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Abstract 

 

Author: Aftab Bakhtiari 

Title: Episodic Memory Dysfunction and Effective Connectivity in Temporal Lobe Epilepsy 

Supervisor: Ylva Østby 

 

Temporal lobe epilepsy (TLE) is increasingly becoming considered a network disease, whose 

effects spread beyond the temporal lobes to strongly interconnected cortical areas. However, 

little is known about how connectivity in extratemporal regions is manifested in newly 

diagnosed TLE, and how this relates to memory functions. The aim of the present study was to 

explore the presence of connectivity alterations in the parieto-frontal network in patients with 

newly diagnosed TLE, and to examine whether this is associated with their episodic memory 

impairments. The reason for choosing this network is two-fold. First, parieto-frontal regions 

are strongly connected to the medial temporal lobes (MTL), making it likely that they will be 

affected by connectivity disruptions stemming from the seizure focus. Second, research is 

increasingly indicating the important role played by frontal and parietal regions in the 

reconstructive processes underlying episodic memory function. The parieto-frontal network of 

newly diagnosed TLE patients (N = 21) was assessed through electroencephalograph (EEG) 

effective connectivity and compared to that of controls (N = 21). Further, we assessed the 

subjects on the phenomenological aspects of episodic memory, in addition to verbal and visual 

memory functions. Last, we explored the associations between effective connectivity measures 

and neuropsychological memory scores. Based on previous research, we predicted that patients 

would have connectivity and memory disruptions, and that higher connectivity would correlate 

positively with better episodic memory function. Our results show that patients have altered 

connectivity in the parieto-frontal network, as well as decreased episodic and visual memory 

functions. In addition, we found a negative correlation between left parieto-frontal connectivity 

in controls, and the inverse pattern in patients. Thus, the results support the notion of TLE as a 

connectivity disorder. The positive correlation in patients are discussed in relation to 

reorganization or maladaptation, whereas the negative correlation is speculated to reflect the 

specific electrophysiological underpinnings of EEG.  
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Nomenclature 

Abbreviations 

 

Definitions 

Seed-based functional 

connectivity analysis 

Also called region of interest-based functional connectivity. 

For this method, voxels of interest are specified, and regions 

correlating with activity in the specified region/voxel (i.e., 

seed) are found (Ball et al., 2018).      

NAA/(Cho+Cr)  N-acetyl-aspartate (NAA) is a marker of neuronal viability 

and functionality. Choline compounds (Cho) is a marker of 

cell membrane integrity. Creatine/phospchocreatine (Cr) is a 

marker of energy metabolism. These can be measured 

simultaneously by MR spectroscopy, and provide information 

about brain metabolism (Mueller et al., 2011).    

Refractory epilepsy Drug-resistant epilepsy  

 

AED Antiepileptic drugs 

AFLT Aggie Figure Learning Test 

DMN Default Mode Network 

EEG Electroencephalography 

EZ Epileptogenic zone 

HC Hippocampus 

HS Hippocampal sclerosis 

IAT Intracarotid amytal test 

IED Interictal epileptic discharges 

LTLE Left temporal lobe epilepsy 

MTL Medial temporal lobe 

MTLE Medial temporal lobe epilepsy 

PCC Posterior cingulate cortex 

RAVLT Rey Auditory Verbal Learning Test 

RTLE Right temporal lobe epilepsy 

TLE Temporal lobe epilepsy 
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1 Introduction 

Among the 50 million people worldwide with epilepsy, 20-30% do not respond to antiepileptic 

drugs (AEDs) or surgery, leading to persisting seizures (Agnest Balint Bjørke et al., 2018; 

Ivanovic et al., 2017; Megiddo et al., 2016). Concerning drug resistant epilepsies, temporal lobe 

epilepsy (TLE) is the most common, particularly in the case of mesial temporal sclerosis 

(Powell et al., 2007). Due to the localization of the neuropathology, cognitive impairment is 

commonly seen in TLE, especially in the declarative memory system, consisting of semantic 

and episodic memory (Agnest Balint Bjørke et al., 2018; C. Helmstaedter & Elger, 2009; 

Christoph Helmstaedter & Kockelmann, 2006; Christoph Helmstaedter & Kurthen, 2001). 

Although TLE is mainly associated with damage and dysfunction in the temporal lobes, new 

research is currently indicating that epilepsy could be a network disorder whose effects and 

deterioration spread beyond the temporal lobes, especially to regions strongly connected with 

them (Haneef et al., 2014; Helmut Laufs et al., 2007; Maccotta et al., 2013). Considering the 

brain is estimated to consist of 20 billion neurons, making up immensely complex 

communication networks, it is not unlikely that the functioning of such systems has a crucial 

effect on both brain function and dysfunction. 

Indeed, today it is believed that the communication networks between neurons in the 

brain provide the basis of behavioral and cognitive processes in humans (Bullmore & Sporns, 

2009; Cole, Yang, Murray, Repovš, & Anticevic, 2016). In line with the increasingly complex 

technological developments in non-invasive neuroimaging, there is an accumulating amount of 

attention being directed towards accurately mapping and modulating the neural connections of 

the human brain. Such knowledge allows scientists to dive into the questions of how brain 

networks affect cognitive processes (Englot, Konrad, & Morgan, 2016; McCormick et al., 

2014). Research on this field has among other things led to the establishment of the Default 

Mode Network (DMN), which today is the most well-known resting-state network in humans 

(McCormick et al., 2014; McCormick, Quraan, Cohn, Valiante, & McAndrews, 2013; Sneve 

et al., 2017). Interestingly, studies have found an overlap between activity in the DMN and 

episodic memory function, and some have found evidence that DMN connectivity can predict 

episodic memory capacity (Liao et al., 2010; McCormick et al., 2014, 2013). Thus, it is possible 

that the episodic memory dysfunctions in TLE are associated with connectivity alterations in 

the DMN. If this is true, it could serve as an argument of TLE as a connectivity disorder 

extending beyond the MTLs. This notion is the main objective of the current study.  
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The vast majority of research on TLE has been on chronic patients, often assessed pre- 

and post-operatively. Such studies have generated important information regarding pre- and 

post-operative cognitive functioning. Yet, this clinical population has typically suffered from 

epilepsy for a long time, where surgery has been the last resort after several failed attempts at 

medication. As such, it is difficult to separate the effects of recurrent seizures, long-term 

medication use and normal cognitive decline due to age (McDonald et al., 2011). For this 

reason, in the current study we will investigate a cohort of patients newly diagnosed with TLE. 

By doing this, we wish to avoid many of the confounding variables often present among chronic 

patients and to catch a glimpse of how TLE manifests from its early onset. Specifically, we will 

investigate whether effective connectivity changes are already present in the early phases of the 

disease and whether this has a connection with the quality and vividness of episodic memories 

– which we except to be reduced in patients. To answer these questions, we will first present 

previous research on TLE, episodic memory and connectivity as a means to create a common 

theoretical foundation. Thereafter, we will explain the main objectives of the current study, 

before presenting the hypothesis and the results. With the results of this study, we aim to shed 

light on the underlying pathology of TLE, and aid in the development and planning of effective 

treatments. 

2 Theoretical foundation  

2.1 Epilepsy 

Epilepsy is a medical condition where the patient experiences recurrent seizures as a result of a 

sudden surge of electrical activity that causes an abnormally excessive discharge of neurons in 

the brain (Lee, 2010, p. 3-4). Specifically, a seizure is characterized as a period of abnormal, 

excessive and synchronous neuronal activity in the epileptogenic zone (EZ) (Tatum et al., 2018; 

Yu et al., 2018). According to Bartolomei et al. (2017), two schematically different situations 

can be observed concerning the organization of the EZ. In some cases, the EZ can be localized 

to a relatively restricted dysfunctional brain region, which will correspond to the epileptogenic 

focus. In other cases, the seizure onset is not restricted to one specific area, but is characterized 

by simultaneous discharges in several distinct regions of the brain (Bartolomei et al., 2017). 

Further, there has been observed secondary delayed electrophysiologic discharges in regions 

located outside the EZ, which are consistent with the idea of seizure propagation. Seizure 

propagation occurs when the excessive firing is sufficient enough to recruit surrounding 

neurons, and hence the partial seizure spreads within the brain (Bromfield, Cavazos, & Sirven, 
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2006). This indicates a possible hierarchical organization of epileptogenic networks in focal 

epilepsies, describing different brain regions involved in seizure genesis and propagation 

(Bartolomei et al., 2017). 

These changes in neuronal activity often result in a variety of clinical symptoms, in 

addition to observable changes in EEG (Lee, 2010, p. 4). It is believed that seizures occur 

because the membrane stabilizing mechanisms within the neuron are disturbed, either because 

of abnormal membrane structure, or as a result of an imbalance between excitatory and 

inhibitory neurotransmitters. Some hypothesis holds that the membrane resting potential of a 

population of neurons have been “reset” to a threshold lower than the usual -70mV firing 

threshold, and hence the cells demand much less stimulation in order to fire (Lee, 2010, p. 4). 

If the excessive neuronal discharges are limited to a particular area of nerve cells, it is referred 

to as a focal seizure. If, on the other hand, the excessive neuronal discharge is happening 

simultaneously in both cerebral hemispheres, it is referred to as generalized seizures (Lee, 2010, 

p. 4). This paper intends to focus on one type of focal epilepsy, namely TLE.   

2.1.1 Temporal lobe epilepsy  

TLE is the most common type of medically refractory epilepsy in adults, often accompanied by 

hippocampal sclerosis (HS) or atrophy (Duarte et al., 2018; Haneef et al., 2014; Rzezak et al., 

2017). Patients experiencing recurring seizures often have memory deficits related to the 

temporal lobes, i.e., deficits in the declarative memory system (Agnest Balint Bjørke et al., 

2018; C. Helmstaedter & Elger, 2009; Christoph Helmstaedter & Kockelmann, 2006; Christoph 

Helmstaedter & Kurthen, 2001). We distinguish between two types of declarative memories,  

namely semantic (factual knowledge) and episodic (memories about life events) (Skirrow et al., 

2015). Further, the deficits are often in line with the framework of the material specific memory 

model. The material specific model of memory is based on the idea that in general, the left 

temporal lobe is responsible for sustaining verbal memory functions, whereas the right temporal 

lobe is responsible for sustaining non-verbal (visual) memory functions (Tramoni-Negre, 

Lambert, Bartolomei, & Felician, 2017). This model is supported by numerous studies showing 

material specific memory deficits in epilepsy patients that are in accordance with the model, 

i.e., verbal memory deficits in left TLE, and non-verbal memory deficits in right TLE (Bonelli 

et al., 2010; Powell et al., 2007). In addition, several studies have found reduced episodic 

memory among TLE patients, and reported a lack of details and vividness in their episodic 

recollections (Addis, Moscovitch, & McAndrews, 2007; Lechowicz et al., 2016; St-Laurent, 

Moscovitch, Jadd, & Mcandrews, 2014; Voltzenlogel et al., 2006).    
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Since many TLE patients will not experience seizure relief from AEDs, it is often 

necessary to undergo surgical resection of the EZ in the temporal lobe. The prognosis following 

resection surgery is fairly good, and 70-90% of patients will experience a significant decrease 

in seizures or total seizure freedom (Bonelli et al., 2010; Ivanovic et al., 2017; Jeyaraj et al., 

2013). The main challenge in resection surgery is to remove the entire seizure focus without 

causing significant postoperative neurological deficits. This is further complicated by the wide 

variety of anatomic localization of seizure focus among patients, in addition to the occurrence 

of reorganization processes (Golby et al., 2002). 

