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Abstract 
Introduction: Memory functions are associated with various oscillations of electrical activity 

in the brain, and disruptions of those rhythms can be observed in many neurological 

syndromes, including Alzheimer’s Disease. Oscillations at the theta (3-7 Hz) frequency, in 

particular, are thought to play an important role in memory. The peak frequency and 

amplitude of the theta frequency are modulated by age and could be a useful target to combat 

the cognitive decline commonly associated with aging. Previous studies have induced theta 

oscillations using transcranial Direct Current Stimulation (tDCS) and repetitive Transcranial 

Magnetic Stimulation (rTMS). We hypothesized that oscillatory auditory stimulation could 

similarly entrain theta rhythms in a less invasive, more cost-efficient manner. Preliminary 

data collected from young adults indicated a positive relationship between theta entrainment 

and improved short-term visuospatial memory.  

Methods: We recorded the neural activity, using electroencephalography (EEG), from 

participants aged over 50 years while they completed a spatial memory task. Three groups of 

participants with varying memory ability were recruited with no memory complaints (n = 

15), mild memory complaints (n = 16), and moderate memory complaints (n = 16). During 

the first part of the task, participants listened to amplitude modulated noise at 3, 4, 5, 6, and 7 

Hz to determine which frequency within the theta band induced the strongest increase in theta 

power with respect to a pure noise control. Next, participants learned the locations of 30 

objects via a spatial memory task administered on a computer. Each object was consistently 

paired with one of three types of pink noise—constant noise, individualized theta frequency-

modulated noise (3, 4, 5, 6, or 7Hz), and 15-Hz-modulated noise (beta).  

Results: Individuals who identified as having moderate memory complaints had significantly 

lower MoCA scores than individuals with no memory complaints and preferred lower theta 

frequencies. Individuals with moderate memory complaints also exhibited lower memory 
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scores in the spatial memory task. Male participants (n = 17) on average displayed higher 

memory scores compared to female participants (n = 30), despite similar age and memory 

group distributions. Sounds at an individual’s preferred theta frequency led to an increase in 

theta activity in the brain compared to pure pink noise and beta sounds. Additionally, there 

was a main effect of memory complaint group on neural activity in the theta and alpha bands.  

Conclusions: Subjective memory complaints may be an accurate proxy for the beginnings of 

age-related neurological changes reflected in EEG activity. More research in this area could 

contribute to novel diagnostic techniques and therapies for Alzheimer’s Disease. Auditory 

stimulation could be an easy, non-invasive method to promote beneficial neural activity in 

aging populations.   
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Chapter 1: Introduction 
Alzheimer’s Disease (AD) is an escalating public health crisis, impacting not only the 

elderly, but caregivers, family members, healthcare systems, and economies.1 Fundamentally, 

AD is a disease of the synapse associated with progressive and irreversible memory 

impairment as well as several other deficits in cognition and executive function.2–4 The 

neuropathology of AD is characterized by synaptic loss with excessive accumulation of two  

protein deposits, namely amyloid beta plaques and tau-containing neurofibrillary tangles 

(NFTs).5–7 Unsurprisingly, much research has focused on these molecular pathologies, but no 

useful pharmaceutical treatment has emerged.  

Thus far, most work on AD has been divided along molecular and systems level 

neuroscience with minimal communication and overlap. The disease’s complexity requires 

the bridging of knowledge from both of these fields. Age is by far the greatest risk factor for 

AD.8,9 Notably, molecular and electrophysiological changes are evident in adult brains long 

before symptoms of AD manifest .10–16 Therefore, it is important to investigate the neural 

activity of middle-aged individuals to identify changes associated with normal ageing, in 

addition to those that may indicate future pathology and risk for the development of AD. The 

objective of this introduction is to examine how molecular changes associated with ‘normal’ 

ageing, as well as changes associated with AD, influence the circuitry of neural oscillations 

and impact memory.  

1.1 What are Neural Oscillations? 

Neural oscillations are electrical rhythms produced in the brain that reflect the synchronized 

activity of many neurons (Figure 1). These rhythmic fluctuations allow neurons to alternate 

between periods of increased excitability (more likely to ‘fire’) and decreased excitability 

(less likely to ‘fire’).17 These rhythms facilitate communication within and across brain 

regions.18,19 An individual neuron may naturally oscillate at a specific frequency, but it is also 
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under the influence of the rhythmic population dynamics.19–21 The increased complexity and 

opportunities for coordination that neural oscillations provide in the brain has led researchers 

to equate oscillations with aspects of higher level cognition, including memory.18,22–24 

Traditionally, neural oscillations are broadly grouped into bands according to frequency: 1-3 

Hz (delta), 4-8 Hz (theta), 8-12 Hz (alpha), 13-30 Hz (beta), >30 Hz (gamma). Although each 

band has been linked with different functions, ageing is most commonly associated with an 

overall slowing of neural activity.25   

 

Figure 1.1: Image from Barry et al. 2018 depicting how oscillations in the brain are classified 
according to frequency into bands.26 

1.2 Importance of Theta Oscillations in Memory Function 

The theta frequency band was originally linked with memory because it is a prominent 

network pattern in the hippocampus—a structure made famous by patient H.M. who was 

unable to form new episodic memories after the removal of his hippocampus.27,28 Memory is 
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grouped broadly under two categories: short-term memory/working memory which typically 

lasts less than a minute, and long-term memory which lasts much longer. Long-term 

memories can be implicit (unconscious) or explicit (conscious).29 Implicit memory 

encompasses procedural memory that allows you to remember how to tie your shoes without 

thinking about it—this type of memory was unaffected in HM and is largely unaffected in 

aging as well.30 On the other hand, both types of explicit memory, termed episodic and 

semantic, can be impacted by aging and AD. Episodic memory encompasses memory for life 

events and experiences (including spatial memory), and semantic memory encompasses 

memory for facts and concepts.29 

Although theta activity may have diverse roles in different types of memory, this 

study will focus on the role of theta activity in episodic, semantic, and specifically spatial 

memory. Additionally, there is extensive literature on the importance of theta activity during 

spatial navigation of rodents in relation to hippocampal place cells, but this will not be 

explored here in favor of focusing on human studies.31,32 Originally, theta activity directly 

from the hippocampus could only be studied in small mammals, but intracranial recordings 

from epileptic patients have provided an opportunity to more thoroughly study human 

hippocampal theta activity.33,34 By utilizing patients with intracranial electrodes it was 

confirmed that, similar to rodents, theta oscillations can be seen in the human hippocampus 

during a virtual movement and search task.35 Hippocampal and neocortical theta were also 

strongly correlated, giving credibility to the use of scalp electroencephalogram (EEG) 

recordings to detect theta activity.35,36   

To further provide a link between hippocampal theta and memory, pre-stimulus theta 

activity in the hippocampus was associated with successful memory encoding of words.37 

Similarly, increased theta activity during encoding was linked to successful recall of lists of 

common nouns.38 Intracranial theta and high-frequency activity were also linked with 
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spontaneous verbal recall of episodic memories.39 All of these intracranial studies lend 

credibility to the importance of theta activity in memory. Furthermore, although theta activity 

is generated in the hippocampus, it can also be observed over distributed brain networks and 

areas. Several of the intracranial studies also detail an interaction between theta activity and 

high frequency activity. This coupling between theta and gamma activity is thought to be 

important for the communication across brain areas that is integral to cognitive processing.40 

This coupling is also vulnerable to ageing and is significantly impaired in several 

neurological disorders including AD.41–43  

 On the molecular level, Law and Leung found that synaptic plasticity and spike 

excitability in the Cornu Ammonis-1 (CA1) are modulated by the phase of the theta cycle in 

the hippocampus.44  Increases in theta and gamma activity correlate with long-term 

potentiation (LTP), or the strengthening of excitatory synapses associated with learning and 

memory.45,46 This activity can be recorded electrophysiologically and indicates inputs that 

occur with the peak of the theta cycle and reach their postsynaptic target within the gamma 

time window (10-30 ms) are selectively potentiated.47 Some argue that theta synchronization 

is the ‘glue’ that binds the multiple components of an episodic memory together into a 

coherent episode.48 Depending on which phase of the theta cycle signals arrive at, it could 

result in increased excitability, LTP, or long term depression (LTD), the antithesis of LTP.44 

Therefore, theta oscillations play a role in selecting which information gets potentiated as 

well as binding elements of memories together. 

1.3 Hippocampal Theta Circuitry   

To understand how ageing and memory function impact the generation of theta oscillations, a 

brief overview of theta circuitry will be given. Although theta is one of the most widely 

studied brain rhythms, a comprehensive understanding of its generation and function has not 

been reached, therefore, we will be operating off of some of the more substantiated theories.   
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Theta generation is dependent on the cortical-hippocampal circuit (Figure 1.2). In this 

circuit, rhythmic theta activity from the entorhinal cortex (EC) drives the circuit via the 

perforant path targeting the dentate gyrus.49 The granule cells of the dentate gyrus act as a 

filter, meaning only signals strong enough to activate mossy synapses (large synapses with 

multiple neurotransmitter release sites) will excite Cornu Ammonis-3 (CA3) pyramidal 

neurons.17 The recurrent axons of pyramidal cells in CA3 amplify the activity from the 

dentate gyrus and synapse on excitatory Schaeffer collateral axons in CA1.50 To complete the 

circuit, excitatory neurons from CA1 project back to the EC. Additionally, long-range 

interneurons  provide inhibitory input and synchronize activity between different regions of 

the hippocampus and cortex.17  

 

Figure 1.2: Cortico - hippocampal circuit diagram showing the interaction between the 
entorhinal cortex (EC), Dentate Gyrus (DG), Cornu ammonis 3 (CA3), Cornu ammonis 
1 (CA1), and Inhibitory Interneurons (IN). 
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Figure 1.2: Drawing of the rat hippocampus by Ramon y Cajal 1911 for reference in relation to the 
theta circuitry described above. From:  Santiago Ramón y Cajal. (1911) Histologie du Système 
nerveux de l'Homme et des Vertébrés, Paris: A. Maloine. 

