated the amplitude of theta oscillations observed 

during the delay period in a delayed matching-to-sample 

task. In line with the present results this study provided 

evidence for the involvement of theta oscillation during the 

retention period: higher theta power was observed for later 

remembered stimuli compared to the forgotten ones. Thus 

these authors concluded that theta oscillation reliably 

modulate successful LTM encoding beginning already 

following the presented stimuli Other evidence comes from a 

neuroimaging study (Ranganath & Cohen, & Brozinsky 

2005). In an experimental setup similar to the one used in 

our study complex visual objects were presented serially. 

The results of this fMRI study also provide evidence for the 

hypothesis that STM maintenance contributes to long-term 

memory formation. The hemodynamic activity in the 

dorsolateral prefrontal cortex and hippocampus during the 

WM maintenance was predictive of subsequent LTM 

performance (again the activity of these regions in the delay 

period was significantly higher for subsequently remembered 

than for subsequently forgotten objects). In the same 

publication they presented an additional a behavioral 

experiment, in which interfering stimuli were presented during 

the delay period of the same task. The presence of 

interference on STM maintenance processing was 

associated with impaired LTM formation. Thus the author 

concluded that memory maintenance processes directly 

initiate to successful LTM formation and that this effect is 

mediated by a network that includes the dorsolateral 

prefrontal cortex and the hippocampus. Additionally during 

the encoding stage subsequent long term memory effect was 

observed in several other regions such as the VLPFC (BA 44 

and 45), OPFC (BA 11), parahippocampal (BA 27), perirhinal 

(BA 36), and fusiform (BA 37) regions. Interestingly these 

regions are identified within the memory related functional 

connectivity network of theta oscillation as well in the resent 

paper.   

In line with above mentioned results the electrophysiological 

correlates of LTM recognition was demonstrated in the 

present study during the delay period of STM. The functional 

connectivity of middlefrontal gyrus and temporal lobe regions 

(middle temporal inferioir temporal and parahippocampal 

regions) were found to be predictive for the later long term 

memory outcome. Stronger functional connectivity was 

associated with higher recognition performance on the later 

memory performance. This result agrees well with the 

findings of facilitated large-scale theta connectivity between 

frontal and posterior (temporal and parietal) brain areas 

which are obvious both during encoding of information 

(Summerfield and Mangels, 2005; Weiss and Rappelsberger, 

2000) and during retrieval as well (Gruber & Müller 2006). 

Several EEG studies showed that theta phase 

synchronization during episodic encoding (Summerfield and 

Mangels, 2005; Weiss and Rappelsberger, 2000, Balibolni 

2009) is enhanced for items that are correctly recognized or 

recollected at the later memory test. The widespread 

interconnections of MTL regions provide support for its role 

as a convergence zone for the interaction of STM and LTM 

systems. Stronger structural connectivity between the 

hippocampus and PFC (measured by diffusion tensor 

imaging) was found to be correlated with better long-term 

memory (e.g. Cohen, 2011). Individuals with higher 

hippocampal-PFC structural connectivity are also 

characterized with a peak of oscillatory power shifted to theta 

frequencies over frontal regions in scalp-recorded EEG 

(Hsieh & Ranganath 2014). In a recent study the subsequent 

STM memory effect on theta functional connectivity during a 

delayed match to sample task was investigated (Toth, et al 

2014). It this study dissociation was found between the 

pattern of functional connectivity related to memory load 

effects and the subsequent efficiency of memory 

maintenance period. The fronto-temporal phase 

synchronization was predictive for subsequent memory 

performance on STM test however the memory load 

modulation was absent on the level of fronto-temporal 

connectivity. This finding implies a possible assumption that 
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the retention interval of the delayed match to sample task 

enables also consolidation processes into LTM.   