Although reduced memory functions have commonly been observed in chronic TLE, 

the reasons for this is not yet established. It could be due to disruption of cognitive development 

as a result of early epilepsy onset or the accumulation of cerebral damage caused by 

uncontrolled seizures. Another possibility is that epilepsy patients suffer an initial decrease in 

cognitive abilities at the onset of the disease, while the subsequent deterioration is simply the 

manifestation of normal physiological aging (Christoph Helmstaedter & Kockelmann, 2006; 

Christoph Helmstaedter & Kurthen, 2001). Some studies have provided evidence of a 

progressive cognitive decline in uncontrolled chronic TLE, mainly linked to the frequency and 

severity of the seizures. Furthermore, it was found that decline in memory performance could 

be stopped and sometimes also reversed along with seizure control (Christoph Helmstaedter, 

Kurthen, Lux, Reuber, & Elger, 2003). Conversely, other studies have observed that decline in 

memory performance with aging runs parallel in controls and patients, indicating a 

developmental hindrance that is worsened with aging, rather than a progressive course (C. 

Helmstaedter & Elger, 2009).   

However, the majority of research on memory functions in TLE is concerned with 

chronic patients with refractory epilepsy (McDonald et al., 2011). With such an cohort, there 

are several confounding factors that must be taken into consideration, such as the etiology of 

the epilepsy, age at onset, disease duration, seizure frequency and the number and type of AEDs 

(Äikiä, Kälviäinen, & Riekkinen, 1995; Gigli et al., 1996). One way to assess whether the 

memory impairments associated with TLE are present at the time of the diagnosis, while 

avoiding some of the mentioned confounding variables, is by studying patients newly diagnosed 

with TLE. The existing literature on the association between newly diagnosed TLE and memory 

functions are scarce, and they yield somewhat different findings. One study found worse verbal 

and visual memory in newly diagnosed TLE patients, whereas another only investigated left 

TLE and observed reduced verbal memory among these (Äikiä, Salmenperä, Partanen, & 

Kälviäinen, 2001; C. Helmstaedter, Wagner, & Elger, 1993). Conversely, the last study found 
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no significant differences between newly diagnosed TLE patients and control in memory 

performance (Gigli et al., 1996). It is therefore clear that more research is warranted on this 

topic in order to better the potential early effects TLE has on memory functions, something this 

thesis aims to contribute to. 

2.1.2 Diagnosis and treatment  

EEG is the most essential tool for diagnosing epilepsy, and it holds the advantages of being 

safe, noninvasive and inexpensive (Tatum et al., 2018). It is an absolute necessity both for 

determining whether epilepsy is present and also for assessing the classification of the seizure, 

prognosis and optimal treatment plan. EEG can further be used to evaluate the patient's 

treatment response or progression of the disease after the fact (Lee, 2010, p. 65). The EEG 

electrode placed on the patients' scalp work by detecting the summated effects of excitatory 

postsynaptic potentials from firing neurons located on the cortex, and hence it is most suitable 

when the intention is to detect signals closer to the surface of the brain (Lee, 2010; Tatum et 

al., 2018).   

There are two types of epileptiform activity, both of which can be detected by the EEG: 

ictal discharges and interictal epileptic discharges (IEDs). When the patient is having a seizure, 

there will be an occurrence of synchronous rhythmical ictal discharges. On an EEG they often 

appear as a periodic waveform and have a higher amplitude than the interictal periods (van 

Mierlo et al., 2014). However, usually EEG is obtained during the interictal period (between 

seizures) and thus measuring the IEDs. High-amplitude, short duration waveforms often 

characterize IEDs, which often appears as a spike lasting approximately 20-70 ms, or a sharp 

wave lasting 70-200 ms (Tatum et al., 2018; van Mierlo et al., 2014). It is often necessary for 

patients undergoing epilepsy assessment to go through several EEG evaluations, as 50-60% of 

patients with epilepsy will display a normal interictal EEG during their first EEG evaluation 

(Lee, 2010, p. 67).  

Once the patient is diagnosed with epilepsy, AED therapy is usually begun. The goal of 

pharmacological treatment is to achieve full seizure control and avoid unwanted side effects, as 

a means to maximize the patient’s life quality. Some of the common side effects of AEDs 

include sedation, slurred speech, unsteadiness, clumsiness, dizziness, and nausea. It can also 

affect cognition with decreased attention, lower concentration and reduced processing speed, 

which will have adverse effects on learning (Choo et al., 2019; Lee, 2010). However, about 20-

30% of all epilepsy patients do not respond to AEDs and will have recurrent seizures (Agnest 

Balint Bjørke et al., 2018). In these cases, it is often necessary to undergo surgical resection of 
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the affected brain areas. Prior to surgery, pre-operative assessments are performed to localize 

and lateralize the seizure focus and predict post-operative cognitive impairments. Such 

assessment includes functional imaging techniques in combination with neuropsychological 

testing (Lee, 2010; Powell et al., 2007).  

In light of chapter 2.1 we see that TLE is a disorder that affects the main memory hub 

of the brain. There is a great amount of research done on how TLE affects episodic, verbal and 

visual memory functions. Whereas neuropsychological tests assessing verbal and visual 

memory are fairly well-established, there has been some discussion about the most appropriate 

way to measure episodic memory. To a great extent, this is due to episodic memory being more 

difficult to measure. Because of this, the tests conventionally used have generated some 

criticism regarding the validity of their measures (Pause et al., 2013). To contribute with 

knowledge of how episodic memory is affected in TLE, we have employed a novel test which 

represents a more direct assessment of episodic memory. Therefore, in the subsequent chapters 

we will first elaborate the concept of episodic memory, and then address the discussion 

regarding its measurement.      

2.2 Episodic memory 

Episodic memory is part of the declarative memory system which enables us to make a 

conscious recollection of past experiences (Schacter & Addis, 2007; Wheeler & Ploran, 2009; 

Xue, 2018). Hence, episodic memories are regarded as our personal memories and contain 

information about we saw, where we were, what we were doing, with whom, how we felt and 

what we were thinking. Episodic memories also include a knowledge of the temporal context 

of the previously occurred event (Wheeler & Ploran, 2009). This includes the memories we 

have of what we did last summer, but it can also stretch back to the memories we may have of 

even earlier events, such as our first day of school or our first kiss. Accordingly, episodic 

memory – like other forms of memory – is dependent on the occurrence of a successful 

encoding process in order to transform a given experience into a long-lasting trace, which will 

later allow for retrieval of the information (Epelbaum et al., 2018; Xue, 2018). Closely related 

to episodic memory is autobiographical memory. Autobiographical memory also consists of 

our memories of specific episodes. However, it also includes the schematic knowledge we have 

about our lives, such as knowing the name of the city in which you were born – without having 

a specific episodic memory of your actual birth. Therefore, it can be viewed as a merging of 

episodic and semantic memory in order to form a specific memory (Conway & Williams, 2008).  
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The key structures of declarative memory are located within the MTLs, such as the 

hippocampus (HC), entorhinal and perirhinal cortex, parahippocampal gyrus and the fornix, as 

well as anterior and mediodorsal nuclei in the thalamus (Nyberg et al., 2008; Wheeler & Ploran, 

2009). A large amount of research has consecutively shown that damage to these regions leads 

to amnesia and impairment in forming and retrieving declarative memories (Braskie & 

Thompson, 2013; Rzezak et al., 2017; Tramoni-Negre et al., 2017). However, it is becoming 

increasingly recognized that episodic memory functions seem to rely on regions extending 

beyond the “classical” memory systems (Tulving, 2002). The retrieval of episodic memory has 

been associated with activation in a distributed network of brain regions, such as the prefrontal 

cortex (PFC), parietal anterior cingulate, thalamic, precuneus, and of course the MTL regions 

(Cabeza et al., 2003). In addition, other studies suggest that successful encoding and retrieval 

of episodic memory seem to be dependent on common neural substrates constituting a core 

episodic memory network, whose degree of activation can predict how well information is 

processed (Kragel et al., 2017).  

2.2.1 Episodic memory as reconstruction  

The fact that memory is far from perfect, but prone to a range of different mistakes serves as 

evidence that memory is not a literal reproduction of the past, i.e., it is not rewinding and 

replaying previously experienced events. Instead, memory is reputed as a constructive process 

where bits and pieces of information are put together in order to re-create the event; an idea 

referred to as the constructive episodic simulation hypothesis (Schacter & Addis, 2007). It is 

suggested that the reason for memory to possess these constructive properties is in order to 

serve important adaptive functions. In addition to allowing us to re-experience past events, it 

also gives us the ability to imagine and simulate possible future episodes by drawing on past 

experiences (hereon referred to as episodic foresight) (Schacter & Addis, 2007; Suddendorf, 

2010). For this system to be as efficient as possible, it would not contain an exact replica of 

past events. Rather, it would maintain a general gist of what has happened, which will allow 

for a flexible extraction, recombination and reassembling of elements to simulate future events 

(Schacter & Addis, 2007). In support of the constructive episodic simulation hypothesis, studies 

have shown common neural substrates between remembering the past and imagining the future. 

Different studies have found common neural activation in the bilateral frontopolar cortex, left 

and right frontopolar cortex and in the MTL regions, including the hippocampus and 

parahippocampal gyrus (Addis, Wong, & Schacter, 2007; Karl K. Szpunar, Jason M. Watson, 

2007; Okuda et al., 2003). Many of the regions that are activated during episodic memory and 



 8  

 

foresight have a considerable overlap with the DMN, indicating that this network is important 

for carrying out the reconstructions essential for episodic memory retrieval (Liao et al., 2010). 

In support of this idea, studies have suggested that the degree of connectivity within the DMN 

can be used as an indicator of episodic memory capacity (McCormick et al., 2014, 2013).  

Considering the literature presented above, it is evident that the information of the 

episodic memory system is rather complex. Hence it has also proven challenging to measure it 

accurately. Traditionally, episodic memory has been measured through typical list-learning 

tasks, such as Rey Auditory Verbal Learning Test (RAVLT) and Aggie Figures Learning test 

(AFLT). The idea has been that the test-taker will encode this as an episode, i.e., remember 

where they were tested, by whom, how they were feeling – and hence it is expected to capture 

an aspect of episodic memory. Nevertheless, there are several problematic aspects of this. First, 

verbal and visual list-learning tasks do not measure episodic memory per se, but are instead 

based on the assumption that the spatial and temporal context of the learning event is recalled. 

However, this aspect is never explicitly measured, and spatial and temporal components are 

rarely implicated during the actual testing. The second problem is that during list-learning tasks, 

the test-taker is instructed to memorize the material they are presented with. Such instructions 

will likely activate semantic rather than episodic memory systems, which could also make them 

an unfit test for episodic memory (Pause et al., 2013). Last, such list-learning tasks do not 

require or measure the reconstructive aspects which are considered fundamental for episodic 

memory.  

Consequently, it could be beneficial to use memory tests which capture the fundamental 

aspects of episodic memory, such as the what, where and when information, as initially 

operationalized by Tulving as the core of episodic memory. However, Tulving later expanded 

this definition and added that an essential aspect of episodic memory also includes the 

autonoetic awareness, referring to the ability to undergo mental time travel to preceding events 

with the knowledge that they have previously been experienced by oneself (Tulving, 2002). In 

addition, several scientists point to the importance of perceptual richness, along with details 

and vividness of the specific event as other essential parts of autokinetic awareness (Lechowicz 

et al., 2016; Pause et al., 2013; St-Laurent et al., 2014). It thus seems that there is a need to 

develop and apply tests based on these aspects of episodic memory, in order to capture it in its 

entirety. The current study has applied a test aimed at doing just that, the details of which will 

be elaborated in the methods section. 
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2.2.2 The Role of Extra-Temporal Regions in Episodic Memory 

Several studies have found support for the idea that episodic memory relies on brain regions 

extending beyond the temporal lobes. The parietal cortex has traditionally not been considered 

a region important for memory. However, several studies have observed that the parietal cortex 

is often found to be active during episodic memory retrieval, suggesting this region might play 

a more important role than originally thought. The parietal cortex consists of the precuneus in 

the medial parietal lobe, the lateral cortex in the dorsal parietal cortex and the supramarginal 

gyrus and the angular gyrus in the ventral parietal cortex. The lateral parietal cortex has direct 

anatomical connections with several brain areas, such as the dorsolateral prefrontal cortex and 

the temporal cortex. Furthermore, it has reciprocal connections with strucutres in the MTLs, 

such as entorhinal, parahippocampal and hippocampal regions (Cabeza, Ciaramelli, Olson, & 

Moscovitch, 2008). 