1.4 Relevance of theta circuitry to Alzheimer’s Disease and ageing 

As we age, just as we lose muscle mass, we lose brain mass. The brain loses synaptic 

connections and myelination, which disrupt neural oscillations and communication in the 

brain.51 Theta circuitry is particularly vulnerable to the ageing process. The hippocampus and 

EC are among the first areas to be affected by ageing and are severely impacted by AD 

pathology.52–54  

1.4.1 Overview of Alzheimer’s: the major memory disorder of ageing  

AD is the most common neurodegenerative disease of ageing. The disease slowly and 

selectively destroys brain circuits that control memory and higher cognitive function. AD is a 

chronic disease and is not an accelerated form of ageing.5 The cause of AD is unknown, and 

the vast majority of AD (98% of cases) are known as “sporadic”.55 However, age is by far the 

greatest risk factor.56 There are genes that can increase an individual’s risk for developing 

sporadic AD, including inheritance of epsilon e4 alleles of the Apolipoprotein E (APOE) 

gene.57,58 Rarer earlier age-of-onset AD cases, accounting for approximately 1-2% of all AD 
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cases,  are due to autosomal dominant inheritance of mutations in APP (amyloid precursor 

protein) and Presenilin genes.59–61  

1.4.2 Alzheimer’s: overview of pathology 

The most notable anatomical characteristic of AD is the extensive pathology that builds up in 

the brain as the disease advances. As previously mentioned, the pathology is primarily 

composed of deposits of two soluble proteins that, for a myriad of poorly understood reasons, 

begin to aggregate into deposits known as Aβ peptides (made of amyloid-beta proteins) and 

neurofibrillary tangles (made of tau proteins).3,5,62,63 These aggregates are associated with an 

inflammatory response perpetuated by microglia and astrocytes all of which are associated 

with selective synaptic and neural circuit degeneration.64–67 It is important to note that both 

Aβ and tau have normal functions in the brain and when they start to build up there is 

normally no cognitive impairment.6 It is when these plaques and tangles have accumulated 

for longer time periods, anything ranging from 5 to 20 years, that cognitive symptoms may 

start to manifest.68 There is thus a continuum of neuropathology and cognitive deficits, from 

completely healthy to pervasive disease.5 However, there are many cases that lie in the 

middle of this spectrum that can be more difficult to categorize.63,69 As technology continues 

to advance, hopefully this distinction will become more definitive in coming years.  

We know that as the level of Aβ and tau increase significantly an individual may 

develop mild cognitive impairment (MCI), which may progress into AD dementia (Figure 

1.4). As seen in Figure 1.4, levels of Aβ seem to plateau before cognitive symptoms 

manifest, with significant increases in tau in combination with high levels of Aβ more 

strongly correlating with neurodegeneration and cognitive decline.68 Notably, the areas of the 

brain that Aβ and tau build-up overlap definitively with theta circuitry which will be explored 
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further below. Furthermore, alterations in theta circuitry have been described in AD and 

functionally linked to both Aβ, tau, and neuroinflammation.  

 

Figure 1.4: Image from Jack et al. 2013 depicting how amyloid beta plateaus before cognitive 
symptoms manifest, but its combination with high levels of tau correspond to neurodegeneration and 
cognitive decline.68 

 

1.4.3 Alzheimer’s pathology and theta circuitry 

Remarkably, theta circuitry maps extremely closely with changes seen in aging brains 

associated with Alzheimer’s Disease (Figure 1.5). In the 1990s, the neuropathologists Braak 

and Braak developed a six-step staging system of human brain pathology (Stage I-VI), which 

differentiated between pre-symptomatic (Stage I-II),  mild cognitive impairment (Stage III-

IV), and clinically diagnosed AD (Stage V-VI).52 Braak staging was based on thorough 

examination of thousands of post-mortem brains.52,70 The staging outlines the progressive 

accumulation of tau in NFTs, plaques, and neurodegeneration, but particular focus is devoted 

to tau in NFTs.70 By piecing together information from many brains of different ages, 

cognitive ability, and AD diagnoses, Braak concluded that  NFT changes developed 
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according to similar patterns across brains as memory loss emerged with ageing and 

advanced to AD.  

 

As seen in Figure 1.5, the early stages outline by Braak map very closely to the theta 

circuitry in the hippocampus. Stage I shows NFT changes in the transentorhinal pre-α layer; 

Stage II is characterized by an accentuation of transentorhinal pathology and the involvement 

of the main EC region. Together, stages I and II, called the transentorhinal stages correspond 

to a ‘silent’ and believed to be pre-symptomatic stage of AD.70 Notably, this pre-symptomatic 

stage is affecting the region responsible for driving theta activity—the EC. Subsequently, in 

Stage III the NFT pathology extends to the dentate gyrus and CA1 subiculum region, further 

advancing back to the EC (layer V/VI) and begins to emerge in the temporal neocortex.70 As 

mentioned above, the dentate gyrus is integral to filtering inputs to the theta circuit and the 

CA1 region provides feedback to the EC to maintain rhythmicity of the circuit. Stage IV sees 

NFTs pathology expand to the association areas of the basal neocortex. Stages III/IV, or the 

limbic stages, correspond to the emergence of impaired cognitive function, so called mild 

         Theta Circuitry         

Spread of Tau in                              
Braak Staging  

Figure1.5: Theta circuitry (blue arrows) and Tau progression (red arrows) in AD based on Braak 
staging overlaid on hippocampus drawing by Ramon y Cajal. 
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cognitive impairment (MCI) and mild personality changes. At this stage a person is still not 

diagnosed with AD. In stage V and VI, the changes extend to the primary areas of the 

neocortex (stage VI),70 and it is only at these stages that AD is clinically diagnosed. It is 

important to note that as the pathology expands, it is also progressively worsening in 

previously affected areas.  

Progression from Stage I to Stage VI can take as long as 10 to 20 years. Therefore, 

since theta circuitry is impacted early (stages I, II, and III) in pre-symptomatic and mild 

cognitive impairment stages, theta activity could be a useful tool for earlier diagnosis of 

cognitive changes with ageing as well as an early therapeutic target. It is also important to 

note that Braak staging was compiled from the analysis of thousands of individual ageing 

brains via post-mortem relating NFT pathology to the clinical records. It was not possible to 

monitor individuals progressively. It is thus probable that a person with Stage I-III early NFT 

pathology may not advance to later stages of the disease due to lifestyle or other therapeutic 

interventions—theta frequency modulation could be one of these early therapeutic targets to 

prevent subsequent decline.  

Braak and Braak also detailed the accumulation of Aβ plaques in three stages (A-C). 

However, there is significantly more inter-individual variability in amyloid plaque deposition 

and this plaque deposition does not closely align to the clinical symptomology of AD like 

NFTs. Nonetheless, Aβ plaque buildup impacts many of the same areas, including the EC 

and hippocampus.70  

As mentioned above, Aβ and tau, the major proteins associated with memory decline 

and the progressive destruction of synaptic circuits in AD have a normal function in the 

brain. These molecules acquire adverse gains of function that progressively impair memory 

and contribute to neurodegeneration seen in AD. Interestingly both normal and pathological 

Aβ and tau have been described to regulate and be regulated by theta oscillations.42,71–74 
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Therefore, manipulating theta oscillations could be a way to prevent the Aβ and tau buildup 

that lead to AD pathology. This is overviewed in sections below.    

1.5 Other memory circuitry to be considered: Papez Circuit and Default Mode Network 

Neuroimaging, lesion, and electrophysiological studies in humans and animals have led to the 

overall recognition that memory, and especially episodic memory, is localized to specific 

brain circuits. This was highlighted, as mentioned above, by patient H.M. who was unable to 

form new episodic memories after the removal of his hippocampus.27,28 The ability to 

definitively identify the brain circuitry and networks that underlie memory and that become 

impaired during ageing and due to age-related disease, including dementia disorders, is 

critical. The precise location of this brain circuitry is especially important if we want to target 

this circuitry to improve memory and ameliorate memory impairment with ageing and in 

diseases such as AD. Although the precise circuitry remains to be identified, memory and 

most specifically episodic memory has been localized to two partially intersecting circuits 

namely, the circuit of Papez and the default mode network (DMN). The human circuit of 

Papez encompasses the hippocampus, anterior thalamus, mammillary bodies of the 

hypothalamus, posterior cingulate and fornix.75 Research at first focused on the Papez 

circuit’s role in emotion, but subsequent studies indicated a role for the circuit in episodic 

memory,76–81 including human neuroimaging studies with a focus on AD.82  The DMN 

encompasses regions of the brain active at rest, including the medial prefrontal cortex, 

inferior parietal lobule, hippocampus, posterior cingulate, retrosplenial cortex, and 

precuneus.83 The overall resting state connectivity of the adult brain declines as we age, 

especially within the default mode network (DMN).84,85 This network is particularly relevant 

for AD research due to the prominence of Aβ deposition in these regions as well as the 

importance of these areas for memory.85,86 This is supported by several studies which 

implicate altered neural oscillations in the DMN as a very early event in cognitive 
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impairment that precedes AD.87–89 The DMN and Papez circuit have overlapping circuitry 

with each other, namely the hippocampus, which indicates an overlap with the theta circuitry 

addressed above as well.  

Importantly, findings indicate that a theta rhythmic signal may resonate through the 

Papez circuit, possibly involved in the control of mnemonic functions of the circuit.90  

Lesions of the mammillothalamic tract in the Papez  circuit had widespread indirect effects 

on hippocampo-cortical oscillatory activity within both theta and gamma bands.91 Studies 

show that aberrant functional connectivity in Papez circuit correlates with memory 

performance in middle-aged APOE4 carriers who do not yet have any cognitive impairment 

as well.13,92–94   

Theta activity also displays a relationship with the DMN. Increases in theta power 

have been associated with a decrease DMN activity.95 This inverse relationship was also 

more pronounced for images that were later remembered compared to images that were later 

forgotten, indicating the importance of this interaction in memory.96 However, this inverse 

relationship may be aberrantly exaggerated in AD, with structural and metabolic deficiencies 

leading to a compensatory increase in theta activity.97 In fact, individuals in the early stages 

of AD had more theta activity in regions associated with the DMN compared to individuals 

with MCI.98 The combination a decrease in DMN connectivity coupled with an increase in 

theta activity could be an important marker of AD that reflects underlying memory and theta 

circuit degeneration. Additionally, age-related differences in DMN connectivity can be 

altered by using theta-burst stimulation in some adults, providing evidence of a more 

complex interplay between theta activity, default mode activity and connectivity, ageing, and 

memory.99  

While DMN connectivity is typically investigated using fMRI, other studies have 

characterized how the electrophysiology of the brain changes as we age. Generally, theta 
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power decreases from young adulthood to middle-age.25,100,101 Additionally, adults 

maintaining higher theta power, tend to perform better on cognitive tasks compared to others 

in their age group.25,101,102 However, an increase in theta activity is not always considered 

beneficial. Finnigan et al. differentiate between two types of theta—one associated with 

healthy cognitive function, and another related to EEG/alpha slowing that reflects a risk for 

future cognitive decline.102 Network over-excitation and increased low frequency activity are 

evident in individuals diagnosed with AD, but it is difficult to determine when the switch 

occurs and increased theta activity is no longer beneficial. For example, in contrast to the 

studies linking increased theta power to enhanced cognitive performance, one study found 

that an increase in theta activity in subjects with mild cognitive impairment (MCI) resulted in 

a reduction in regional cerebral blood flow.103  

1.6 Theta oscillations in AD   

 Alterations in theta frequency activity may be early events that occur pre-symptomatically in 

AD. Increases in relative theta power have been studied as an early marker of cognitive 

decline that may lead to AD.74 Relative theta power was found to be greater in AD cases than 

healthy controls and relative theta power correlated with total tau in the brain.104 

Furthermore, a correlation was found between cerebrospinal fluid (CSF) total tau, 

phosphorylated tau and Aβ42 with increased relative theta power and cognitive slowing in 

healthy elderly adults.105 Several studies have looked into theta-gamma coupling in the aging 

brain as well. A relationship between altered theta-gamma coupling and working memory 

deficits has been demonstrated in individuals with MCI and with AD.106 Although it is 

difficult to determine whether network abnormalities or molecular changes in the brain occur 

first, it is clear they happen in parallel for an extended period of time before cognitive 

symptoms manifest. These studies indicate that electrophysiological measures of theta could 

be harnessed as non-invasive early biomarkers for AD.107 However, it is still difficult to 
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distinguish between cases of ‘healthy ageing’ and pathological ageing, making research on 

middle-aged cohorts especially important.  