Importantly differences between the functional networks 

related to trials that were recognized only STM test and the 

network related trials that were recognized both STM and 

LTM test were found. The most pronounced dissociation 

corresponded to the functional connectivity between the 

superior frontal, the anterior cingulate and superior parietal 

cortices. More specifically the phase synchronization was 

stronger among the superior frontal, the anterior cingulate 

and superior parietal cortices if the corresponding items were 

failed to be recognized in the long term memory tests. Since 

there are no data published as yet regarding the differences 

between STM and LTM in a similar analysis design, the 

hypothesis inferred from the present findings can be tested 

only in future studies. The proposed hypothesis is based on 

the fact that the above mentioned regions are the most 

frequently implicated ones of the so called default mode 

network or task-negative network. Task-negative network 

includes the motor network, the visual network, two 

lateralized networks consisting of the superior parietal and 

superior frontal regions, the network consisting of the 

bilateral temporal/insular and anterior cingulate cortex 

(Damoiseaux et al., 2006; van den Heuvel & Hulshoff Pol, 

2010 Raichle & Snyder, 2007). In normal adults a consistent 

pattern of deactivation was observed by fMRI in DMN regions 

during active task state, indicating that DMN related networks 

have an antagonistic relationship with the cognitive task-

specific networks. It was also demonstrated that preceding 

an error in a visual monitoring task the activity of these 

regions were increased compared to the error free trials 

(Eichele et al 2008). For instance, Scheeringa et al. (2008) 

acquired simultaneous EEG and neuroimaging data during 

rest and showed that FM theta power correlated negatively 

with hemodynamic activity for instance with  the ACC, medial 

frontal cortex, precuneus, and posterior cingulate 

components of the DMN which observation lead to the 

conclusion that frontal theta may reflect oscillatory activity 

that propagates throughout the DMN. Taking together these 

conclusions with the present results it could be assumed that 

the increased functional connectivity of DMN regions in the 

present study may be due to the higher task-negative 

network involvement during the maintenance of information 

thereby leading to failure of consolidation in the 

corresponding trials into the long term memory 

representation. 

Conclusions 

In the present study the retention period of a STM task was 

found to be associated with increased frontal theta 

connectivity which supports the role of fronto-cortical 

influences on sensory and memory related areas during 

active maintenance of information. Our data indicate that 

theta networks of frontal cortex are an essential neuronal 

signature for the long term memory consolidation in addition 

to STM maintenance. The present study demonstrated that 

EEG theta phase synchronization during an extended period 

of STM maintenance is correlated later successfully recalled 

stimuli in the LTM recognition test, substantiating the claim 

that theta oscillations modulate successful LTM formation. 

Given the fact that theta oscillations support STM 

maintenance, and that the same pattern also supports LTM 

encoding, the present results suggest that the same neural 

processes underlying STM maintenance can support LTM 

encoding. Taken together, findings from either fMRI or EEG 

memory research by application of the subsequent memory 

paradigm indicate that the processes through which different 

aspects of a memory episode are integrated into a coherent 

durable representation rely on close interactions among 

frontal, parietal, and temporal regions. Our understanding of 

the nature of the interactions between these regions is still at 

an early stage, and further work is needed to characterize 

how the interactions between prefrontal and medial temporal 

regions are modulated attention or frontal deficit in relation to 

aging. With the contribution of the source connectivity 

methodology described in this article, and interpreting their 

results within common anatomical scale of neuroimaging, we 

might begin to move closer to a full account of the manner in 

which the frontal cortex and other brain region interact to 

serve operations that initiate the later formation of a memory 

trace.  
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GENERAL DISCUSSION 

 

The purpose of the present discussion to provide a brief overview of the research questions with 

respect to the most important findings of the presented studies. The results will be discussed in 

relation to the multi-, and unitary- store models of short term memory and finally the oscillatory model 

of short term memory is presented.  

 

In the first study, the functional connectivity of FM theta oscillation in relation to memory maintenance 

processes was investigated in a young and in an elderly population. The main research questions and 

the corresponding results were the following: 

1) It was hypothesized that phase synchronization of the theta rhythm mediates active maintenance 

of information rather than reflect general sustained attention during a cognitive task. Therefore it 

was tested whether large-scale theta connectivity of the midline frontal cortex and other brain 

areas were facilitated during the maintenance of information compared to a sustained attention-

demanding perceptual oddball task. As a result substantially stronger connectivity were observed 

within the FM cortex and between the FM and lateral frontal and temporal regions during the 

retention period of the STM task compared to that seen in the control perceptual task.  