 Patients with parietal damage do not display memory impairments, and memory is 

rarely assessed in these patients. Therefore, subtle episodic memory deficits might go 

unnoticed. Nevertheless, in the last decade more studies have explored this notion. One study 

found that participants with parietal lobe damage showed decreased vividness and amount of 

details freely recalled in autobiographical and episodic memories. Interestingly, this study did 

not use list learning tests, but adopted the autobiographical interview test. Since the task did not 

demand encoding, the decreased performance indicated that the parietal lobes are important for 

memory retrieval, but not encoding (Berryhill, Phuong, Picasso, Cabeza, & Olson, 2007). 

Another study observed that patients with ventral parietal cortex lesions had more difficulty 

classifying their memories as recollected (reliving the encoding context) rather than familiarity 

(a sense that the event has been encountered before, but without remembering its occurrence or 

context). Further, the patients provided less internal details of their memories, such as 

perceptual details, experienced thoughts and emotions. However, the patients had no deficits in 

cued recall, source memory or recognition (Cabeza et al., 2008; Davidson et al., 2008).  

Moreover, other studies have found that damage to the parietal lobe has no effect on 

item-recognition. One study explored recognition to words, pictures and sound in patients with 

unilateral damage to the posterior parietal lobes. They found no significant impaired memory 

for word recognition, and a slight deficit in picture recognition. However, the latter was only 

true for right parietal lesions. Notably, since the recruited patients were stroke patients, their 

lesions were not limited to the posterior parietal lobe, such that the deficits could be due to 

extra-parietal damage (Cabeza et al., 2008; Haramati, Soroker, Dudai, & Levy, 2008). Last, one 
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study found no effect of transcranial magnetic stimulation (TMS) to temporary disrupt the 

intraparietal sulci during recognition memory retrieval (Rossi et al., 2006).  

First, it is unlikely that the episodic memory deficits are due to the occurrence of poor 

encoding, since the episodic and autobiographical memories have occurred before the 

neurological damages in the patient groups. Rather, it is implied that parietal regions could be 

important for retrieval of such personal memories. Second, parietal lobe patients had reduced 

perceptual details and vividness of episodic memories, but no deficits in word and picture item-

recognition. This indicates that the parietal cortex can have important functions for the 

reconstructive properties which are essential for episodic memory retrieval. Finally, such 

findings substantiate the idea of episodic memory relying on extra-temporal regions closely 

connected to the MTLs, such as the parietal cortex. Thus, we speculate that parietal regions are 

affected by TLE and may contribute to explain the observed memory dysfunctions in this 

patient group. Therefore, in the next subchapters, we will introduce the concept of connectivity 

and DMN, before discussing the idea of TLE as a connectivity disorder.     

2.3 Connectivity 

The brain consists of billions of neurons, which together make up immensely complex 

structural networks. It is believed that such networks are what provide the physiological basis 

of information processing and mental representations (Bullmore & Sporns, 2009).  An 

increasing amount of neuroscientific research is attempting to identify how different patterns 

of brain activity are associated with a variety of behavioral and cognitive processes by studying 

their activation patterns and their underlying mechanisms (Cole et al., 2016). This is studied 

via connectivity measures, which aims to identify the underlying system architecture of the 

brain by looking at functional connections during the resting-state (Cole et al., 2016).  

There are two analytic approaches to assess functional brain networks: functional 

segregation and functional integration. Functional segregation refers to the anatomical 

segregation of functionally specialized brain regions. Functional integrations, on the other hand, 

refers to the functional interaction between these functionally segregated brain regions (van 

Mierlo et al., 2014). Within functional integration, one distinguishes between functional and 

effective connectivity. Functional connectivity can be defined as the study of temporal 

correlations between spatially distinct neurophysiological events. Specifically, it investigates 

the statistical dependency among two or more brain-activity time-series by investigating 

whether the null hypothesis of independence can be rejected (Cole et al., 2016; van Mierlo et 

al., 2014). Effective connectivity refers to the influence one neural system exerts over another, 
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either at a synaptic or population level, and thus provides directional information (K. J. Friston, 

2011; K. Friston, Moran, & Seth, 2013; Schumacher, Stiris, & Larsson, 2015; van Mierlo et al., 

2014). This differentiation is crucial when considering the different analyses one can apply to 

either the electrophysiological or neuroimaging time series (K. Friston et al., 2013). The fMRI 

is convenient when studying functional connectivity, and indeed a big proportion of studies on 

brain connectivity have adopted this method. However, because of fMRI’s limited temporal 

resolution, it is not suitable for measuring effective connectivity. Instead, EEG is more suitable 

for this purpose, given its superior temporal resolution (Schumacher et al., 2015).  

There are different connectivity measures, distinguished by their conceptual differences. 

These measures can reveal either directed or undirected, linear or nonlinear connections, in the 

time or frequency domain. Further, their calculations can be either based on amplitude or phase, 

and the measurements can be bivariate or multivariate (van Mierlo et al., 2014). One way to 

asses effective connectivity is through Granger causality. Granger causality is based on the 

notion that the prediction error of one time series X can be improved by including knowledge 

about past values of a second time series Y, in which case it is said that X is Granger-caused 

by Y (Angelini et al., 2010; Coito et al., 2016; Granger, 1969; van Mierlo et al., 2014). Hence, 

Granger causality is a measure of directed connectivity, i.e., the casual influence one brain 

regions has on another (Coito et al., 2016). One method based on Granger Causality is directed 

transfer function (DTF). DTF gives measures of effective connectivity by assessing phase data 

in the frequency domain and providing the directional information of the measurements 

(Schumacher et al., 2015). DTF is the effective connectivity measurement implemented in this 

thesis. The details of its implementation will be further elaborated in the methods section.  

2.3.1 Default Mode Network 

Research on brain connectivity has led to the establishment of the DMN. The DMN is a well-

studied, large-scale resting-state neurocognitive network, consisting of the MTLs, and the 

posterior cingulate-, the medial prefrontal- and lateral parietal cortices (Fig. 1) (McCormick et 

al., 2014, 2013; Sneve et al., 2017). Data collected on resting-state networks show connectivity 

between structurally and functionally related regions, and that different nodes in the DMN are 

highly interconnected with each other (McCormick et al., 2014). What characterizes  

resting-state networks is brain regions where neural activity is greater during baseline than 

during task-related activity. According to Raichle et al. (2001) brain regions are in a baseline 

state when the subjects rest with their eyes closed. Further, he suggested that these brain regions 

make up an organized network characterized by increased neural activity during rest, and 
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decrease in activity during task performance (Greicius, Krasnow, Reiss, & Menon, 2003; 

Raichle et al., 2001). While this may be true, studies have found that the activity of the DMN 

can persist during passive sensory processing states with limited cognitive demands. It has also 

been found that having open or closed eyes does not significantly differ DMN activity, as long 

as the cognitive demand is low (Greicius et al., 2003).  

 The DMN is often associated with, and has substantial overlap with regions that are 

typically activated during internal mentation, such as episodic and autobiographical memory 

retrieval, theory of mind, envisioning the future, and mind wandering (Liao et al., 2010). 

Studies have also indicated that the degree of connectivity within this network can serve as an 

indicator of episodic memory capacity (McCormick et al., 2014, 2013). For instance, one study 

found that autobiographical memory, prospection and theory of mind yielded a common neural 

activation pattern in the midline structures of the DMN, namely the frontal and parietal lobes, 

in addition to temporal structures (Spreng & Grady, 2010). Andrews-Hanna and colleagues 

found increased activity in the MTL subsystems when participants made episodic decisions 

about their future, while the dorsomedial PFC was activated when participants considered their 

present mental states (Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010).   

Moreover, evidence indicates that the DMN is fundamental for optimal brain 

functioning. In support of these claims, it has been found that disruption of the DMN is related 

to a hallmark of different neurological and psychiatric diseases, such as Alzheimer's disease, 

Tourette’s and schizophrenia (Andrews-Hanna, 2012; Veldsman et al., 2017). Alzheimer's, for 

instance, is neurodegenerative disease whose hallmark clinical feature is deficits in episodic 

memory function. Specifically, during the progression of Alzheimer's it has been observed 

atrophy and hypometabolism in key areas of the DMN, such as the posterior cingulate, 

precuneus and MTL (Braskie & Thompson, 2013). Further underlining the importance of the 

DMN for proper brain functioning, it has been predicted by the use of computational models 

that damage to the DMN can cause disturbances in functional connectivity that spread both 

within and beyond the DMN. It is also predicted from these models that damage to the DMN 

will cause decreased interhemispheric connectivity while causing increased intrahemispheric 

connectivity (Alstott, Breakspear, Hagmann, Cammoun, & Sporns, 2009). The mentioned 

factors make DMN of particular interest in regards to cognition and episodic memory functions, 

the latter being the main topic of this thesis.   

Up until this point, it has been established that episodic memory is dependent on 

functional brain connectivity, and especially the connectivity of the DMN. Moreover, it is 

suggested that connectivity disruption plays a crucial role in the neurological disorder epilepsy. 



 13 

 

 

The following subchapter will further explore the notion of TLE as a connectivity disorder and 

review existing literature on observed network alterations. If TLE is indeed a network disorder 

whose effects extend beyond the seizure focus, it is possible that the episodic memory 

impairments observed in TLE could be due connectivity alterations in regions strongly 

connected to the MTLs, such as midline structures of the DMN – which we know to be 

important for episodic memory functions.  

 

 
 

 

Figure 1. Default mode network. Adapted from Betts et al., (2017). (Betts et al., 2017) 

2.4 Epilepsy as a connectivity disorder   

Seeing as epilepsy is characterized by large scale neural circuit dysfunctions, it is essential to 

take into consideration the connections between brain regions and not only focus on discrete 

brain structures (Englot et al., 2016). Although primarily associated with damage in the 

temporal lobes, TLE is becoming increasingly regarded as a network disorder where the 

structural, functional and metabolic changes extend beyond the temporal lobes to several non-

limbic brain regions, such as lateral temporal and frontal regions (Haneef et al., 2014; Maccotta 

et al., 2013). The idea that gross structural abnormalities alone cannot capture the entirety of 

the disease process is further underlined by findings showing that even after several years of 

epilepsy, several patients still have normal brain MRI and PET scans (Maccotta et al., 2013).  

If epilepsy is a connectivity disorder, that would make TLE a connectivity disorder 

originating from the brain’s main memory hub. If this is true, the clinical population of TLE 

patients offer a unique opportunity to explore the effects of connectivity disruptions on episodic 

memory functions. But what do existing research tell us about network alterations in TLE? In 

broad terms, they indicate that TLE can lead to three expected changes in connectivity patterns. 

The first one is in intrahemispheric connectivity, which refers to network alterations within the 
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hemisphere containing EZ. The second is in interhemispheric connectivity, adverting to 

connectivity between the two hemispheres of the brain. Finally, there can occur a change in the 

contralateral connectivity patterns, referring to changes in the hemisphere not housing the EZ. 

In addition to this, the current thesis is particularly interested in the potential role the DMN may 

play in memory function. Thus, the following chapters will explore connectivity alterations in 

these respective regions in order to assess whether TLE can be characterized as a connectivity 

disorder or not.  