1.6.1 Theta oscillations and AD: focus on Amyloid-Beta 

Overview of Aβ formation  

Amyloid beta (Aβ) is a small peptide of sizes varying from 39 to 43 amino acids.42,108 Aβ 

occurs normally as a soluble monomer, most commonly 40 amino acids long.3 However,  it 

can also exist as soluble oligomers or insoluble protofibrils and fibrils109—these forms are 

prominently composed of Aβ 1-42 amino acid form and are most commonly associated with 

AD.110,111 To be formed, Aβ must be cleaved from a much larger amyloid precursor protein 

(APP) by two enzymes, β-secretase and γ-secretase, sequentially.109,112 APP can also be 

cleaved by an α-secretase enzyme, but this precludes Aβ formation as it cuts APP right in the 

middle of the Aβ sequence.109 Aβ is present in the brains of individuals of all ages, but the 

amount of Aβ increases as we age, with cognitively intact individuals over 70 having 

significantly higher levels of Aβ than children and adolescents .113 The ‘amyloid hypothesis’ 

postulated that Aβ peptides came together to form plaques that impaired neurotransmission 

leading to cell death and cognitive deficits.110,114 Mutation in the APP or presenilin gene 

(which encodes the enzyme components of γ-secretase) that cause very rare forms of early 

onset familial AD (FAD),  lead to more Aβ42 buildup and an increased likelihood of 

developing AD, providing support for the amyloid hypothesis.59 APOEe4 the major risk 

factor for sporadic forms of AD can also lead to both increased production and decreased 

clearance of Aβ.57,93,115,116  

One major normal physiologic role of Aβ is to depress synaptic activity, protecting 

against overexcitation.117 The production of Aβ is also modulated by neuronal excitability.117 

It is difficult to know whether ageing is associated with network over-excitation causing 
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overexpression of Aβ, or if decreased sensitivity to Aβ leads to its overexpression, or if a 

completely different factor drives increased Aβ expression as we age. One such possibility is 

an inability to clear Aβ as it builds up. It may, in fact, be a combination of all of these 

possibilities. Nevertheless, overproduction of Aβ could lead to adverse suppression of neural 

activity which is commonly seen in AD.  

Aβ and Theta Generation   

Aβ, both in soluble and oligomeric forms, is capable of interacting with many molecular 

targets, making its function difficult to fully understand.62,118,119 Theta generation is 

dependent on a balance of excitation and inhibition, and Aβ is capable of increasing 

excitation as well as decreasing inhibition depending on its molecular target. Conversely it is 

possible that theta oscillations could drive production of Aβ, block the production of Aβ, or 

increase/decrease the clearance of Aβ. One study showed Aβ25−35 specifically correlated 

with a decrease in theta activity in mice, indicating a direct relationship between Aβ and the 

production of theta oscillations.120 Additionally, different Aβ  peptides can have differing 

effects on theta activity via specific cellular mechanisms.120,121 Intra-hippocampal injection of 

Aβ1-42 reduced theta power in mice completing the Morris water maze and was correlated 

with poorer memory during the task.122 A computational model of theta circuitry indicated 

one of the mechanisms underlying these effects may be the interaction of Aβ with ion 

channels, including an Aβ-fast-inactivating K+ channel interaction which induced an increase 

in theta power.123 Although the evidence of the direct relationship between Aβ and theta 

activity regulation needs more investigation, there is considerable evidence of the indirect 

effects Aβ buildup has on theta generation which is outlined below.  

Excitatory neurons that “fire” and release the neurotransmitter glutamate are 

especially susceptible to degeneration in AD.57  Aβ and Aβ oligomers are able to interact and 
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modulate the major glutamate receptors including NMDA (N-methyl-D-Aspartate) and 

AMPA (α-amino-3-hydoxy-5-methyl-4-isoxazoleproprionic acid) receptor types which are 

critical for maintaining and mediating the balance of LTP and LTD that underlies learning 

and memory.45-47 Multiple studies show normal monomeric forms, but particularly toxic 

oligomeric and fibrillary forms of Aβ, can impair LTP124,125and LTD126–128 balance . Aβ can 

also effectively increase the number of synaptic vesicles and amount of glutamate released.3 

Further, Aβ can cause rapid insertion of AMPA receptors that lead to enhanced excitatory 

postsynaptic currents and disrupt overall calcium homeostasis via NMDA receptors.129 As 

explained in sections above, theta oscillations are implicitly linked to the 

excitatory/inhibitory circuitry underpinning LTP/LTD. Thus, it would be strongly 

hypothesized that Aβ production and function may be modulated and impacted by theta 

oscillations both in the “normal’’ ageing brain and in AD.    

It is important to note that, it is not just Aβ that has physiological activity to regulate 

excitatory/inhibitory tone in neuronal circuits. Other fragments of APP, particularly soluble 

forms of APP, sAPPα and APPβ, produced following the α and β secretase “cut” of APP 

respectively,  also regulate the balance between neuronal excitation and inhibition.130 Recent 

results reveal that sAPP binds and activates inhibitory GABAB receptors to dampen neuronal 

“firing”.131 This may be of relevance to the regulation of theta oscillation in the hippocampus 

where GABAergic interneurons are essential for feedback and synchronisation of theta 

oscillations in the hippocampus and cortex (see Figure 1.2).  

1.6.2 Theta oscillations and AD: focus on tau 

Overview of tau and tangle formation  
Tau protein occurs naturally in human brains and is classified as a microtubule-associated 

protein (MAPT) which stabilizes neuronal microtubules particularly in axons.132 Normally 

tau is more prominently expressed in the axonal (pre-synaptic) rather than somatodendritic 
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(post-synaptic) region of neurons. Tau has many additional functions outside its function in 

microtubule stability as highlighted by Morris et al., in their review “The Many Faces of 

Tau”.133 It is when tau proteins become misfolded, hyperphosphorylated, and aggregated into 

NFTs that tau contributes to neurotoxicity by interfering with normal neurotransmission.132 

This occurs in AD and in other neurodegenerative disorders known as tauopathies.7,133,134 All 

tauopathies cause dementia, but AD is by far the most common.  In AD, tau localizes in 

NFTs, which are predominantly located in the cell bodies (soma) of glutamatergic pyramidal 

neurons in the hippocampus and neocortex.135,136 Additionally, tau can localize in neuropil 

threads and surrounding plaques (known as neuritic plaques) in AD.70 Tau also moves from 

its prominent presynaptic location  in the axons to a postsynaptic location in the 

somatodendritic compartment. This is especially evident within glutamatergic pyramidal 

neurons in the hippocampus and neocortex in AD.132,135 Intracellularly, tau has been 

associated with trafficking of glutamate receptors to the membrane which contributes to 

altered  LTP/LTD balance and plasticity at synapses in AD.10,137,138 Tau pathology in AD 

builds up slowly in a stereotypic fashion and correlates with the clinical severity of AD.52,70  

As described by Braak and Braak and described in Figure 1.5 above tau has also been shown 

to “spread” in a prion like fashion from one neuron to another in neurons overlapping with 

theta circuitry promoting degeneration and synaptic dysfunction.139–142  . 

The Impact of Tau on Theta Generation 
As noted above the developing tau pathological circuitry in the hippocampal formation as 

described by Braak shows remarkable overlap with hippocampal theta circuitry. This 

indicates that tau and theta circuitry may have a functional link that is important in the 

emergence and development of AD. Braak staging details tau buildup beginning in layers II 

and III of the EC, which contains interneurons that normally synapse with stellate and 

pyramidal cells in the hippocampus and contribute to theta rhythm generation.52  Studies have 
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shown that mice with EC tau build-up displayed higher interneuron firing rates compared to 

age-matched controls. This increase in firing rate was accompanied by an increase in the 

theta power as measured by local field potentials (LFPs), indicating that the interneurons 

from the EC could be driving the increase in theta activity.143 Together this indicates that tau 

build-up in AD may increase theta oscillations.   

Individuals with the A152T-variant of the tau gene (MAPT) display higher levels of 

tau and increased risk of AD and other tauopathies.144  Transgenic mice with the same variant 

(hTau-A152T) exhibited higher theta activity than controls, which can be reversed to normal 

levels via suppression of hTau-A152T production. However, MAPT-/- mice with no tau, 

exhibited lower levels of theta activity compared to controls, indicating that tau may 

originally play a role in the production of normal theta oscillations.144 The prevalence of 

phosphorylated tau at parvalbumin positive inhibitory interneurons, which are implicated in 

theta rhythm generation, also signify an effort to combat the increase of theta activity 

commonly associated with tau buildup.52 Therefore, tau’s contributions to network over-

excitation may be due to adverse gain-of-function mechanisms or the promotion and 

interplay with other potentially detrimental molecules like Aβ.144   

Generally, tau accumulation in regions of the brain strongly correlates with neuronal 

and synaptic circuit loss in those areas.145 On one hand, its presence could be evidence of a 

neuroimmune response of sorts. On the other hand, it could point toward a more causal role 

for tau pathology in neurodegeneration. For example, In the absence of Aβ, the injection of 

seeded tau disrupts network connectivity and induces an inflammatory response that further 

impairs neural signaling.145 Even though tau aggregates progressively disrupt brain rhythms 

and the molecular processes that underlie memory, our understanding of tau build-up and 

transition from normal soluble form to aggregated forms is still incomplete, which may be 

contributing to the difficulty of pharmaceutical development. As with Aβ it is possible that 
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reciprocal alterations in theta oscillations could also drive tau pathogenesis, or that a “feed-

forward /feedback” interaction exists between tau and theta oscillations that becomes 

dysfunctional as the brain progresses from MCI to AD. 