 

2) It was hypothesized that if temporary retention of information mediated by the increased functional 

connectivity of frontal cortex that was also predictive for the efficiency of these processes. 

Therefore it was tested for the first time whether connectivity patterns of the FM theta band activity 

during the delay period of a STM task was directly related to the later efficiency of STM 

recognition performance. Subsequent STM memory effect was expected, meaning that the 

interregional connectivity strength during memory maintenance period would be higher for the 

later remembered items compared that related to forgotten stimuli. According to our results FM-

temporal and FM-occipital interactions were substantially facilitated during the successfully 

maintained, i.e. later correctly recognized trials within and between the frontal cortices. The 

present data support the hypothesis that theta activity in the delay period is predictive for the 

efficiency of memory performance.  

 

3) It was hypothesized that additional processes may be required for efficient retention compared to 

those related to storage demands. Therefore it was tested whether the functional connectivity of 

theta oscillation in relation with subsequent memory effects, and those to memory load are 

mediated by different or identical patterns of functional networks. Increased interaction was shown 
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in the theta band functional network between FM and visual cortices (occipital regions) and also 

between FM sites and higher-order sensory areas of the parietal region as an effect of increasing 

memory load. According to our findings, the coupling within the regions of the frontal cortex and 

fronto-temporal sites were not sensitive for the modulation of memory load, but were predictive for 

the efficiency of maintenance processes. Therefore, it appears that fronto-parietal connectivity 

corresponds to the amount of information to be held in WM even if item recognition fails. This 

result indicates that the process of effective active maintenance is at least distinguishable from the 

actual capacity of WM retention. 

 

4) It was hypothesized that the decline of frontal brain functions of normal aging may affect 

maintenance of information thereby leading impaired performance on a DMST. For this purpose it 

was tested whether the effect of cognitive aging on memory maintenance processes was 

mediated by the disconnection of the functional networks in theta band. In the elderly, reduced 

performance is association with a decline of connectivity strength within the MF and between MF-

lateral frontal and MF-temporal regions were observed. These age-related differences were found 

to be absent in the control task and were only evident during the delay period of the DMST task 

indicating that active memory maintenance is specifically affected by advancing age. This result 

implicates that the disconnection of frontal cortex may lead to deficits of the active maintenance 

process. 

 

5) It was hypothesized that the phase synchronization of frontal cortex in theta band predicts 

individual differences of short term memory performance and working memory capacity. 

Significant positive correlations were observed between the individual connectivity strength (within 

MF and between MF and all lobes of the brain) and memory performance. The individual WM 

capacity measured by digit span task was predicted by the strength of fronto-parietal and occipital 

connectivity.  

 

The second study was aimed to investigate the interaction of short term memory maintenance 

processes with operations that contribute to the formation of long term memory representations. The 

main hypotheses and corresponding results were the following: 

 

1) It was hypothesized that during the delayed match to sample task (DMST) using unique complex 

visual stimuli initiate not just temporary retention of information but also lead to incidental episodic 

memory formation. Therefore the memory performance was tested following a temporary retention 
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period and also after an hour during an unexpected later test. According to our findings, memory 

performance during long term memory tests were high above the chance level which indicates that 

even though the task required keeping in mind the memoranda only for a few seconds the 

memory recognition judgments were based upon efficiently formed short and then long lasting 

representations of the stimuli.  

 

2) It was hypothesized that the neurophysiological processes that help the system to keep 

information in STM during the delay period of a DMST task also enable long-term memory 

formation, and therefore the systems of STM and LTM may share common processes that operate 

on them. Therefore it was tested if the phase synchronization strength during the delay period of a 

DMST positively correlated with the subsequent long term memory performance. It was found that 

EEG theta phase synchronization during the period of STM maintenance particularly between the 

midline frontal and middle temporal, parahipochampal regions was correlated with later successful 

LTM recognition, substantiating the claim that theta oscillations modulate successful LTM 

formation.  