2.4.1 Altered intrahemispheric connectivity  

Several studies have found altered intrahemispheric connectivity among TLE patients by using 

fMRI. Especially prominent are decreased connectivity in the hippocampus, parahippocampus, 

enthorinal cortex and neocortical temporal lobe in the hemisphere ipsilateral to the seizure 

focus. The possibility is presented that this may be related to atrophy, cortical thinning or local 

hypometabolism, which are all common to see among TLE patients. It could also reflect 

neurons which are preserved, but are malfunctioning because of pathological impairment or be 

due to the epileptic process altering the integrity of the temporal lobe network by decreasing 

the basal functional connectivity during interictal periods (Bettus et al., 2009; Maccotta et al., 

2013). Other studies have found that ipsilateral functional connectivity decreases with longer 

disease durations. It is possible that the first seizures are associated with an increase in the 

ipsilateral network, while repeated seizures have a damaging effect on connectivity over time 

(Coito et al., 2016; Morgan, Abou-khalil, Rogers, & Al, 2015).  

While this may be true, studies have also found evidence of increased connectivity in 

regions ipsilateral to the seizure focus. The previously mentioned study by Macotta et al. (2013) 

also observed an increase in functional connectivity between the insula and adjacent subcortical 

regions, such as the inferior temporal gyrus and the hippocampal head. Notably, the regions 

that showed increased connectivity are typical seizure onset region in TLE. This is consistent 

with EEG-findings by Coito et al. (2016), who observed that for both left TLE (LTLE) and 

right TLE (RTLE) patients the strongest connections were from the ipsilateral hippocampus to 

all other regions. In contrast, the strongest connections for their control group was from bilateral 

posterior cingulate cortex (PCC) towards the anteromedial temporal lobes, medial and 

orbitofrontal, and occipital regions. The hippocampus is a well-known core region for spike 

generation and a typical seizure onset in TLE. Therefore, it is possible that these connectivity 

changes represent an interictal functional correlate of an ictal seizure propagation pathway 

(Coito et al., 2016; Maccotta et al., 2013). 
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2.4.2 Altered interhemispheric, contralateral and DMN connectivity 

Another possible alteration is in interhemispheric functional connectivity, i.e., 

connectivity between the hemispheres. Maccotta et al. (2013) found reduced connectivity from 

the inferior-, middle-, and superior temporal gyrus with their homologous contralateral areas. 

However, the decrease in connectivity was not true for the entire temporal region, but only to 

specific locations. For instance, the same decrease in interhemispheric connectivity observed 

in the MTL-regions was not observed in the amygdala, even though it is an anatomical neighbor 

to the hippocampal head. Morgan et al. (2015) also found reduced connectivity between left 

and right hippocampus, insula and thalamus. However, in TLE patients with a duration greater 

than five years, they observed a linear increase in functional connectivity with disease duration 

(Morgan et al., 2015). If decreased interhemispheric connectivity is present normally in TLE, 

it is not yet clear whether these changes represent an adaptive process – i.e., an effort to protect 

the healthy, unaffected contralateral temporal lope – or whether it is a maladaptive network 

level manifestation of the disease process (Maccotta et al., 2013).  

Some studies have also observed changes in contralateral connectivity, which refers to 

connectivity in the hemisphere not containing the EZ. For example, Bettus et al. (2009) 

observed an increase in basal functional connectivity between the anterior and posterior 

hippocampus in the hemisphere contralateral to the EZ, which in their study constituted the 

right hemisphere in left MTLE patients, relative to controls. Also, they found that the increased 

connectivity within the contralateral temporal lobe correlated positively with working memory 

scores. It is suggested that this increase in contralateral connectivity could represent a 

compensatory mechanism which aims to maintain remaining memory function in the presence 

of TLE. This notion is further supported by the correlation between increased contralateral 

functional connectivity and working memory scores in patients.   

Finally, there have also been observed changes in DMN connectivity in TLE patients. 

Coito et al. (2016) found significantly reduced connectivity in regions concordant with the 

DMN in left and right MTLE patients. Specifically, they found significantly decreased summed 

outflow of PCC, anterior cingulate cortex (ACC), hippocampus, amygdala, parahippocampal 

gyrus, olfactory gyrus and gyrus rectus. It is suggested that this decrease in connectivity could 

be due to decreased connection density caused by the structural degeneration commonly 

observed in epilepsy. This is especially seen in the MTL ipsilateral to seizure focus, and also to 

regions that are structurally connected to the MTLs (Coito et al., 2016). Similarly, McCormick 

et al. (2013) found reduced connectivity from the PCC to the epileptogenic hippocampus in 
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MTLE patients, and an increase in connectivity to the contralateral hippocampus (Coito et al., 

2016; McCormick et al., 2013).  

2.4.3 Methodological limitations 

The majority of studies on functional connectivity and memory on TLE patients has been with 

the use of fMRI. Therefore, most of the literature reviewed above is also concerned with fMRI, 

except for Coito et al. (2016), who used EEG measures. When comparing fMRI and EEG 

results, there are several aspects of the data that differ. First and foremost, they represent two 

different physiological measurements. fMRI measures brain activation based on the blood-

oxygen-level-dependent signal (BOLD), and is in this sense an indirect measure of brain 

activity, and does not reflect neural activity per se. EEG, on the other hand, measures neural 

activity directly and does so with temporal superiority. The main limitation of EEG is its limited 

spatial resolution (approximately cm's), whereas fMRI has excellent spatial resolution 

(millimeters). Another critical difference is how the network nodes or regions of interest are 

derived. In fMRI nodes/regions are derived from anatomically localized regions or voxels of 

the image, whereas in EEG they are derived from surface electrodes on the scalp (Bullmore & 

Sporns, 2009). Moreover, fMRI connectivity studies are often based on correlational analyses 

that are not able to yield information about the directionality of the connectivity flow. For this 

purpose, EEG offers a way to more directly measure the neuronal activity with a much higher 

temporal resolution, which is well suited to investigate dynamic brain processes (Coito et al., 

2016). 

To summarize subchapter 2.4: We have thus far reviewed changes in four connectivity 

networks, namely intrahemispheric, interhemispheric, contralateral and the DMN. It is 

suggested that this decrease in connectivity is due to degeneration and malfunctioning as a 

result of epilepsy. Some studies had also observed increased connectivity in some regions 

ipsilateral to the EZ. It is suggested that this might represent a seizure propagation network. 

Hence, the literature point to numerous different connectivity alterations observed in TLE. It is 

likely that many of the observed differences are due to variation in disease pathology, such as 

seizure -frequency, -duration and -magnitude. However, what seems to have the most 

significant effect on connectivity alterations is lateralization of seizure focus. Thus, the 

literature has repeatedly reported of widespread alterations in connectivity networks, and thus 

supports the notion of TLE as a connectivity disorder affecting areas beyond the seizure focus.  
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3 The current study 

Considering the literature reviewed in the above chapters, it has been implicated that memory 

is not only supported by the MTLs, but also by structures stretching beyond the MTL-system. 

In addition, the idea of memory as a constructive rather than rewinding process has been 

presented. Specifically, evidence shows that thinking about the past and imagining the future 

elicit common neural substrates, both of which extend beyond the temporal lobes. Both of these 

cognitive processes seem to activate many brain regions overlapping with the DMN, which 

constitutes the most well-known resting-state network in humans. In addition, evidence 

suggests that the functional connectivity within this network can serve as a predictor of episodic 

memory capacity (McCormick et al., 2014, 2013). If this is true, we can expect that disruption 

of this network would indeed have a negative impact on episodic memory functions. 

Based on previous research, decreased functional connectivity is considered to be 

caused by disruptions of neuronal connections within a functional network, and usually leads 

to some cognitive impairment or brain disorders (Greicius et al., 2007, 2004). On the other 

hand, increased functional connectivity is often associated with enhanced functionality as an 

effect of compensatory mechanisms (Bettus et al., 2009; Greicius et al., 2007). Further 

substantiating the idea that increased connectivity is linked to enhanced functionality, studies 

on healthy controls have found that high DMN connectivity is positively correlated with long-

term memory performance, whereas changes in resting-state DMN connectivity seen with age 

have a negative effect on memory performance (Fjell et al., 2015; Persson, Pudas, Nilsson, & 

Nyberg, 2014). Taking these aspects into consideration, it seems plausible to expect increased 

resting-state functional connectivity in DMN to be associated with better episodic memory 

functions. Further, when adding the notion that TLE patients often are observed to have reduced 

memory performance and network alterations, it can be speculated that the memory deficits are 

related to the connectivity alterations, in addition to MTL lesions. Specifically, it seems likely 

that TLE will lead to network alterations in areas strongly connected with the temporal lobes, 

such as the parietal and frontal regions. Moreover, we suggest that alterations in this network 

will lead to deficits in episodic memory function.  

It is important to note that the notion of DMN as a functional connectivity network is 

derived from mainly fMRI studies. As such, they are ultimately based on correlating 

hemodynamic responses in particular brain regions, and do not measure brain networks per se. 

Since they are also based on functional connectivity (i.e. correlation), they do not say anything 

about the directionality of the connectivity. Since EEG is based on an entirely different premise 
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(i.e. electrophysiological measures), other distinctive aspects must be taken into consideration. 

Hence, it could be some discrepancies between the DMN as measured by fMRI and EEG 

(Knyazev, Slobodskoj-Plusnin, Bocharov, & Pylkova, 2011). The majority of studies reviewed 

in this thesis have implemented fMRI measures, and/or have referred to their measurements as 

being concordant with the DMN. The current study is assessing the effective connectivity of 

the parieto-frontal network, which we argue represents similar regions to that of the functional 

midline network of DMN. However, since we are using effective connectivity as measured by 

EEG, the current data also possesses directional information. Thus, we specifically wish to 

assess the summed outflow of the parieto-frontal network the left and right hemisphere.   

Two of the implemented approaches in the current study are relatively novel. First, 

instead of using the traditional list-learning tasks (such as RAVLT and AFLT) as a 

measurement of episodic memory, we have chosen to use an episodic memory test measuring 

the experienced quality of episodic memories, such as remembered details and vividness, in 

addition to the ability to undergo mental time travel (Pause et al., 2013). With such a 

measurement we hope to better capture episodic memory per se and assess its association with 

connectivity in the parieto-frontal network. Second, we will use a patient population consisting 

of patients with newly diagnosed non-lesional TLE. This patient population will provide the 

opportunity to explore whether connectivity changes are present already at the early stages of 

the disease, even before gross structural abnormalities are present on MRI. If so, this 

information could contribute to better understand how epilepsy is manifested early on in the 

phase of the disease and may potentially serve as a helpful diagnostic tool. By doing this, we 

also hope to avoid many of the confounding variables associated with chronic epilepsy, such as 

effects of AEDs, deteriorating effects of seizures and potentially progressive lesions 

(McDonald et al., 2011).   