1.7 Theta oscillations in relation to inflammation and progression to AD 

Microglia are a type of macrophage and are the major immune cells of the brain that, if 

overactivated, can cause inflammation.146,147 Astrocytes are also part of the neural immune 

system, contributing to inflammation as well as essential support to neurons.148,149 Both 

microglia and astrocytes work together to maintain neuronal health and efficacy of 

neurotransmission and neural circuitry. As we age, neurons may become damaged or proteins 

may be misfolded, activating microglia and astrocytes.150,151 When functioning normally, 

microglia are able to clear away misfolded proteins and apoptotic cells while releasing anti-

inflammatory cytokines.152 However, when glial cells, in particular microglia, encounter 

something like an invading pathogen, they release toxic factors and pro-inflammatory 

cytokines to kill the pathogen and recruit help.152 Normally, microglia and astrocytes protect 

the brain, but when over-activated, they can be dangerous and contribute to 

neurodegeneration. In AD, over-activation of microglia and astrocytes is closely associated 

with the developing pathology of the disease.65–67,153–155 

There are many factors associated with ageing, including telomere shortening, 

mitochondrial dysfunction, and DNA damage.156 These changes increase the chances of 

abnormally folded proteins and neural cell loss. Therefore, it is unsurprising that glial 

activation and inflammatory markers both increase as we age as well.152 Furthermore, risk 

genes for late onset sporadic forms of AD include genes enriched in microglia including 

TREM2.157–159 In mouse brains, genes related to inflammation and cellular stress increased 

with age while genes related to synaptic function decreased.51 A positive correlation between 
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DNA methylation in the brain and ageing was also found in humans, indicating how 

environmental factors may influence brain health later in life.160  

There are several theories regarding the role of microglia in aging and subsequent 

disease states. During development, microglia play an important role in the synaptic pruning 

required for healthy brain maturation.161 While this pruning typically declines while we age, 

it could be aberrantly reactivated in AD.162 Another theory is that, in AD, microglia become 

dysfunctional as we age and enter into a senescent state, preventing them from effectively 

clearing plaques.163 Yet another theory posits that the oxidation of macromolecules prevents 

their degradation in lysosomes, leading to an overwhelmed phagocytic process as we age.152  

Regardless of why microglial activation changes as we age, it is evident that both 

hyperactivation and hypoactivation of microglia can contribute to disease states via 

promoting apoptosis or failing to clear away protein aggregates.152,164 Despite the prevalence 

of both activated microglia and astrocytes in aging and AD, few studies have been done on 

how neuroinflammation impacts the generation of theta oscillations. In one case, 

neuroinflammation in a mouse model led to a 50% decrease in hyperpolarization-activated 

cyclic nucleotide-gated (HCN1)-mediated currents (Ih) in CA1 pyramidal cells, decreasing 

theta rhythmicity and integrative properties.165 It is this Ih current that is responsible for 

tuning the membrane to respond to inputs in the theta frequency range most strongly.17 

Astrocytes were found to modulate theta activity in mice during sleep via Ca2+ signalling.166 

Electric stimulation of the septal nucleus was further found to increase Ca2+ in hippocampal 

astrocytes which contributed to LTP of the CA3-CA1 synapses that are integral to theta 

generation.167 Furthermore, via the secretion of gliotransmitters, astrocytes have been linked 

with theta rhythm generation, theta phase precession, and spatial memory in mice.168 Overall, 

just as Aβ and tau production may begin as compensatory mechanisms, neuroinflammation 

and microglial and astrocyte activation may start out as beneficial but can ultimately be 
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detrimental to brain health. Interactions with theta circuitry may also contribute to this 

dangerous feedback loop leading to neurodegeneration.  

1.8 Neuromodulation Methods 

Due to the link of oscillations with a variety of cognitive processes, different methods of 

altering neural oscillations have been developed for the purpose of treating disease or 

neuropsychiatric illness.169–172 Due to the established electrophysiological abnormalities 

associated with aging and AD, some of these neuromodulation methods could be useful 

therapeutic options to patients in the future.173,174  

1.8.1 Deep Brain Stimulation  

Deep brain stimulation (DBS) involves implanting electrodes into specific brain areas for 

repeated electrical stimulation.175 DBS applied to the subthalamic nucleus in patients with PD 

can relieve tremors and other movement disorders.176 When other therapeutic options have 

failed, DBS can also have beneficial effects for patients with epilepsy and depression.177,178 

While DBS helps some patients, its mechanism is not completely understood. A recent study 

examined the safety and efficacy of using DBS to relieve symptoms of AD. Stimulation at 

the ventral capsule/ventral striatum (VC/VS) region in three patients with AD was associated 

with slower decline in performance on the Clinical Dementia Rating-sum of Boxes measure 

compared with matched controls with AD.179 While these results are promising, more 

research is needed to determine whether the behavioral and cognitive benefits outweigh the 

risks. 

1.8.2 Electrical and Magnetic Stimulation  

The less invasive methods of repetitive transcranial magnetic stimulation (rTMS) and 

transient direct current stimulation (tDCS), can also impact neural activity. In healthy 

participants, high-frequency rTMS targeted at the hippocampus increased cortical-
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hippocampal functional connectivity and improved associative memory.180 The ability to 

specifically target the hippocampus with rTMS provided a more direct link between the 

hippocampus and associative memory. Studies involving Transcranial Electromagnetic 

Treatment (TEMT) in mouse models of AD seemed to promote ‘de-aggregation’ of Aβ and 

tau as well as reverse memory impairment, making this method an exciting treatment option 

to be explored further in humans.181  Patients with preclinical AD who received high-

frequency rTMS of the precuneus (PC) experienced improved episodic memory and 

increased beta band activity, indicating magnetic stimulation can favorably impact the 

electrical activity of the brain.182 Improved cognitive performance was also found with the 

use of anodal tDCS over the left inferior frontal cortex in patients with MCI.183 Though 

promising, there is a lack of long-term standardized studies to draw conclusions about the 

efficacy of tDCS. There is a lot of variance among the parameters used for brain stimulation 

methods, including duration of stimulation, frequency, brain area, length of study, cognitive 

tests, and participant population.183 

1.8.3 Sensory Entrainment  

Our brain has the natural ability to entrain, or synchronize, to external stimuli like sounds, 

flashes, or tactile stimuli.184 To entrain means to ‘determine or modify the phase or period 

of’, in this case, brainwaves.185 Importantly, entrainment serves to modulate activity that is 

already naturally occurring in the brain via sounds, visual stimuli, or tactile stimulation. It is 

possible to use this innate ability to alter neural activity in the brain. Almost 20 years ago, 

J.H. Williams discovered that a 10 Hz flicker improved the memory of healthy individuals 

and he predicted its future applications in treating memory disorders.186 Several studies have 

also examined the impact of rhythmic auditory stimulation on the brain. Infants as early as 7 

months of age display frequency-locked EEG rhythms to auditory rhythmic stimuli.187,188 

Many studies have also shown how auditory entrainment is integral to our ability to parse 
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speech and process sensory stimuli.189–191 By aligning the phase of neural oscillations to the 

rhythm of stimuli, entrainment allows for more efficient processing and anticipation of future 

stimuli.17  

In addition to sensory processing, auditory entrainment has also been linked with 

enhanced memory. Hanslmayr et al. recently wrote a thorough review of entrainment and its 

impact on memory.192 By modulating sound and luminescence of movies at 4 Hz, either 

synchronously or asynchronously, 4 Hz neural activity was more strongly entrained in the 

synchronous condition and the strength of entrainment correlated with associative memory.193 

Not only did the sensory stimuli entrain neural activity, but the behavioral results suggest a 

role of theta oscillations in binding information from different modalities in memory.193 This 

finding makes sense given that sensory information is a key component of episodic 

memories. In another study, audiovisual stimulation at 5.5 Hz improved the episodic memory 

retrieval of the context in which words were learned, not just the words themselves.194 

Intracranial EEG recordings during 5 Hz binaural beat stimulation further confirmed the 

neurological effects of rhythmic auditory stimulation and their association with enhanced 

long-term memory.195 Attentive listening nor conscious awareness of auditory stimuli are 

required for neurological responses either, as demonstrated by sleep studies with auditory 

stimulation. Auditory stimulation at 12 and 15 Hz successfully increased the number of sleep 

spindles, or bursts of neurological activity during sleep, which have been linked with memory 

consolidation.196 Further, auditory stimulation in phase with ongoing delta waves during 

slow-wave sleep improved the slow-wave rhythm and consolidation of declarative memory in 

both young and older participants as well.197,198 Sensory entrainment is an easy, non-invasive 

way to modulate neural activity and investigate the function of different frequency bands of 

activity.  
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1.9 Justification for Current Study 

It is evident even after decades of research, that a comprehensive understanding of what 

causes and perpetuates AD is still lacking. Overall, it is established that Aβ and tau pathology 

are present long before cognitive symptoms manifest and are even present in ‘healthy’ older 

adult brains. It is also becoming more evident that network dysfunction in the form of 

abnormal oscillatory activity is also present in very early stages ageing and disease 

states.104,199–201 Regardless of whether aberrant network activity or Aβ and tau build-up come 

first, each feeds back on the other and contributes to cognitive decline.  

Recently, Tsai et al. showed that light flickering at 40 Hz entrained gamma 

oscillations in mice with AD pathology, and repeated stimulation reduced Aβ plaques and 

increased microglial activity.202 They further used the same protocol to determine if auditory 

entrainment with tones at 40 Hz would have a similar effect. They confirmed that auditory 

entrainment also increased gamma activity and stimulated microglial activity, and visual 

entrainment used in conjunction with auditory entrainment produced the greatest effect.203 

This finding proves the efficacy of stimulating large neuronal networks via sensory 

entrainment to induce beneficial molecular changes.  