 

3) It was hypothesized that the phase synchronization of theta oscillation particularly between the 

frontal and the midline temporal, parahippocampal regions were involved in the delay period of a 

DMTS task. Therefore it was tested if large-scale theta connectivity of frontal cortices and the 

middle temporal brain areas were facilitated during the maintenance of information compared to 

resting state. The contrast of retention periods of a DMST with the control resting state permitted 

the assessment of the theta functional connectivity network of frontal and anterior cingular cortices 

related to efficient memory processes (trials associated with correct recognition were entered to 

the analysis only). Memory maintenance operations were found to involve distributed neural 

networks across multiple brain regions. Substantially stronger memory related connectivity of the 

midline frontal gyrus, the inferior frontal gyrus was evident and most of these interactions involved 

the entire temporal lobe, the dorsal and ventral visual streams and visual association cortices such 

as of superior parietal gyrus.   

 

4) It was hypothesized that the connectivity network of frontal cortical regions related to STM and 

LTM may not entirely overlap but may become dissociated. Functional connectivity differences 

between the trials in which recognition was correct both in the STM and LTM tests were compared 

to the trials in which recognition was correct only in the STM test. Most of functional connections 

consisting of the delay period network did not show differences between the trials in which 
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recognition was correct in LTM test relative to the trials associated only STM recognition.  
 

The active maintenance process keeps information in a highly activated state, thus making it available 

for further cognitive action and protecting it from decay. Based on the results, we conclude that the 

functional interactions of the frontal cortex as realized by theta oscillatory patterns may act as a control 

mechanism that provides repetitive refreshment for the neuronal representations of the memoranda. A 

possible function of theta oscillation therefore is to enable a sustained neural activation that can bridge 

the temporal gap of the delay period between stimulus presentation and memory testing. However, it 

is well-established that the amplitude of this oscillation decreases over time in the lack of regular 

refreshment (Sauseng & Klimesch, 2008). This hypothesis suggests that the content of memory will 

decay if frontal theta connectivity fails to reach an optimal level for its updating. This mechanism 

implies that theta activity modulated by the frontal cortices might enhance neural representations of 

relevant sensory stimuli by controlling when and which representations are reactivated in the sensory 

and temporal cortices, thereby protecting information from decay. The above mechanism is supported 

by models suggesting that the top-down signals from the frontal cortex select and reactivate 

temporarily stored representations thus enhancing the rehearsal of those items. The observation, that 

in the elderly reduced connectivity strength of FM theta is associated with decreased performance, 

implicates that the postulated FM theta related mechanism of active maintenance process is 

especially vulnerable to aging.   

Although short term and long-term memory have traditionally been considered as separate systems, 

both are supported by phase synchronization of theta oscillation, particularly by functional interplay 

between frontal cortices and temporal brain regions. According to Hebb’s proposal (Hebb, 1949), 

sustained activation in STM networks is maintained by reverberating activity in neuronal assemblies. 

Consequently, based on presented empirical data, synchronized oscillatory activity may coordinate 

activity in the network of distributed areas and may also establish reverberating activity in the system. 

Thus, we propose that processes associated with STM - particularly the maintenance of 

representations - support LTM formation through synchronization-based mechanisms and therefore 

the systems of STM and LTM may share common processes that operate on them. Taken together 

the current stage of knowledge in contrary to the assumptions suggested by the multi-store model of 

STM implies that it is unlikely that STM and LTM would be fully separable systems on a 

neurophysiological level since MTL is also engaged in STM tasks and not just uniquely during LTM 

formation. Additionally the prefrontal cortices are not likely to be the storage buffer of the STM content, 

but rather serve as a control of attention allocation on items stored in the sensory brain regions.  In 

conclusion the present findings support the unitary store models of STM. 
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