Thus, the current study has two main objectives: 1) it wishes to investigate specifically 

whether effective connectivity alterations in the parieto-frontal network are already present in 

newly diagnosed TLE patients, and 2) if these potential alterations have an association with the 

observed memory deficits in TLE. Nonetheless, it is noteworthy that this is a fairly unexplored 

field, and there is a limited amount of material to use as a basis. Consequently, the hypothesis 

presented in this thesis should be considered as tentative. We are not certain of the magnitude 

of the potential connectivity measures or precisely what to expect. There is a possibility that 

the evidence gathered will point in different directions and demand a modified hypothesis.   
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3.1 Hypothesis 

Based on the evidence presented until now, the following hypotheses were generated: 

 

1. Changes in parieto-frontal connectivity are present in newly diagnosed TLE patients 

relative to controls 

2. Change in connectivity relative to controls is correlated with performance on episodic 

memory tests, which are found to be reduced in the patients. Specifically, we expect: 

o Decreased connectivity in the parieto-frontal network in patients, and for this to 

be associated with worse episodic memory scores 

3.2 Methods 

3.2.1 Participants 

The participants are part of ProTLE, an ongoing longitudinal cooperative study between the 

Epilepsy Unit, Department of Neurology, Oslo University Hospital – Rikshospitalet, Oslo, 

Norway and the University of Oslo, Department of Psychology. The patients have been enrolled 

from neurological departments in the South-Eastern Health Region of Norway shortly after 

diagnosis. Controls were either recruited by the patients, who were asked to bring a friend of 

the same sex and approximately the same age (± 1 year) without epilepsy. If the patients were 

not able to find a control, one was recruited by the investigators through acquaintances and 

advertisements at Rikshospitalet. A total of twenty-one Norwegian adult patients with newly 

diagnosed non-lesional TLE and equally many controls are part of the current study. The 

clinical and demographic characteristics of the patients are summarized in Table 1. 

Inclusion criteria were newly diagnosed (within 1 year) TLE and over 18 years of age. 

Since most recruited participants during inclusion were found to be non-lesional, we chose to 

concentrate on this particular patient group. Consequently, only non-lesional TLE were 

included.  The clinical diagnosis in each case was made by the same group of experienced 

epileptologists, according to seizure semiology, interictal EEG recordings and structural 

assessment of MRI. Control subjects were individually matched to patients based on their sex, 

age and education level. Exclusion criteria for both patients and controls were known etiologies, 

such as HS, tumors, infarctions and malformations, in addition to mental retardation, severe 

psychiatric disorder, progressive medical conditions, alcohol or drug abuse and previous brain 

surgery. 
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Written informed consent was obtained from all participants, and the study was 

approved by the Regional Committees for Medical and Health Research Ethics (REC) (Agnes 

Balint Bjørke et al., n.d.) 

3.2.2 Study procedure 

The data collection was conducted by experienced neurologists, neuropsychologists and 

neurophysiologists of the ProTLE project. ProTLE is an longitudinal study which aims to 

follow newly diagnosed TLE patients and their matched pairs for a period of 10 years 

(Thorshaug & Solem, 2016). All data collection was conducted at Oslo University Hospital – 

Rikshospitalet, Oslo, Norway. Patients arrived for a full day of testing at Rikshospitalet. During 

this day there was conducted a clinical neurological assessment and neuropsychological testing, 

in addition to MRI and EEG. All the measurements were conducted in separate sessions. That 

is to say, EEG measurements were not done simultaneously as conducting the 

neuropsychological memory tests. Therefore, the EEG results do not reflect activity elicited by 

memory tasks, but will rather be correlated with memory functions as part of the analysis. The 

details of the applied EEG methods and descriptions of the neuropsychological memory tests 

will be accounted for in the following sections.  

3.2.3 EEG data acquisition and preprocessing 

A one hour 64-channel awake interictal EEG was performed on all patients and controls. In 

order to minimize changes in arousal, participants were asked to rest with eyes closed for the 

first ten minutes, and with their eyes open for the next 50 minutes. The first ten minutes 

constituted the baseline recordings. For the remaining 50 minutes, participants were asked to 

read a book or watch a video to avoid falling asleep. The electrodes were placed in accordance 

with the 10-10 system by the EEG technicians. The reference electrode was placed at CP1 

(González et al., 2018). Since our hypothesis was concerned with the parieto-frontal network, 

only the P3-F3 and P4-F4 channels were used for the analysis in the current study.  

To assess effective connectivity between the brain regions of interest, a DTF of theta 

activity (3-7 -Hz) on outflow in the parieto-frontal network was implemented. The EEG data 

analysis was carried out by using the eConnectome (2.0) software in Matlab (2018a, 

Mathworks, Natick, MA, USA) (He et al., 2011). DTF was calculated for P3-F3 and P4-F4 

channels, with a model order of 5. A total of four electrodes in the frontal and parietal regions 

were used in the calculations. Hence, the measured activity is constrained to these four 

electrodes. DTF was calculated for every 1-s segment of the raw data. All combinations of 
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electrodes calculated yields a total of 16 calculated connections. The maximum value for each 

second within the theta band were used. The median of each channel outflow was used to 

perform the calculations. The parietal regions were measured based on the P3 and P4 electrodes, 

and the frontal regions were based on the F3 and F4 electrodes (González et al., 2018; Juel, 

Romundstad, Kolstad, Storm, & Larsson, 2018; Schumacher et al., 2015).   

3.2.4 Memory tests 

For assessing verbal memory, The Norwegian translation of the Rey Auditory Verbal Learning 

Test (RAVLT) was used. A list of 15 unrelated words (list A) is read out loud to the participants, 

after which they are asked to recite as many words as they can recall. This learning procedure 

is repeated in total of five times (acquisition phase). Subsequently, there is an interference trial, 

for which a list of 15 completely new words (list B) are presented to the participants, after 

which they are again asked to recite as many words as possible. Immediately after, the 

participants are asked to repeat all the words they remember for list A again (immediate recall). 

After a 20-30 minute delay, participants are again asked to recite all the words they can from 

list A (delayed recall). Participants are scored after the number of words remembered in each 

trial (Majdan, Sziklas, & Jones-gotman, 2019). The score of the delayed recall is the verbal 

memory score used in the analyses for the current study. 

For the assessment of visual memory, the Aggie Figures Learning Test (AFLT) was 

deployed. This test was developed as a visual equivalent of RAVLT and consists of the same 

basic structure (Majdan et al., 2019). The participants are presented with 15 abstract figures, 

which they get to look at for about 3 seconds each before they are asked to draw as many figures 

as they can recall on a piece of paper (list 1). This learning procedure is repeated five times 

(acquisition phase). Afterward, participants are presented with 15 new figures (list 2) and are 

asked to draw as many as they can recall again (interference phase). Immediately after, the 

participants are instructed to draw all the figures they remember from list 1 again (immediate 

recall). After 20-30 minutes delay, participants are finally asked to draw as many figures as 

they can recall from list 1 again (delayed recall). AFLT is scored in the same manner as RAVLT 

(i.e., scored after the number of figures correctly drawn). The score of the delayed recall was 

used for the subsequent visual memory analysis. 

The episodic memory test is based on cued memory paradigm by Schacter, Addis & 

Buckner (2007b), as well as a translated version of The Memory Experiences Questionnaire, 

which measures the phenomenological characteristics of episodic memories (Østby et al., 2012; 

Sutin & Robins, 2007; Thorshaug & Solem, 2016). The test is administered digitally through 



 22  

 

Microsoft Powerpoint 2010, and the instructions are presented to the participants orally. The 

participants are presented with a cue word on the screen (e.g., vacation), and are asked to think 

of an event that they have experienced within the last two years that this word makes them think 

about. The event should only be of a specific event lasting up to a few hours, within a day. They 

are given some time to think of an event, and are then given 40 seconds to think about it with 

their eyes closed. Afterward, they are asked to fill out a questionnaire to describe their 

subjective experience of remembering. The questionnaire consists of 12 claims about the 

memory (e.g., "I saw the event through my own eyes", "I could hear sounds", "It felt like I was 

there again"), which the participants rate on a Likert scale of 1 (totally disagree) to 5 (totally 

agree).  

3.2.5 Statistical analysis 

The statistical analysis was carried out by using SPSS Statistics (IBM SPSS Statistics for 

Macintosh, Version 25.0. Armonk, NY: IMB Corp). Two separate one-way between-groups 

multivariate analysis of variance (MANOVA) was used to assess differences between patients 

and controls on the memory and connectivity scores. Assumptions of normality, homogeneity 

of variance-covariance matrices and equality of variance were assessed with Kolmogorov-

Smirnov statistic, Box's test and Levene's test of Equality of Error Variances, respectively. 

Assumption of normality was violated for four variables, namely verbal memory, visual 

memory, right parieto-frontal connectivity and left parieto-frontal connectivity. After 

inspection of the individual Q-Q plots and histograms, it was decided that most of the 

distribution of scores were reasonably ‘normal’, and further analysis was carried out as planned. 

Multivariate normality was assessed by Mahalanobis distance, which yielded no substantial 

multivariate outliers. Paired samples t-tests were used to assess differences in effective 

connectivity between hemispheres within each group. Pearson product-moment correlation 

coefficient was calculated to explore the association between effective connectivity measures 

and memory scores. Age and sex were controlled for by using a matched pairs design, and 

hence these variables were not included as independent variables in the analysis.  
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Table 1. Demographic and clinical characteristics of patients with newly diagnosed, non-lesional 

temporal lobe epilepsy and healthy control subjects. 
 

 Patients 

n=21 

Control subjects 

n=21 
P-value*** 

 

Age (years), mean (SD) [range] 31.76 (11.67) 31.71 (11.59) 0.803 

 [19-58] [19-58]  

Gender (male/female), n (%) 7/14 (33/67) 7/14 (33/67)   

Intelligence Quotient (WASI-I), mean (SD) [range] 113.48 (11.24) 116.19 (9.52) 0.410 

 

Vocabulary 

[74-127] 

58.19 (5.41)  

[43-67] 

[95-132] 

60.14 (5.84)  

[47-71] 

0.229 

Matrix Reasoning 
56.81 (10.05)  

[20-66] 

58.10 (6.49)  

[47-68] 
0.665 

Dominance, n (%)    0.153 

Right-handed 20 (95) 17 (81)  

Left-handed 1 (5) 4 (19)   

Seizure type, n (%)    

Focal Aware Seizure 3 (14)   

Focal Impaired Awareness Seizure 3 (14)   

Focal Aware Seizure and Focal Impaired  

Awareness Seizure 

 

7 (33) 
  

Bilateral Tonic-clonic seizure with focal onset 8 (38)   

Focal Aware Seizure and Bilateral Tonic  

Seizure 

 

3 (14) 
  

Focal Impaired Awareness Seizure and  

Bilateral Tonic-clonic Seizure 

 

5 (24) 
  

Use of antiepileptic drug by inclusion in the study, n (%)     

No 7 (33)    

Under titration 

Yes 

6 (29) 

8 (38) 
   

Magnetic Resonance Imaging (3 Tesla) findings, n (%)   0.753 

Normal 9 (43) 8 (38)  

Abnormalities not associated with epilepsy* 12 (57) 13 (62)  

Non-specific 14 (67) 12 (57)  

Small non-specific white matter hyperintensities 12 (58) 10 (48)  

25-channels electroencephalograpgy findings, n (%)    

Normal 5 (24)   

Abnormalities** 16 (76)   

Non-specific 10 (48)   

Abnormal theta rhythms 2 (10)   

Sharp waves 8 (38)   

Epileptiform    

Focal spike discharges 10 (48)   

Self-reported mental health status, mean (SD) [range] 67.81 (19.29) 78.86 (11.67) 0.039 

 [20-92] [56-96]  

 

SD = Standard Deviation 

WASI-I = Wechsler Abbreviated Scale of Intelligence, first edition 

* Four patients and one control subject have several abnormalities 

** Four patients have both nonspecific and epileptiform abnormalities 

*** P-values are calculated using Pearson's chi-squared test (n (%)), t-test (mean (SD) [range]) or Kruskal-Wallis test (median 

(range)), as appropriate. 
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4 Results 

4.1 Decreased episodic and visual memory function 

A one-way between-groups MANOVA was performed in order to investigate differences 

between patients and controls on the three dependent cognitive variables, namely episodic-, 

visual-, and verbal memory. There was a statistically significant difference between the TLE 

and the control group on the combined dependent variables, F (3, 38) = 9.51, p = 0.00; Wilks’ 

Lambda = 0.57; partial eta squared = 0.43. When considering the results for each of the 

dependent variables separately, there was observed significant effects for episodic memory (F 

(1, 40) = 22.62, p = 0.00, partial eta squared = 0.36) and visual memory (F (1,40) = 6.17, p = 

0.02, partial eta squared = 0.13). Under further inspection of the mean, patients were found to 

have reduced episodic memory scores (M = 3.47, SD = 0.49) compared to the controls (M = 

4.10, SD = 0.37). The partial eta squared statistic (0.36) indicates a large effect size. Patients 

also had decreased visual memory scores (M = 11.52, SD = 3.41) compared to controls (M = 

13.52, SD = 1.40), with the partial eta square (0.13) yielding a small effect size. There were no 

statistically significant differences between patients and controls on verbal memory scores.  