The current study extends this concept of sensory entrainment to improve the memory 

of humans. Focusing on auditory entrainment to avoid the seizure-inducing effects of flashing 

light, we aimed to modulate neural activity of middle-aged individuals to promote neural 

oscillations beneficial to memory. Of the changes associated with ageing, memory lapses are 

particularly disconcerting and bothersome to many. These changes in memory are also 

accompanied by changes in neural activity, including a decrease in theta activity.204 Although 

memory loss is considered a normal part of ageing, there is a correlation between subjective 

memory complaints and subsequent development of AD.205 The current study includes both 
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individuals with and without memory complaints to determine if there are neurological or 

behavioral differences between the self-identified groups.  

A preliminary study was performed with Dr. Ken Paller and Dr. Jessica Creery, 

Northwestern University, on younger individuals (mean age 20 years) to affirm the study 

protocol. Preliminary EEG findings from this earlier study suggested that not every person 

entrained to the same theta frequency, and the degree of an individual’s theta entrainment 

was correlated with memory improvement.206 Therefore, the goal of the current study was to 

extend this study to healthy adults (with and without subjective memory complaints) aged 

over 50, and to personalize the study to each individual’s preferred theta frequency. Sounds 

at that individual’s calculated theta frequency were used for the duration of the study. While 

their neural activity was recorded using EEG, participants learned and were tested in the 

completion of a visual spatial memory task, during which each visual object-location was 

paired with one of three sounds—individualized theta noise, beta-band noise (15 Hz), pure 

noise.  Spatial memory for objects paired with theta noise was compared with memory for 

objects paired with beta-band noise and pure noise. Induced neural activity was also 

compared across sound condition.   

 

Hypotheses:  

1. Sounds modulated at an individual’s preferred theta frequency will increase theta 

activity in the brain. 

2. Objects in the theta condition will be remembered better than those in the other two 

conditions.  
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Chapter 2: Methods 

2.1 Participants 

Ethical approval was obtained for the study (Clinical Research Ethics Committee, University 

College Cork, ECM 4(k) 03/07/18 ) Participants were recruited via advertisement both via 

University College Cork staff email lists, and poster advertisements on campus, in town, and 

hospital clinics (Appendix i). Exclusion criteria included people aged younger than 50, prior 

diagnosis of dementia, and previous history of any seizure or ‘blackout’. 

Forty-seven individuals (30 female, 17 male) aged 50 years or older participated in 

the study. The participants were aged between 50-78 years (Mean age  = 62.3) and screened 

for significant hearing and eyesight loss with the Etymotic Hearing Test and the Freiburg 

Visual Acuity and Contrast Test, respectively.207 Demographic data were collected from each 

participant, including the participant’s education, occupation, and medical history. Cognitive 

testing was performed using the Montreal Cognitive Assessment tool (MoCA) (Appendix 

ii).208 All individuals in the study scored above 24/30 (Mean score = 27.7) and had no prior 

diagnosis of dementia or mild cognitive impairment. Finally, participants completed the 

Subjective Memory Complaint Scale (SMC; Appendix iii).209 Data were collected, stored, 

and anonymized according to General Data Protection Regulation (GDPR).210 

2.2 Exclusions   

Two participants were excluded from EEG analysis due to recording issues resulting in zero 

trials for some conditions. Three other participants were excluded due to persistent noise after 

artefact removal and interpolation of one or more of the eight frontal electrodes (FCz, F3, Cz, 

F4, FC1, FC2, F1, F2) used to calculate theta power (>2 standard deviations from the mean 

voltage of the total average of all channels). Final EEG analyses were performed on forty-two 

participants (25 female, 17 male), with an average age of 62.7 years and average MoCA 

score of 27.9. Behavioural analyses were completed with all forty-seven participants. 
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2.3 Procedure  

Participants were informed of the study, consented, and provided demographic information. 

Setting up and preparing participants for EEG recordings took about 45 minutes. A 128-

channel active-electrode system (Brain Products ActiChamp128) with EasyCap caps that 

follow the international 10-20 system were used. An average reference was used during 

recording. Once EEG impedance fell below the acceptable threshold (< 20 µOhms), the 

participants began the spatial memory task adapted from Rudoy et al.211  

2.3.1 Phase 1 - determining preferred theta frequency 

During the first phase of the spatial memory task, visual stimuli were presented on a 24” flat 

panel computer monitor with a refresh rate of 60 Hz. Auditory stimuli were delivered through 

earphones (Etymonic ER-4, in-ear earphones). The visual stimuli included 120 images of 

objects (5.3 cm x 5.3 cm) that appeared individually in a random sequence on a computer 

screen for 2100 ms. A sound began 900 ms before the visual object appeared on the screen 

resulting in 3000 ms trials (Figure 2.1). The theta frequency is in the 3-7 Hz range. Each 

object was paired with one of six sounds—pure pink noise, 3-Hz-modulated pink noise, 4-

Hz-modulated pink noise, 5-Hz-modulated pink noise, 6-Hz-modulated pink noise, or 7-Hz-

modulated pink noise. The sounds were created using Audacity software by modulating the 

amplitude of pink noise at the selected frequencies. Each sound condition consisted of 20 

objects that appeared individually at random locations. Participants were instructed to 

passively attend to the computer screen while listening to the sounds through earphones. 

Immediately after Phase 1, the EEG recording was analysed using EEGlab to 

determine which frequency of sound induced the strongest increase in theta activity.212 The 

EEG data were high-pass filtered at 0.1 Hz and binned according to sound condition. Trials 

were cut from 1000 ms before the onset of the sound to 3000 ms after the onset of the sound 

with baseline correction of -750 ms to -500 ms. Trials that exceeded a voltage threshold of 
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500 mV were excluded. Eight frontal-central electrodes (FCz, F3, Cz, F4, FC1, FC2, F1, F2) 

were averaged to calculate the frontal midline theta power during each sound condition from 

0 to 3000 ms.213–215 The theta power was calculated at each specific frequency. For example, 

in the 3 Hz condition, power was calculated from 2.5 – 3.5 Hz then divided by the power 

between those frequencies in the pure pink noise condition (control condition). The sound 

frequency with the greatest power increase over the control pink noise condition was selected 

as the individual’s ‘preferred theta frequency’ and used throughout the rest of the study.  

2.3.2 Phase two - Spatial Memory Task 

The study phase was the same as phase one except there were only three sound conditions—

pure pink noise, 15-Hz-modulated pink noise, and the individual’s preferred theta frequency. 

Each sound condition consisted of 10 objects that had not previously been seen (30 objects 

total), and participants were told explicitly to try to memorize the object-locations. Again, 

each trial began with a sound for 900 ms, followed by the presentation of the object on the 

grid background for the remaining 2100 ms of the 3000 ms trial. The inter-trial interval was 

jittered with a mean of 1000 ms (800 - 1200). Participants were still only attending to the 

screen while the object-locations appeared and there were no responses required. The 

duration of the study phase was about 2 minutes—each of the 30 object-locations was only 

seen once. 

After the 30 object-locations were presented, participants moved into the learning 

phase. First, the sound played for 900 ms, followed by the appearance of the associated 

object in the middle of the screen. Participants were instructed to drag the object to its 

recalled location with the computer mouse. After indicating the recalled location with a left 

mouse click, the participant received feedback. The object appeared at its correct location 

accompanied by the associated sound (Figure 2.3). To be considered a correct response, the 

center of the object had to be less than 150 pixels (5.3 cm) away from the correct location. 
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After the participant went through all 30 objects, the process was repeated with the same 

objects in a different random order. When an object was correctly recalled twice, it was 

removed from the set, and each subsequent run would consist only of the objects that had not 

garnered two correct responses. After all 30 objects were correctly recalled twice or the 40 

minute learning phase time limit was reached, the resting state activity of participants was 

recorded for 10 minutes (5 minutes eyes open, 5 minutes eyes closed). Participants were 

randomly assigned to begin with either eyes open or eyes closed resting state. Resting state 

activity will not be discussed in this dissertation. 

Subsequently, participants completed the final test of the 30 object-locations, termed 

test phase. Like the learning phase, the object appeared in the middle of the screen under the 

control of the participant’s mouse, allowing them to drag the object and left-click to indicate 

the recalled location. This time, there was no feedback, and the participants only went 

through the 30 objects once.  

2.4 Data Processing 

2.4.1 Behavioural Data: 

The distance formula between the correct location (x1, y1) and the recalled location (x2, 

y2)  𝑑𝑑= √(𝑥𝑥2−𝑥𝑥1)2 + (𝑦𝑦2−𝑦𝑦1)2 was used to calculate the recall error during the learning and 

test phases. Average error was calculated for each sound condition within each subject. To 

account for increased difficulty of object-locations closer to outer edges compared to object-

locations closer to the center of the grid, a ‘memory score’ was calculated similar to Jacobs et 

al.216 The recall error for each participant was compared against a distribution of all possible 

errors for the correct location and given a percentile rank. The memory score was calculated 

by subtracting the percentile rank from 1. Therefore, a higher memory score indicated higher 

accuracy. Additionally, the average number of learning trials per sound condition was 

calculated for each participant.  
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2.4.2 EEG Data and EEG data analysis  

The data were recorded with a bandpass of 0.1-100 Hz at a sampling rate of 1000 Hz. 

Electrodes were placed at 128 standard scalp locations. The data were then processed offline 

using EEGlab and Fieldtrip software.212,217 First, large muscle and jump artifacts were 

rejected using a z-score threshold using the automatic artefact reject procedure in Fieldtrip.217 

Then, independent component analysis (ICA) was used to remove blink and rolling eye 

movement artifacts.218 Noisy channels were identified via visual inspection of the butterfly 

spectra and interpolated using a weighted average of nearest neighbouring electrodes. The 

data were re-referenced to the average reference and detrended.  Trials for each participant 

were binned according to Phase (study, learning, test), which were further subdivided into 

sound condition (pure, beta, theta). The data were epoched from 1000 ms before to 3000 ms 

after the onset of the sound—the visual object appeared at 900 ms. Trials and channels were 

visually inspected for a final time to reject any outlying trials and identify channels that were 

still noisy after channel interpolation. Five channels (F6, O1, POz, P3, Pz) were not included 

in time frequency analyses due to excessive noise after interpolation. Time-frequency spectra 

(1 – 30 Hz) were calculated for each trial -500 ms to 2000 ms to avoid movement activity in 

the learning phase. A baseline correction of -750 ms to -500 ms was used so anticipatory 

effects could still be examined.  Subsequently, grand-averages were calculated for three 

separate memory groups according to SMC scale scores (0-3 = none, 4-6 = mild, 7-12 

=moderate/severe).  

Time-frequency representations (TRFs) were computed by means of Hanning 

windows with a frequency–dependent width, at frequencies between 2 to 30 Hz, in 2 Hz 

steps.  Additionally, broad-band signals from 30-120 Hz were multi-tapered in steps of 2 Hz 

with a width of 5 cycles per time window.  Data was normalized using an absolute baseline 

correction before computing grand averages over all participants. 
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Figure 2.1: Phase 1. One of three sounds was played for 900 ms before the object appeared 
at a random location on a grid background. The Image and sound were presented together 
for the remainder of the 3000ms trial. After jittered inter-stimulus interval (ISI) with a 
mean of 1000ms, the next trial began, this continued until 120 object-locations had been 
seen.  
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Figure 2.2: An example of sounds an object-location could be paired with if a participant’s preferred 
theta frequency was 4 Hz. Ten object-locations were randomly paired with each type of sound at the 
beginning of the phase two and remained paired for the duration of the task. 
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Figure 2.3: The learning phase begins with 900ms of one of the sounds followed by the appearance of an 
object in the middle of the grid screen. The object remains locked in the middle of the screen accompanied 
by the sound for 900ms. At 1800 ms the object is under the control of the participant’s mouse and they have 
unlimited time to drag the object to where they think it belongs. After the participant clicked the mouse to 
indicate the recalled location, they received feedback and the image appeared in its correct location 
accompanied by the associated sound for 3000 ms. A jittered inter-stimulus interval of 1200 ms occurred 
before the next trial began. 
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Chapter 3: Results 

3.1 Behavioural Analysis 

Based on their score from the Subjective Memory Complaint Scale (Appendix iii), 

participants were classified as having no memory complaints (score 0-3), mild memory 

complaints (score 3-6), or moderate/severe memory complaints (score > 6). Moving forward, 

these groups will be referred to as No MC, Mild MC, and Moderate MC. The groups had 

similar average ages: No MC (n =15) average age of 61.9 years, Mild MC (n =16) average 

age of 62.6 years, and Moderate MC (n =16) average age of 62.3 years. All individuals had a 

MoCA score of 24 and above with group average scores of: No MC = 28.6, Mild MC = 28.0, 

Moderate MC = 26.9. There was a significant difference in average MoCA score between 

groups (One-way ANOVA F(2,44) = 4.727, p = 0.014) (Figure 3.1). A Tukey post hoc test 

showed the Moderate MC group had a significantly lower average MoCA score compared to 

the No MC group (p = 0.012), while the other group differences were not significant (No MC 

x Mild MC: p = 0.550; Mild MC x Moderate MC: p = 0.124).  

 

Figure 3.1: MoCA Score by Memory Group. Individuals in the No MC group scored significantly 
better on the MoCA compared to individuals in the Moderate MC group. The (*) indicates significant 
difference between the No MC and Moderate MC group MoCA score  (p <0.05).  
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Prior to the memory task, each participant’s preferred theta frequency was calculated. 

As predicted, not all participants preferred the same theta frequency: 3 Hz (n = 9), 4 Hz (n = 

6), 5 Hz (n = 9), 6 Hz (n = 13), 7 Hz (n = 10). Welch’s two-tailed t-tests were used to 

compare the average preferred theta in the three memory groups. There was a significant 

difference in the preferred theta frequency between the Mild MC group (M = 5.8, SD = 1.2) 

and the Moderate MC group (M = 4.8, SD = 1.5); t(29) = 2.05, p = 0.05, g = 0.72, where the 

preferred theta frequency was higher in the mild compared to moderate group. The average 

preferred theta of the Mild MC group was also close to being statistically different than the 

No MC group (M = 4.9, SD = 1.4) as well; t(28) = 1.9, p = 0.07,  g = 0.67. There was no 

significant difference in preferred theta between the No MC group and the Moderate MC 

group; t(29) = 0.2, p = 0.8, g = 0.08 (Figure 3.2).  

 

After preferred theta frequency was calculated, participants began the memory task 

portion of the experiment. After being exposed to all of the object locations in the study 

phase, participants moved into the learning phase where they were able to interact with the 
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Figure 3.2: Differences in Preferred Theta Frequency. A) The left graph  displays the number of 
participants that preferred each specific theta frequency. B) The right graph depicts the average 
preferred theta frequency for each MC group, (*) indicates significant difference in preferred theta 
frequency between the Mild and Moderate MC groups (p = 0.05) . 
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objects. There was no significant difference in average error for the first learning trial 

between or within memory groups (Figure 3.3).  

 
 

 

 

 

 

 

 

 

The number of learning trials required to learn object-locations up to criterion was 

also measured using a 3 x 3 mixed design ANOVA with MC Group as the between-subjects 

factor (No MC, Mild MC, and Moderate MC) and Sound Condition (pure, beta, theta) as the 

within-subjects factor. There was no main effect between groups (No MC x Mild MC, p = 

0.68; No MC x Moderate MC, p = 0.40; Mild MC x Moderate MC, p = 0.81). However, there 

was a significant interaction between Group and Sound Condition with a difference between 

the number of learning trials required for beta (M = 57.1. SD = 20.4) and theta (M = 49.2, SD 

= 20.2) conditions which was most prominent in the Moderate MC group (Student’s two-

tailed t-test, t(15) = 3.0, p = 0.01, d = 0.39) (Figure 3.4). Together, these results suggest that 

the Moderate MC group was able to learn the object-locations in the theta sound condition 

faster than in the beta condition.  

Figure 3.3: Error at first learning trial. There were no significant differences in 
error at the first learning trial between or within the three MC Groups. 
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Figure 3.4: Average number of learning trials required to learn object-locations to criterion. The 
Moderate MC Group required significantly more learning trials (* P < 0.05 ) in the beta condition 
compared to the theta condition. This difference was not present in the other MC Groups. 

 
After the final test, average memory scores were compared between groups with a 3 x 

3 mixed design ANOVA (between-subjects factor: MC Group, within-subjects factor: Sound 

Condition). Individuals in the No MC and Mild MC groups performed on average 5.4% and 

5.5% better respectively than the individuals in the Moderate MC group (No MC x Moderate 

MC, p = 0.046; Mild MCs x Moderate MCs p = 0.026; No MC x Mild MC, p = 0.972). A 

factor MANOVA displayed that this group difference was most evident in the theta condition 

(MC Group x Theta (F44,2) = 4.15, p = 0.022), with the largest difference between the Mild 

and Moderate MC groups (Tukey HSD mean difference = 0.085, p = 0.017). The difference 

in memory score for the beta condition between the No MC group and Moderate MC Group 

was also close to being significant (Tukey HSD mean difference = 0.0812, p = 0.06). These 

data indicate the Moderate MC group displayed overall worse memory for object-locations 

(Figure 3.5a), and their memory for object-locations paired with theta sounds was especially 

poor compared with the Mild MC group (Figure 3.5b).   
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Additionally, when sorted by preferred theta frequency, the average memory score 

was significantly lower in individuals that preferred 4 Hz compared to 6 Hz only within the 

theta condition (One-way ANOVA, F = 3.268, p = 0.022; Multiple comparisons Tukey HSD, 

p = 0.026) (Figure 3.6). This could indicate higher theta frequencies are better for memory. 

However, the small group size in the 4 Hz group compared to the 6 Hz group could be 

contributing to this difference (n = 6 vs n = 13). 

 
Figure 3.6: Differences in 
memory score based on 
preferred theta 
frequency. Individuals 
that preferred 6 Hz 
sounds displayed 
significantly higher 
memory scores compared 
to individuals that 
preferred 4 Hz sounds 
(*P < 0.05). 
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Figure 3.5: Memory Score Differences by MC Group. A) Left Graph shows average memory scores for 
each MC group, with the No MC and Mild MC groups displaying higher memory scores than the No 
MC group (*P < 0.05). B) Right graph shows the average memory group separated out by MC group 
and sound condition. The Mild MC group displayed higher memory scores in the theta condition 
compared to the Moderate MC group (**P < 0.01). The No MC group displayed close to significantly 
better memory for objects in the beta sound condition compared to the Moderate MC group (+P= 0.06). 
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There was also a significant difference in memory score between males and females. 

Males had a significantly higher memory score, but only within the theta sound condition 

(MANOVA F(44,2) = 4.878, p = 0.032) (Figure 3.7). There was no difference in average age 

between males (60.3 years) and females (63.4 years) and there was a similar distribution 

among MC groups as well, indicating some other factor must be causing the memory 

difference.  

 

 
Figure 3.7: Differences in memory score in the theta condition based on gender. Men displayed 
significantly higher memory scores than women (*P < 0.05). 

3.2 EEG Analysis 

During the study phase, when participants were passively attending to the object-locations 

while listening to sounds, there was a trend toward more theta activity while the participant’s 

preferred theta sound was playing compared to when beta or pure sounds were playing 

(MANOVA: theta sound condition x pure sound condition: mean difference = 0.158, p = 

0.09; theta sound condition x beta sound condition: mean difference = 0.158, p = 0.07; pure 

sound condition x beta sound condition: mean difference = 0, p = 0.998). The activity in 8 

frontal-central electrodes (F3, FC1, Cz, FC2, F4, F1, F2, FCz) was averaged for this analysis 
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due to noise in other channels and past precedence in analysing frontal-midline theta (Figure 

3.8).36,100,219 

 

3.2.1 EEG Differences Between Memory Groups 

For all EEG analyses, only induced activity was analysed.  A 3 x 3 x 2 mixed-design 

ANOVA within group (No, Mild, Moderate) as the between-subject factor and Sound 

Condition (Pure, Beta, Theta) x Experimental Phase (Study and Learn) as the within subjects 

factors, was performed on the pre-processed EEG data across all electrodes. The test phase 

was not included in EEG analysis due to variable time scales across individuals—participants 

were given as much time as necessary to recall the location of each object. Data were 

analysed from 500 ms before the onset of the auditory stimulus until 2000 ms post-stimulus. 