4.2 Reduced connectivity in the right parieto-frontal network 

Another one-way between-groups MANOVA was performed to assess differences between 

patients and controls on the dependent variables left and right parieto-frontal connectivity. 

There was not a statistically significant difference between the epilepsy and the control group 

on the combined dependent variables, F(2, 39) = 2,41, p = 0.10; Wilks’ Lamda = 0.89; partial 

eta squared = 0.11), indicating that sthere is no statistically significant difference between the 

TLE and the control group on the combined dependent variables. When inspecting the results 

for each of the dependent variables, there was observed a significant effect of right parieto-

frontal connectivity (F (1, 40) = 4.93, p = 0.03, partial eta squared = 0.11). Further inspection 

of the mean showed patients to have reduced right parieto-frontal connectivity (M = 0.11, SD 

= 0.08) compared to controls (M = 0.17, SD = 0.09) (Fig. 2). The partial eta squared statistic 

(0.11) yielded a small effect size. There were no differences between patients and controls on 

left parieto-temporal connectivity measurements.     

4.3 Altered parieto-frontal connectivity between left and right hemisphere  

In order to assess the lateralization of connectivity a paired t-test was conducted to determine 

the difference in effective connectivity between the left and right hemisphere in both patients 
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and controls. There was found a statistically significant difference between the effective 

connectivity in the right hemisphere (M = 0.11, SD = 0.08) compared to the left hemisphere (M 

= 0.23, SD = 0.13, t (20) = -2.93, p = 0.008) in patients, indicating a left lateralization in the 

patients (Fig. 2). The mean difference of connectivity between the left and right hemisphere of 

the patient group was 0.1121 with a 95% confidence interval ranging from -0.19 to -0.03. The 

eta square was calculated (0.30), thus yielding a large effect size. The controls also showed 

stronger connectivity in the left relative to the right hemisphere, although this effect was not 

significant. 

In order to assess whether the observed differences were dependent on lateralization of 

hypothesized seizure focus, the same analysis was conducted on two smaller subgroups of our 

TLE cohort. Side of seizure focus was hypothesized based on lateralization of interictal 

recordings. Nine of the TLE patients had left lateralized EEG recordings, while 12 had right or 

bilateral lateralization. Another paired t-test was conducted to assess if the lateralization of 

connectivity was different for these subgroups of our cohort. We found a statistically significant 

difference between left (M = 0.21, SD = 0.12) and right (M = 0.10, SD = 0.01) hemisphere 

connectivity in the right/bilateral interictal group, indicating left lateralized connectivity in this 

subgroup. The mean difference of connectivity between the left and right hemisphere of the 

bilateral group was 0.11 with a 95% confidence interval ranging from 0.023 to 0.12. The 

calculated eta squared (0.48) yielded a strong effect size. There was observed no statistically 

significant differences between left and right effective connectivity in the left interictal group, 

but the pattern of connectivity was equivalent to that of the whole cohort and the right/bilateral 

group (i.e., higher connectivity in the left hemisphere).  

4.4 Inverse association pattern between connectivity and episodic memory in TLE and 

controls 

To further explore the relationship between effective connectivity and episodic memory, a 

Pearson product-moment correlation coefficient was calculated. There was observed a 

statistically significant negative correlation between episodic memory scores and left parieto-

frontal connectivity in controls (r = -0.445, N = 21, p = 0.043). There were no significant 

correlations between episodic memory and right parieto-frontal connectivity. Moreover, there 

was not found statistically significant correlations between connectivity and episodic memory 

scores in patients. However, there was observed a weak positive correlation (r = 0.340, N = 21, 

p = 0.132) between episodic memory scores and left parieto-frontal connectivity (Fig. 3). The 

calculated coefficient of determination yields a moderate effect size (r2 = 0.12). This could 
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indicate a tendency for an association between higher left hemisphere parieto-frontal 

connectivity and better episodic memory scores in TLE patients, while the inverse seems to be 

true for controls. There were no significant correlations between effective connectivity in either 

hemisphere with verbal or visual memory in patients or controls.  

We also calculated a Pearson product-moment correlation coefficient between effective 

connectivity and episodic memory for the subgroups left interictal and right/bilateral interictal.  

As in the results of the entire TLE cohort, there were observed no statistically significant 

correlations, but a tendency towards a positive correlation for both the left lateralized (r = 0.35, 

N = 9) and the right/bilateral lateralized (r = 0.31, N = 12) TLE subgroup. Thus, the results of 

the subgroup are found to reflect the same pattern as the whole TLE cohort.  

 

 

 

 

 

Figure 2. Lateralization of connectivity in TLE patients and controls based on estimated marginal means. 

Controls were observed to have higher connectivity than patients in the right parieto-frontal network, 

whereas patients have higher connectivity in the left parieto-frontal network. Further, the difference in 

connectivity strength between left and right parieto-frontal network is significantly larger among TLE 

patients.    
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Figure 3. Association between effective connectivity in left DMN (parieto-frontal network) and episodic 

memory scores in controls and TLE patients. 

 

5 Discussion 

The current study wished to investigate the relationship between resting-state effective 

connectivity in the parieto-frontal network and episodic memory functions. Previous studies 

have found evidence indicating that remembering the past and imagining the future rely on 

brain regions outside the MTLs, and it has been suggested that the degree of connectivity within 

the DMN could be an indicator of episodic memory capacity (McCormick et al., 2014, 2013). 

Further, TLE is increasingly considered a connectivity disorder – the effects of which stretch 

beyond the lateralization of the EZ. Especially affected are areas closely connected with the 

temporal lobes, such as the parietal and frontal lobes – both of which are considered regions 

within the DMN. Based on this we expected that this patient group would have: 1) alterations 

in parieto-frontal effective connectivity, 2) decreased memory functions, and 3) that changes in 

connectivity would correlate with episodic memory performance. The results obtained in this 

study support the claim that TLE is accompanied by alterations in the connectivity of the 

parieto-frontal network, even in non-lesional, newly diagnosed TLE patients. In addition, it was 

found that patients had decreased episodic and visual memory, but not verbal memory. 

Unexpectedly it was found a negative association between episodic memory functions and 
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connectivity in controls, whereas this relationship was not obtained for the patient group. These 

findings are discussed in detail below.  

5.1 Effective Connectivity Changes in the Parieto-frontal Network 

According to the literature reviewed in this thesis, TLE can be expected to affect regions 

extending beyond the EZ and the temporal lobe regions. The current study found evidence 

supporting this claim. Specifically, it was found that the patient group had significantly reduced 

effective connectivity in the right posterio-frontal channels relative to the controls. These 

findings are in agreement with previous studies that have also found decreased connectivity in 

some parietal and DMN regions in MTLE patients (see: Coito et al., 2016; Liao et al., 2010; 

McCormick et al., 2013; Morgan et al., 2015). Also in line with the current findings, it has 

previously been reported of reduced connectivity to the frontal areas in MTLE patients (see: 

Burianová et al., 2017; Yuan et al., 2013). The underlying reasons for these changes are not yet 

clear. It could be due to structural degeneration caused by TLE which has spread to regions 

structurally connected to the MTLs – such as the parietal and frontal regions. On the other hand, 

it could reflect a secondary propagation network (Burianová et al., 2017; Coito et al., 2016; 

Helmut Laufs et al., 2007; Stretton & Thompson, 2012). A study by Zhang et al. (2010) 

observed decreased connectivity in both ipsi- and contralateral DMN areas, such as the MTLs, 

inferior temporal cortex, and medial PFC, among TLE patients. They suggest that ipsilateral 

network alterations reflect impairment due to seizure lesions, while decreased contralateral 

connectivity is caused by widespread functional impairment. Hence, it has been demonstrated 

that a focal lesion at a specific network node can lead to extensive changes in the remaining 

DMN (Zhang et al., 2010).  

Further, many of the previously reviewed studies have found bilateral alterations in 

DMN connectivity, whereas we only observed decreased connectivity in the right hemisphere, 

and with only a small effect size. This could be related to disease duration, as several studies 

have found a link between epilepsy duration and connectivity, usually pointing to a decrease in 

connectivity over time (Coito et al., 2016; Liao et al., 2010; Morgan et al., 2015; Zhang et al., 

2010). If TLE is a progressive disease, the current results could be interpreted as being due to 

our patient cohort consisting of patients newly diagnosed with TLE, and therefore a sufficient 

amount of time has not passed for a more extensive degeneration to set in. It is possible that as 

seizures progress over the years, the connectivity will gradually deteriorate. However, the 

question of epilepsy as a progressive disorder does not yet yield any clear cut answers, and 
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researchers have found evidence both for and against (Coan & Cendes, 2013). Therefore, more 

research is required in this area before making concluding remarks.  

Both patients and controls had higher connectivity in the left hemisphere, and there were 

not observed significant differences between them on this variable. Stronger left hemisphere 

connectivity could be attributed to greater fiber tract density in the left hemisphere as a 

consequence of language normally being lateralized there. In support of this, previous studies 

have found asymmetry in the relative pattern of fiber density in the arcuate fasciculus, a 

pathway connecting the frontal, parietal and temporal lobes, which is thought to be important 

for language functions. Specifically, studies point to greater fiber tracts density in the left 

arcuate fasciculus, which is in accordance with language normally being lateralized in the left 

hemisphere (Nucifora, Verma, Melhem, Gur, & Gur, 2005).  

There was observed a significant difference between lateralization of left and right 

connectivity in patients, but not controls. Patients were observed to have significantly decreased 

right hemisphere connectivity relative to the left. This finding further substantiates the notion 

of TLE as a network disorder which leads to alterations in connectivity patterns among TLE 

patients. Specifically, we speculate that the effects of TLE has spread from the MTLs to the 

posterio-frontal network and caused the observed decrease in effective connectivity in the right 

posterio-frontal network. There could be several reasons as to why decreased connectivity 

occurred in the right hemisphere. For instance, it is possible that connectivity in the left 

hemisphere has remained unchanged because its stronger functional integrity has made it more 

robust to damage (Haneef, Lenartowicz, Yeh, Engel, & Stern, 2012). Another possibility is that 

seizure lateralization has an effect on the observed connectivity alterations. It is well-

established that the MTL ipsilateral to the EZ suffers from the most extensive damage. 

However, this study did not include information of seizure lateralization, or connectivity 

measurements of the MTLs. Nonetheless, there is a possibility that like the MTLs, connectivity 

in the parieto-frontal regions are affected differently depending on the lateralization of the 

seizure focus. The effects of seizure lateralization will be further elaborated later in the 

discussion.  