Theta power (3 – 7 Hz) was averaged for each time point within each condition for every 

participant. To correct for multiple comparisons (i.e., 128 channels by 250 time points) a 

cluster-based permutation test (Monte Carlo simulations) was used.220 Clusters were created 

based on F-values that exceeded a critical threshold of p ≤ 0.05 for adjacent grid points. The 
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Figure 3.8: Left) A topographical representation (triangle at top centre indicates front of head) of the 8 
frontal-central electrodes used for the power analysis shown on the right. Red circles indicate the 
location of the eight electrodes used for further analysis. Right) Overall theta power (3-7 Hz) during the 
Study Phase for the three sound conditions. There was a trend toward increased theta power while theta 
sounds were playing compared to the other two sound conditions which displayed decreased theta 
power.  
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cluster statistic was calculated from the sum of the F-values within a specific cluster. These 

cluster values were then compared to the cluster values calculated from 1000 permuted data 

sets, only those with an alpha value < 0.05 were designated as significant.221,222 Additional 

post-hoc comparisons were calculated by two-tailed dependent t-tests (2000 permutations, 

cluster-alpha = 0.05).  A significant cluster of occipital-parietal electrodes showed a main 

effect of memory group on theta activity from 1.1 s to 1.6 s.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Topographical distribution of significant cluster associated with the main effect of MC 
group on 3-7 Hz activity. Theta band power differed between groups in occipital-parietal sensors. The 
color bar represents F-values of the ANOVA for each topographical plot (yellow represents a higher 
F-value and blue represents a lower F-value). Significant channels  (p < 0.05) are marked with (*), 
sensors close to significance p < 0.09 marked with (x). 

 
The topological plots in Figure 3.9 display the channels that showed a significant 

main effect of group when comparing theta power distributions. These clusters do not 

necessarily mean that changes in theta activity are localized to those spatial locations but are 

rather an indication of general difference between groups.220,223 To further elucidate this 

group effect neural activity, average time-frequency spectra were analysed between MC 

groups as outlined in sections below. 

F-Value 
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Figure 3.10: Time frequency 
spectral power differences between 
MC groups averaged over the theta 
sound condition of the study phase. 
Times associated with significant 
differences in theta (3- 7 Hz) power 
are marked with grey boxes below 
the x-axis (P <0.05). Top) No MC 
– Mild MC difference plot, color 
bar represents z-scores of power 
values (yellow indicates higher 
power in the No MC group, dark 
blue indicates higher power in the 
Mild MC group). Middle) No MC – 
Moderate MC difference plot 
(yellow indicates higher power in 
the No MC group, dark blue 
indicates higher power in the 
Moderate MC group. Bottom) Mild 
MC – Moderate MC difference plot 
(yellow indicates higher power in 
the Mild Mc group, dark blue 
indicates higher power in the 
Moderate MC group). The largest 
differences in theta power between 
groups were seen post-visual 
stimulus presentation at t > 1 s.  
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Table 3.1: T-tests between MC group in the theta condition of the study phase. The first column 
reiterates the time points when theta activity significantly differed between MC group indicated with 
grey bars in figure 3.10 (P < 0.05). The second column is the result of averaging over time to 
examine which frequencies besides the theta band differed between groups (P < 0.05). The No MC 
group exhibited significantly more 4 Hz theta power as well as high (20 – 30 Hz) beta power 
compared to the other groups. While the Mild and Moderate MC groups only differed at alpha 
frequencies (12 – 13 Hz).  

 
Again, these spectra are the result of averaging over the same 8 frontal-central 

electrodes in Figure 3.8 (F3, FC1, Cz, FC2, F4, F1, F2, FCz). At time = 0, the auditory 

stimulus began (in this case, the individual’s preferred theta frequency), and time = 1 

represents when the image of the object appeared on the screen. Activation within the theta 

band at time 0 and time 1 can be seen in all MC groups to varying degrees.  Independent 

Samples t-tests were performed with Monte Carlo correction to determine time points when 

theta activity (averaged over 3 - 7 Hz) was significantly different between groups. The 

greatest difference was between the No MC group and Moderate MC group which 

significantly differed in theta activity from 1.35 – 1.62 s (p < 0.05). The No MC group 

differed from the Mild MC group in theta power from 1.48 – 1.62 s (p < 0.05). The Mild MC 

Group and Moderate MC group differed for the fewest time points, 1.36 – 1.47 s (p < 0.05).  

Upon seeing the high beta power in the No MC time frequency spectra, subsequent 

independent samples t-tests were performed averaged across time to determine which 

individual frequencies (1 – 30 Hz) differed significantly between MC Group. The No MC 

group differed from the Mild MC group at 4 Hz and 20 – 30 Hz (p < 0.05). These differences 

are evident in Figure 3.10, with the No MC power spectrum displaying higher beta activity 

and lower theta activity than the Mild MC group. Similarly, the No MC group also had 

significantly more power in the high beta range (21 – 30 Hz) compared to the Moderate MC 

group, in addition to higher alpha/low beta activity (8 – 14 Hz) (p < 0.05). The only 

T-test Groups: Study 
Phase 

Times with significant 
differences in theta power (s) 

Significant frequencies 
averaged over time (Hz) 

No MC x Mild MC 1.48 – 1.62; 1.71 – 2.0  4.0; 20,0 – 30.0  
No MC x Moderate MC 1.35 – 1.62; 1.74 – 1.96 4.0 – 14. 0; 21.0 – 30.0 
Mild MC x Moderate MC -0.45 to -0.36; 1.36 – 1.47 12.0 – 13.0  
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significant difference between the Mild MC group and Moderate MC group was from 12 – 13 

Hz ( p < 0.05). The reasons why such robust changes in alpha and beta activity can be seen 

while theta sounds were playing is considered in the discussion section.  

 
 To determine if these patterns persisted, the same independent-samples t-tests with 

Monte Carlo cluster correction were performed on the EEG data (8 frontal electrodes from 

Figure 3.8) from the three MC Groups during the learning phase. Data were again analysed 

from 500 ms before the onset of the auditory stimulus to 2000 ms after, which corresponds to 

when the participant was able to drag the object to the recalled location. Time = 0 s in Figure 

3.11 reflects the onset of the auditory stimulus and time = 1 s is when the image of the object 

appears in the middle of the screen. Time 1 – 2 s is when participants are trying to recall the 

object-location, but the image is still locked in the middle of the screen, so this time should 

be unaffected by motor artifacts. 
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Figure 3.11: Time frequency 
spectral power differences 
between MC groups averaged 
over the theta sound condition of 
the learning  phase. Times 
associated with significant 
differences in theta (3- 7 Hz) 
power are marked with grey 
boxes below the x-axis (P <0.05). 
Top) No MC – Mild MC 
difference plot, color bar 
represents z-scores of power 
values (yellow indicates higher 
power in the No MC group, dark 
blue indicates higher power in the 
Mild MC group). Middle) No MC 
– Moderate MC difference plot 
(yellow indicates higher power in 
the No MC group, dark blue 
indicates higher power in the 
Moderate MC group). Bottom) 
Mild MC – Moderate MC 
difference plot (yellow indicates 
higher power in the Mild MC 
group, dark blue indicates higher 
power in the Moderate MC 
group). This plot looks like it 
shows the largest difference 
between groups, but high levels of 
variance could be contributing to 
lack of more significant time 
points. 
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T-test Groups: Learning 
Phase 

Times with significant 
differences in theta power (s) 

Significant frequencies 
averaged over time (Hz) 

No MC x Mild MC 1.37 – 1.46; 1.91 – 2.0  none  
No MC x Moderate MC 0.56 – 0.69; 1.36 – 1.41 13.0 – 20.0 
Mild MC x Moderate MC 0.35 – 0.41 13.0 – 19.0 

Table 3.2: T-tests between MC group in the theta condition of the learning phase. The first column 
reiterates the time points when theta activity significantly differed between MC group indicated with 
grey bars in figure 3.11 (P < 0.05). The second column is the result of averaging over time to 
examine which frequencies besides the theta band differed between groups (P < 0.05). The No MC 
group exhibited significantly less low beta activity (13 – 20 Hz) compared to the Moderate MC group. 
The Mild MC group also displayed significantly  lower low beta activity (13 – 19 Hz) compared to the 
Moderate MC group (P < 0.05). These results indicate an increase in low beta activity in the 
Moderate MC group during the theta condition of the learning phase.   

 

During the learning phase (Figure 3.11, Table 3.2), the No MC group displayed 

significantly higher theta activity than both the Mild and Moderate MC groups from about 

1.37 s to around 1.41 s (p < 0.05). There was also a difference between the Mild and 

Moderate MC groups before the visual stimulus was presented from 0.35 to 0.41 s (p < 0.05). 

We expected to see a larger difference between the Mild and Moderate MC groups, but there 

was low statistical power due to increased variance.  

Once again, we wanted to look at other frequency changes with independent samples 

t-tests averaged across time to determine which individual frequencies (1 – 30 Hz) differed 

significantly between MC Group. In contrast to the study phase, the Moderate MC group 

exhibited significantly more low beta activity (13 -19 Hz) than both the Mild and No MC 

groups (p < 0.05).  

Thus far, the main effect of Group on theta activity drove us to more closely examine 

the time-frequency spectra of the three MC Groups during the theta condition of the study 

phase (Figure 3.10) and learning phase (Figure 3.11). While average theta activity differed 

across several time points between MC Groups, the spectra also revealed differences in alpha 

and beta activity between MC Groups in the theta condition.  
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Another 3 x 3 x 2 mixed-design ANOVA with MC Group (No, Mild, Moderate) as 

the between-subject factor and Sound Condition (Pure, Beta, Theta) x Experimental Phase 

(Study and Learn) as the within subjects factors, was performed averaged over the alpha band 

(8 – 12 Hz). The cluster-based permutation tests revealed a main effect of memory group on 

alpha power (p < 0.05; see Figure 3.12).  

 
Figure 3.12: Topographical distribution of significant clusters associated with the main effect of MC 
group on 8-12 Hz activity. Alpha band power differed between groups in occipital and frontal 
sensors. The color bar represents F-values of the ANOVA for each topographical plot (yellow 
represents a higher F-value and blue represents a lower F-value). Significant channels (p < 0.05) are 
marked with (*),  

 
 

Additionally, when averaging over the beta band (12 – 30 Hz), the cluster-based 

permutation tests revealed a near significant main effect of Group and beta power (p = 0.08).  

 

 

Figure 3.13: Topographical distribution of significant cluster associated with the main effect of MC 
group on 13-30 Hz activity. Beta band power differed between groups in occipital sensors. The color 
bar represents F-values of the ANOVA for each topographical plot (yellow represents a higher F-
value and blue represents a lower F-value). Channels close to significance (p < 0.08) marked with 
(+).  

 
 These findings suggest that the neural activity of the three MC groups significantly 

differed from one another. Additionally these differences in EEG activity were not restricted 
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to the theta band, but were also present in the alpha band and even the beta band to some 

extent.  

3.2.2 EEG Differences Within MC Groups Based on Sound Condition 

Cluster-based permutation dependent samples t-tests were done within each MC group to 

determine if there was more theta activity during the theta sound condition compared to the 

beta and pure sound conditions. The Moderate MC Group was the only group that exhibited 

clusters showing a significant increase in theta power between the theta condition and beta 

condition during the study phase (Figure 3.14).   