5.2 Memory changes 

The results from the MANOVA showed that patients had significantly reduced episodic and 

visual memory, but not verbal. The finding of reduced episodic memory is in accordance with 

previous studies which have reported of decreased episodic memory function in chronic TLE 

(see: Addis, Moscovitch, & McAndrews, 2007; Lechowicz et al., 2016; St-Laurent, 
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Moscovitch, Jadd, & Mcandrews, 2014; Voltzenlogel et al., 2006). As far as we know, no other 

study has explored episodic memory functions in newly diagnosed TLE patients. Further, 

instead of using list-learning tasks as measures of verbal and visual episodic memory, this study 

hoped to measure episodic memory per se by assessing the subjective memory experience of 

the participants. The current study therefore finds evidence that aspects of episodic memory, 

such as vividness, perceptual richness and remembered details are impaired in newly diagnosed 

TLE patients. This is in agreement with other studies that have observed impairments in the 

phenomenological aspects of episodic memory as a result of damage to the parietal cortex 

(Berryhill et al., 2007; Davidson et al., 2008). However, both of these studies were based on 

patients with infarcts or hemorrhage, which often entails positive MRI findings. Thus, our study 

contributes with findings implicating that episodic memory functions can be disturbed even in 

the absence of 1) abnormal MRI findings, such as lesions and HS, and 2) long-lasting effects 

of recurrent seizures. However, it is possible the episodic memory dysfunctions are due to the 

effects of ongoing or recently ongoing seizure activity. Nonetheless, this finding is interpreted 

as evidence that episodic memory functions are reliant on extratemporal regions. We argue that 

the parieto-frontal network is important for episodic memory retrieval because it plays a crucial 

role in the reconstruction process of personal memories. Since this effect was found in newly 

diagnosed TLE patients, we further believe this is due to TLE affecting regions beyond the 

MTLs early in the course of the disease, even before positive MRI findings.   

Our finding of reduced visual- but not verbal memory are not completely in accordance 

with either of the previous studies on memory functions in newly diagnosed TLE (Äikiä et al., 

2001; Gigli et al., 1996; C. Helmstaedter et al., 1993). In contrast to Äikiä et al. (2001), we did 

not observe reduced verbal memory dysfunctions in newly diagnosed TLE patients. Since they 

only explored verbal memory functions in LTLE patients, their findings cannot be assessed 

against our findings of reduced visual memory. Conversely, Gigli et al. (1996) did not find 

reduced verbal or visual memory in TLE patients. As such, their finding of unaffected verbal 

memory is in accordance with our study, while their finding of unaffected visual memory is 

not. Last, Helmstaedter et al. (1993) found both reduced verbal and visual memory, which is in 

disagreement with our findings, since we only observed a reduction in visual memory. One 

reason for these discrepancies could be the variation in sample sizes. Both Gigli et al. and 

Helmstaedter et al. had relatively small sample sizes (N = 8 and 16, respectively), which limits 

the generalizability of their results. The current study and Äikiä et al. had larger sample sizes 

(N = 21 and 39, respectively), which contributes to more reliable findings. The discrepancies 

could also be due to methodological differences. All studies have measured verbal and visual 
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memory, but have done so using different neuropsychological tests. It is possible that this could 

have an effect on the results obtained and could limit the accuracy of the comparisons. 

The findings of the current study also differ from those regarding chronic TLE patients. 

Decreased memory functions are commonly observed in chronic TLE, and they are often in 

accordance with the material specific memory model. That is to say, memory function in TLE 

is associated with the side of the seizure focus, where LTLE leads to deficits in verbal memory, 

and RTLE in visual memory (Bonelli et al., 2010; Gregory et al., 2015; Powell et al., 2007; 

Tramoni-Negre et al., 2017). The findings from the current study and Gigli et al. (1996) are 

disconcordant with this, since neither found as extensive memory impairments as is normally 

observed in chronic TLE patients. However, there is clearly a lack of studies investigating 

memory impairments in newly diagnosed TLE patients. To the best of our knowledge, the three 

mentioned and the current study are the only who have explored said aspect to this day. 

Therefore, there is a limited amount of information to take into consideration, and more 

research is needed before attempting to draw conclusions about potential progressive effects of 

TLE. Nevertheless, the results of the current study contribute with findings of episodic and 

visual, but not verbal, memory dysfunctions in newly diagnosed TLE.  

5.3 Memory and effective connectivity     

Although information about seizure lateralization was not available to us, we did observe both 

reduced right parieto-frontal connectivity and reduced visual memory functions. However, 

there were no correlations between these two variables, indicating that visual memory is not 

reliant on the right parieto-frontal network. Likewise, there were no correlations between left 

parieto-frontal network and verbal memory functions. We believe that the decreased visual 

memory functions are attributable to MTL disruptions caused by TLE, while verbal memory 

functions are still spared because of the robustness of the left hemisphere network. For future 

studies it will be interesting to assess how these verbal and visual memory functions evolve 

with longer disease duration among the current patients.  

The current study finds support for the notion that episodic memory is to a certain degree 

associated with effective connectivity in the parieto-frontal, but in the opposite pattern than 

what was hypothesized (Fig. 3). There was observed a significant negative correlation between 

left hemisphere effective connectivity and episodic memory function in controls, indicating that 

lower connectivity in the left hemisphere was associated with better memory scores. Although 

there were no significant correlations between memory scores and connectivity measures in the 

patient group, there was a tendency towards a positive association between left hemisphere 
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connectivity and episodic memory scores, which was calculated to constitute a moderate effect 

size (r2 = 0.12). This is certainly interesting, since it indicates an opposite association pattern 

between the patients and the controls, where increased connectivity in the left parieto-frontal 

network is associated with better episodic memory in patients but not controls. 

It is possible that these group differences in the association between effective 

connectivity and episodic memory performance are due to the occurrence of adaptive changes 

in TLE. It is likely that the pathology of epilepsy disturbs the brain networks, making them 

inefficient or maladaptive. As a result of this, the brain could initiate new connectivity patterns 

in order to maintain proper memory function (Albert, Potter, Boyd, Kang, & Taylor, 2019). 

Since the findings point to a positive correlation, it is feasible that the observed alterations 

represent reorganization processes rather than maladaptation or dysfunction. However, since 

the patients have had a relatively short disease duration, it could be that the reorganizational 

processes have not maximized yet at this point. On the other hand, it is possible that the results 

illustrate maladaptive or damaged networks, whose negative effects are not yet fully developed.  

To the best of our knowledge, there are no studies yet which have explored parieto-

frontal connectivity and the phenomenological aspects of episodic memory in newly diagnosed 

TLE patients. Because of this, available material to base our hypothesis and reasoning on has 

been scarce. It will be crucial to compare these results with studies adopting similar methods in 

order to accurately assess the association between the parieto-frontal network and episodic 

memory. Further, because of the scarcity of studies on newly diagnosed TLE, we do not know 

how these patients’ memory and connectivity functions will develop over time. If TLE is not a 

progressive disorder, there should not be expected many changes in either memory or effective 

connectivity, because the patients have already suffered from the ‘initial hit’ of cognitive 

impairments and network alterations at disease onset. For future research, it will be interesting 

to assess whether there is a progressive change in the connectivity alterations and if the positive 

correlation with episodic memory function grows stronger.      

Notwithstanding these findings, a study by Albert et al. (2019) found the complete 

opposite pattern in patients with major depressive disorder (MDD). Specifically, they found 

stronger resting-state functional connectivity in the DMN (PCC-seed) in non-depressed patients 

to be associated with better episodic memory scores, whereas the inverse pattern was observed 

in the MDD group (Albert et al., 2019). The opposite relationships between resting-state 

functional connectivity in the parieto-frontal network/DMN and episodic memory in TLE and 

MDD patients could represent changes associated with the different pathologies of the specific 

diagnostic groups. Another possibility is that they have emerged as a result of differences in 
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seed/electrode placements in the two respective studies. Finally, the discrepancies could also 

be due to methodological differences, most notably that the current study took use of EEG, 

whereas Albert et al. (2009) was an fMRI study.  

The observed negative correlation between right parieto-frontal connectivity and 

episodic memory is perceived as somewhat odd. Since previous studies have found that parieto-

frontal regions are important in constructive processes such as episodic memory and foresight, 

the opposite pattern should be expected. Indeed, increased functional connectivity is often 

associated with enhanced functionality (Albert et al., 2019; Bettus et al., 2009; Greicius et al., 

2007). It is possible that the findings of the current study are merely coincidental, and do not 

reflect the de facto relationship between parieto-frontal effective connectivity and episodic 

memory functions. Another possibility is that we have indirectly measured another network, 

and not actually the ‘DMN’. For one, we could have captured another network than what is 

traditionally regarded the DMN since we used EEG and not fMRI. Second, since our patients 

were not completely at rest, but were in fact reading, we can also have captured another network 

than the resting-state network we intended. This aspect will be discussed further in the 

limitations section. Moreover, our assumptions were based on relatively few studies, and it is 

possible that these studies have also been wrong. Both episodic memory and connectivity 

constitute complex phenomena, which have proven challenging to capture accurately.  Still, it 

is important to include this type of result in order to illustrate the diversity in findings. With an 

increase in studies it will be possible to assess whether there exists a prominent pattern, or if it 

still will point in the direction of randomness. Below we will discuss some discrepancies 

between EEG and fMRI findings, and confer on the plasticity of neural networks. Finally, we 

will discuss some limitations of this study. But first, we will briefly discuss the effects of seizure 

lateralization on connectivity alterations. 

5.3.1 Importance of seizure lateralization 

Although we did not determine lateralization of seizure focus, some patients were measured to 

have stronger left hemisphere interictal EEG recordings, whereas others were observed to have 

stronger bilateral or right hemisphere interictal recordings. The lateralization of the seizure 

focus was hypothesized based on these interictal recordings. Even though only the 

right/bilateral subgroup showed a significant left lateralization of effective connectivity, the 

overall pattern was the same in both subgroups as in the whole TLE cohort. Specifically, both 

subgroups had stronger connectivity in the left parieto-frontal network relative to the right. 

However, it is possible that the statistically significant results of the total cohort are mostly 
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driven by the right/bilateral subgroup. Further, the correlation analysis showed the same 

tendency towards a positive correlation between episodic memory function and left parieto-

frontal connectivity in both left and right/bilateral subgroup, corresponding to what was 

observed for the entire TLE group. Although most of the results did not reach statistical 

significance, they point in the same direction as the results of the whole TLE sample. We 

interpret this as a possibility that seizure focus does not have a grand effect on effective 

connectivity alterations in our patient cohort. More research is required before determining 

whether this is true for all patients with newly diagnosed epilepsy, or only for our sample.   

Since many studies have found that the type of observed connectivity alterations is 

linked to the lateralization of the seizure focus, this is an aspect we think should be discussed 

in more detail. Unfortunately, since there were no ictal recordings of the current participants, 

the lateralization of the seizure focus was not yet determined per this study. Hence this could 

not be implemented as a variable in our analysis. Nevertheless, we will quickly review some 

findings on this topic, in order to underline its importance. Zhang et al. (2010) observed 

decreased connectivity in both left and right MTLE patients, but found a bilateral decrease in 

connectivity among right MTLE patients, and unilateral decrease in left MTLE patients. 

Further, they observed increased functional connectivity in the PCC of only right MTLE 

patients, which they suggest is a compensatory mechanism for cognitive function. A study by 

Haneef et al. (2012) found reduced posterior DMN connectivity in right TLE patients, and 

increased posterior and anterior DMN connectivity in left TLE patients. They suggest that the 

increased connectivity observed in the left hemisphere could represent compensatory 

mechanisms for the decreased hippocampal connectivity due to TLE. It is also suggested that 

the right hemisphere is more prone to connectivity disruption because of innate cerebral 

asymmetry. Stronger connectivity is commonly observed in the left hemisphere, which may 

indicate stronger functional integrity. This could in turn make the left hemisphere more 

protected from disruption. Therefore, disruption of DMN connectivity may be more prominent 

in right TLE compared to left TLE because the left hemisphere has a higher connectivity 

baseline (Haneef et al., 2012). All of the studies reviewed in this thesis have defined the 

lateralization of the seizure focus, and indeed it seems clear that this has an important effect on 

the observed connectivity alterations. Specifically, it seems that in chronic TLE, the functional 

connectivity alterations are more extensive in the MTL regions ipsilateral to the EZ, whereas 

the inter- and contralateral connectivity alterations seems to be more varying and diffuse (Bettus 

et al., 2008; Coito et al., 2015; Maccotta et al., 2013; Morgan et al., 2015).  
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5.3.2 Discrepancies between EEG and fMRI findings 

As mentioned previously, EEG and fMRI represent two different physiological measures, an 

aspect which must be taken into consideration when comparing data from the respective 

measurements. While the results of decreased connectivity in TLE patients in this study are in 

accordance with many previous fMRI studies, other studies have observed the opposite. For 

example, Hsiao et al. (2015) found increased functional connectivity as measured by 

magnetoencephalographic (MEG) recordings in TLE patients in specific frequency bands. 

Specifically, they observed increased connectivity between the DMN and the right medial 

temporal regions in the delta band, and between DMN and bilateral ACC regions in the theta 

band (Hsiao et al., 2015).  

The contrasting findings could be linked to the different physiological underpinnings of 

each method. Specifically, it is possible that epilepsy has led to hyperexcitable links between 

structures, constituting the epileptogenic network. Such epileptiform activity can contribute to 

a large detected EEG signal. Conversely, studies have found that excessive electrical activity 

can to lead metabolic abnormalities both in the EZ, and strongly connected regions (Guye et 

al., 2005). Namely, epileptic activity has been found to lead to a significant decrease in brain 

metabolism (measured by NAA/Cr and NAA/(Cho + Cr) (See: Definitions). Such metabolic 

abnormalities will in turn lead to a weaker BOLD response, which will be interpreted as 

decreased connectivity (Bettus et al., 2009, 2011; Guye et al., 2005). This entails that although 

increased connectivity as measured by fMRI is commonly interpreted as enhanced 

functionality, this may not hold true in EEG measures of epileptic patients. Rather, increased 

neural firing in epilepsy is likely to reflect pathological malfunction, possibly representing an 

epileptogenic and/or seizure propagation network (Hsiao et al., 2015). In this view, it is possible 

that the negative association between EEG effective connectivity and episodic memory could 

result in a positive association if the BOLD response was considered instead. However, EEG 

and fMRI results are not always contrasting, and such differences seem to be reliant on 

methodological differences, such as what frequency band is considered in the comparison 

(Bettus et al., 2011; Hsiao et al., 2015). Nonetheless, since increased EEG connectivity can 

sometimes correspond to decreased fMRI connectivity, comparative analysis’ should be 

interpreted with caution (Haneef et al., 2014).   

5.3.3 Neural Homeostasis and Network Plasticity 

Regarding the field of brain connectivity, a lot still remains undiscovered. How are connectivity 

networks established? Under what circumstances do they yield optimal functioning? How are 



 36  

 

they affected by disruption or damage? These are some of many questions scientists today are 

trying to understand. The concept of neural homeostasis suggests that neurons have the ability 

to monitor their own activity levels, and respond to disruption, for example through changes in 

excitability (Davis & Bezprozvanny, 2001). Indeed, it is suggested neural circuits function best 

around a given set point, and that failure to maintain this set point can lead to instability, and 

potentially abnormal states like epilepsy (Davis & Bezprozvanny, 2001; Truszkowski & 

Aizenman, 2015). What exactly this set point is, or how it is determined remains unknown. 

However, research has suggested that such a set point could evolve during critical phases of 

development. Specifically, a study found that administering AEDs to developing embryos of 

seizure prone fly-larvae by feeding the gravid (fertilized) females, was successful to prevent 

seizure phenotype in the larvae when it was matured (Marley & Baines, 2011). Another study 

found that by suppressing neural activity in the nervous system of fly larvaes, the seizure 

phenotype is prevented. On the other hand, if the nervous system was stimulated, the larvaes 

developed the seizure phenotype (Giachello & Baines, 2015). Although this is a relatively new 

field, it indicates that neural networks in development are influential to the type and level of 

activity present, and that this can affect the wiring and function after developmental stages are 

complete. It is possible that disturbances in neural activity in critical phases hinders 

development of the ‘ideal’ neural circuit, and could create a network more prone to, for 

example, epilepsy (Truszkowski & Aizenman, 2015). At the very least, such findings show that 

networks of the brain can undergo plastic reorganization and change depending on the 

environment they are exposed to. Going further, such studies also indicate that more neural 

firing is not always better. Rather, it could lead to destabilization of neural firing, and 

consequently alternate network function – perhaps leading to diseases such as epilepsy. With 

this in mind, it is possible that the negative correlation between episodic memory function and 

left parieto-frontal connectivity is a reflection of the optimal set point in healthy controls, 

whereas TLE patients exhibit a different pattern as a result of their underlying pathology.  

5.4 Limitations  

The first limitation in regard to the current study is whether the network we have measured 

reflects the DMN. It was previously stated that the DMN is activated when subjects are at rest 

with their eyes closed (Raichle et al., 2001). However, since the subjects were going to be 

measured for a relatively long time (1 hour), it was decided that they should not lie down with 

their eyes closed, as this would likely cause them to fall asleep. Instead they were asked to relax 

while reading. Since previous studies, such as Greicius et al. (2003), have suggested that having 
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eyes open or closed does not significantly affect DMN activity, we do not think this constitutes 

a major confounder. The most important consideration to ensure DMN activity was stated to be 

a low cognitive load. Hence, it is possible that if the reading was in fact a high cognitive load 

for the subjects, it may have caused task-related activity and DMN deactivation. Since DMN is 

found to be active during memory retrieval, imagining the future, mind-wandering and theory 

of mind, and seems not to be affected by open eyes, a possible solution for future studies is to 

take a different approach. For example, the subjects can be seated on a comfortable furniture, 

but not have the opportunity to lay down. Further, they can be asked to relax with their eyes 

open while sitting, and simply let their minds wander. Ideally, such an approach will minimize 

cognitive load and the chances of sleepiness, while maximizing DMN activity.  

Another limitation is to what degree the parieto-frontal network is concordant with the 

DMN. Although there are many overlapping areas between the DMN and the parieto-frontal 

network, the DMN commonly reflects highly correlated regions as measured by the BOLD-

response. Since we have employed electrophysiological measures, it is unlikely that we have 

measured the exact same network. While this may be true, that does not make our measurements 

any less relevant to our hypothesis. Although we have not captured the DMN as it is commonly 

measured by the fMRI, our measurements of parieto-frontal connectivity still support our 

hypothesis of alterations in networks interconnected with the MTLs.       

We did not include variables such as seizure frequency or magnitude. Since our patients 

are newly diagnosed, we expect them to be less affected by the long-lasting detrimental effects 

of these factors. Nevertheless, it is possible that the frequency and magnitude of seizures has 

an effect on effective connectivity alterations, also in newly diagnosed TLE. Further, since the 

episodic memory test asks participants to recall a memory from the last two years, it is possible 

that ongoing ictal or interictal activity has affected the consolidation processes. If this is true, it 

could also limit the patients’ abilities to recall memories from this period.  

There are some limitations associated with using subjective measures of memory. The 

first is naturally that the experimenter cannot assess the “correctness” of the memory. 

Moreover, it is possible that patients refrain from reporting their least vivid and detailed 

memories because it reminds them of their memory impairments. Subjective memory deficits 

are often difficult to interpret clinically, and often cannot be captured by objective 

measurements. On the other side, since vividness and details of episodic memories are a 

subjective quality, we consider it necessary to ask participants of their subjective memory 

experiences.  
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  Another possible limitation of the current study is the use of the theta frequency band. 

The majority of studies on the DMN are done by the use of fMRI using the BOLD contrast. 

Therefore, the aspects of neuronal activity – such as spiking and local field potentials – which 

best predict these changes in BOLD contrast are not well established. As such, researchers have 

explored DMN activity in terms of different bands of EEG activity, and the results are varying 

(Knyazev et al., 2011). Some studies have found correlations between DMN and frontal theta 

band activity, suggesting this can be used as an index of DMN in the EEG resting-state 

measurements (Scheeringa et al., 2008). Conversely, other studies have observed correlations 

between DMN and the alpha- (Knyazev et al., 2011; H. Laufs et al., 2003a; Mantini, Perrucci, 

Del Gratta, Romani, & Corbetta, 2007), beta- (H Laufs et al., 2003b; Mantini et al., 2007), and 

gamma power band (H. Laufs et al., 2006; Mantini et al., 2007). For this reason, we cannot be 

certain that the theta band is optimal for capturing the DMN, and there is a possibility that we 

would have obtained different results if we had adopted another frequency band. Ideally, several 

frequency bands should be implemented in the analysis in order to assess potential differences 

between them. More research is warranted to better understand the association between BOLD 

signals and neural firing in order to better map the electrophysiological signals underlying 

DMN activation (Knyazev et al., 2011; H Laufs et al., 2003b).  

Further, the use of sensor space instead of source space could constitute another 

limitation. Connectivity analysis based on sensor space are more susceptible to effects of field 

spread. Field spread refers to a problem where different sensors (here: scalp-electrodes) can 

pick up neural activity from the same sources. That is to say, the activity picked up by different 

sensors can be difficult to recognize as caused by a single source which was recorded by 

different sensors (Palva et al., 2018; Schoffelen & Gross, 2009). Since source analysis is less 

prone to field spread, many recommend to rather implement this when conducting EEG 

connectivity analysis. However, although some studies suggest source space alleviates field 

spread, it does not abolish it all together (Schoffelen & Gross, 2009). Such effects are also 

present in source space analysis, where it is referred to as ‘signal leakage’ (Lai, Demuru, 

Hillebrand, & Fraschini, 2018). In addition, sensor space is a somewhat easier analysis to 

perform. Therefore, by conducting an overall assessment of pros and cons of both, in addition 

to considering the time available to us, it was decided to use sensor space analysis for the current 

study.     

Last, univariate normality was found to be violated for the variables verbal memory, 

visual memory, left parieto-frontal connectivity and right parieto-frontal connectivity. After 

inspection of the individual Q-Q plots and histograms, it was decided that most of the 
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distribution of scores were reasonably ‘normal’. Therefore, we chose to proceed with the 

planned analysis. The distributions with the largest deviations from a normal distribution were 

for verbal memory, visual memory and right posterio-frontal connectivity. The histograms for 

verbal and visual memory revealed a negative skew, which could indicate occurrence of ceiling 

effects. A somewhat positive skew was observed for the right parieto-frontal effective 

connectivity data. This is regarded as a limitation, as it can have negative effects on the validity 

of the data.  

6 Conclusion 

With this research, we aimed to explore whether TLE is a connectivity disorder spreading to 

regions known to be strongly connected with the MTLs. In addition, we wanted to see if 

potential changes in connectivity are associated with episodic memory functions, which are 

often impaired in TLE patients. Our results contribute to the increasing body of evidence 

supporting the notion of TLE as a network disorder, whose effects have spread beyond the 

seizure focus to the parieto-frontal network. Further, we observed reduced episodic and visual 

memory functions in TLE patients. We found a positive association between connectivity and 

episodic memory in patients, and a negative in controls. We propose that the positive correlation 

in patients is due to networking rewiring, caused by reorganizational or maladaptive processes. 

The negative correlation found in the control group was surprising, but may reflect the different 

physiological substrates of EEG- and BOLD-signals. We hope that our findings have 

contributed with a small piece of the puzzle to further understand the pathology of TLE and its 

effects. Future research should investigate whether there is a progressive change in the 

connectivity patterns, memory functions and the associations between these in TLE. A better 

understanding of connectivity abnormalities may have grand clinical implications and could 

serve as an effective diagnostic tool for epilepsy in the future. Moreover, a better understanding 

of the association between connectivity and memory may shed light on the complex neural 

underpinnings of episodic memory – a remarkable and distinctive capability of human beings. 
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