 
 

The increase in theta power in the theta condition compared to the beta condition 

within the Moderate MC condition indicates that the theta sounds were impacting neural 

activity. No clusters were found when comparing sound condition within the No MC and 

Mild MC groups. Since noisy channels may have been affecting clustering, we averaged over 

the 8 frontal-central electrodes (F3, FC1, Cz, FC2, F4, F1, F2, FC4) to determine if there 

Figure 3.14: Topographical distribution of significant clusters associated with a 
dependent samples t-test for theta activity (3 – 7 Hz) between the theta and beta 
sound conditions of the Moderate MC group during the study phase. Theta band 
power differed between the theta and beta sound conditions in frontal sensors. The 
color bar represents T-values of the t-test for each topographical plot (yellow 
represents a higher T-value and blue represents a lower T-value). Significant 
channels (p < 0.05) are marked with (*), 

T-value 
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were differences in frontal-midline theta specifically (Supplementary Figures 1 & 2). When 

averaging across these electrodes, dependent-samples t-tests with Monte Carlo correction 

between sound conditions in each MC showed some differences (Supplementary Tables 1 & 

2). However, since the original ANOVA did not show a main effect of sound condition, these 

differences will not be extensively explored here.  
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Chapter 4: Discussion 
 The goals of this study were to: 1) examine the effect of auditory stimuli at an 

individual’s preferred theta frequency on EEG theta power, and 2) determine if objects paired 

with theta stimulation were remembered better. Per the first hypothesis, we did find a trend 

toward increased theta power in frontal electrodes while an individual’s preferred theta 

frequency was playing (Figure 3.8). However, theta stimulation was not necessarily linked 

with enhanced memory for object locations across participants as we predicted in our second 

hypothesis. In an effort to explore why this was, we grouped the data into 3 groups according 

to participants’ Subjective Memory Complaint Scores. Several differences were found 

between Memory Complaint groups, indicating the effects of auditory theta stimulation are 

not uniform in older populations. Thus, this discussion will focus on factors that influenced 

individual’s memory performance, including and in addition to auditory stimulation, and how 

to refine these methods to identify vulnerable populations and optimally impact memory.  

4.1 Preferred Theta 

The first key finding of this study was that individuals aged over 50 preferred different theta 

frequencies within the 3 – 7 Hz band. This is the first time preferred theta frequencies have 

been measured, although there is extensive literature on peak alpha frequencies.224–227 Much 

like peak alpha, an individual’s preferred theta frequency can be correlated with an 

individual’s cognitive performance. In this study, individuals with a preferred theta frequency 

of 6 Hz exhibited better memory scores than individuals who preferred 4 Hz, regardless of 

their subjective memory complaint scores. Larger group sizes for all of the frequencies within 

the theta band would help elucidate memory changes associated with preferred theta 

frequencies going forward.  
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4.2 Gender Differences 

An unforeseen finding was the deficit in memory for theta condition object-locations in 

females compared to males, despite similar age and memory group distributions. This 

difference is not necessarily surprising given the predominance of Alzheimer’s and dementia 

in women, however, it is surprising to see such a large difference in a ‘healthy’ middle-aged 

cohort.228,229 Small sample size and unequal group sizes could be contributing to this finding, 

but, it could indicate other underlying mechanisms impacting memory like menopause and 

estrogen decreases.230,231 A significant interaction between the APOE4 allele, the major 

genetic risk factor for “sporadic” forms of AD, and gender has also been found.232,233 APOE4 

female carriers display significantly decreased DMN connectivity compared with men of the 

same genotype and non-carrier females.234 Notably this was evident preceding any cognitive 

impairment. As mentioned in the introduction, the DMN overlaps with memory circuitry, 

including the theta circuit in the hippocampus and the Papez Circuit. A future study could test 

for APOE genotype and use MEG/EEG to more thoroughly explore the gender differences in 

memory circuitry in association with AD risk genes.   

4.3 Beta Activity – A Future Target  

Another unexpected finding was the increase in high beta activity (20 – 30Hz) seen in the No 

MC group during the study phase. This is especially interesting since this increase in beta 

activity occurred in the theta condition while theta sounds were playing (not beta sounds). 

This increase in beta activity could be due to harmonics of the preferred theta frequency, or it 

is also possible that tuning the sensory stimuli to the brain’s preferred theta frequency could 

put the brain in a more optimal state to promote cross-frequency coupling. Mouse studies also 

indicate high beta (23 – 30 Hz) in a brain state that promotes new learning that decreases 

once information is learned.235 This could explain why the No MC Group had more high beta 

activity during the study phase when they were first learning the object-locations compared to 



 59 

the learning phase when they were practicing what they had already learned. The absence of 

this high beta activity in the other two memory groups during the study phase could be 

reflective of a suboptimal brain state for new learning. Decreases in beta activity have been 

associated with early stages of cognitive decline as well.236  

In contrast to the study phase, the Mild MC and Moderate MC Groups both exhibited 

more beta activity in the theta condition compared to the No MC group. It is important to 

note that the increase in beta activity for the Mild and Moderate MC groups during the 

learning phase was in the lower beta band (13 – 20 Hz) which is associated more with 

attentional resources and voluntary motor planning, which we would expect to see during the 

learning phase.235,237–239   

The within group analyses shed some more light on this increase in beta activity. Our 

initial hypothesis was that the beta condition would have more beta activity due to the beta 

auditory stimulation. Yet, compared to the beta condition in the study phase, the theta 

condition still displayed more high beta activity (23 – 30 Hz). It is important to note that 

every participant received 15 Hz beta stimulation which may not have been an optimal 

frequency for each person, and could have even been detrimental to the ongoing beta rhythm. 

Therefore, by putting the brain in a more optimal state, preferred theta frequency auditory 

stimulation may have inadvertently promoted beta oscillations, while beta auditory 

stimulation at 15 Hz failed to stimulate beta activity. This hypothesis is further supported by 

Supplementary Figures 1 &  2 that display difference plots (theta – pure) and (theta – beta), 

which look quite similar (and not statistically significant), indicating that beta stimulation at 

15 Hz was more or less equivalent to stimulation with pure pink noise. These findings point 

towards the inter-individual variability in brain rhythms and the importance of evaluating an 

individual’s natural brain rhythms prior to neurostimulation.  
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It is still up for debate whether certain frequencies within the theta band are ‘better’ or 

‘worse’ than others. If it is overall theta band power that is most important to cognition, then 

stimulating at an individual’s preferred theta frequency would be most effective. However, if 

the oscillatory slowing associated with aging is the primary factor in cognitive decline (not 

decrease in oscillatory power), then attempting to stimulate activity at more ‘beneficial’ 

frequencies could be an option, but the findings of this study suggest that individuals may not 

entrain as well to frequencies outside of their preferred range.   

4.4 Subjective Memory Complaints 

One of the most significant findings of this study was that participants realistically sorted 

themselves into No MC, Mild MC, and Moderate MC groups. This was reflected in 

significantly lower MoCA and memory scores for the Moderate MC group compared to the 

other groups. However, it is important to note that all participants had a MoCA greater than 

24, suggesting there were no cognitive impairments (sensitive to the test), including in the 

Moderate MC group.  More importantly, there was also a difference in their neural activity, 

indicating deeper underlying mechanisms of memory impairment. The MC groups did not 

significantly differ in age (M = 62 years), exhibiting how early these neurological changes 

can occur alongside mild to moderate memory complaints.  

Behaviourally, we expected individuals in the Moderate MC Group to perform more 

poorly on the memory task, needing more memory trials and displaying worse memory 

scores. Interestingly, there was no difference in the number of learning trials between 

memory groups, but within the Moderate MC group, significantly more trials were needed to 

learn object-locations in the beta condition compared to the theta condition. This could be 

explained by the significant increase in EEG theta activity during the theta sound condition 

compared to the beta sound condition during the study phase. Increased theta activity has 
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been associated with enhanced encoding, which could have led to fewer learning trials for the 

correctly encoded theta objects.240–242  

However, this EEG theta increase for the theta condition disappears during the 

learning phase and the Moderate MC group went on to display overall lower memory scores 

compared to the other MC Groups, particularly in the theta condition. Although the objects in 

the theta condition may have been encoded, the fewer learning trials may have led to 

retroactive interference, with the more recently learned objects with more trials interfering 

with the memory for theta objects.243–245 Therefore, the auditory theta stimulation may be 

most beneficial when applied during encoding rather than learning. High theta activity has 

also been associated with the receipt of negative feedback, thus, increasing theta activity 

during learning may not always be beneficial.246 It is possible that by stimulating theta 

activity with theta sounds during learning, we may have destabilized memories for object 

locations that had been correctly encoded. In a future study on the effects of auditory 

stimulation specifically on learning, it would be interesting to withhold auditory stimulation 

during the first learning trial, then pair correctly recalled objects with beta activity to 

reinforce correct memories,246,247 and pair incorrectly recalled objects with theta activity to 

encourage the modification of the memory.248  

Conversely, the Mild MC group displayed significantly better memory scores in the 

theta sound condition compared to the moderate MC theta sound condition. Since there was 

no difference in memory at the first learning trial, this difference must have emerged during 

feedback learning. Lower EEG theta activity during the learning phase may have actually 

helped the Mild MC group and it is possible they were not as susceptible to age-related 

increases in interference as the Moderate MC group.249  

Our findings agree with several other studies that have found a relationship between 

subjective memory complaints and memory performance. Additionally, the differences in 
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EEG theta, alpha, and beta activity between MC groups are novel contributions to this 

literature. Not only does this finding reaffirm that subjective memory complaints should be 

taken seriously by researchers and physicians, but it is also indicative of early memory circuit 

dysfunction.250 Previous studies have shown individuals with subjective memory complaints 

display smaller left hippocampal and EC volumes as well as temporal white matter loss.251–254 

Decreased hippocampal and EC volume could underly the differences in theta activity found 

between MC groups. Furthermore, APOE4 carriers with subjective memory complaints 

showed higher CSF phospho-Tau and phospho-Tau/Aβ42 levels compared to APOE4 

carriers without memory complaints and normal APOE4 negative controls.255–257 A future 

study integrating all of these criterion by measuring memory complaints and memory 

performance in relation to EEG activity, CSF phospho-tau and phopsho-tau/Aβ42 levels, as 

well as hippocampal and EC volume would provide the most complete picture of how 

subjective memory complaints relate to memory circuitry. 

4.5 Conclusions and Future Directions 

Overall, this study indicates that electrophysiological differences between individuals with no 

memory complaints, mild memory complaints, and moderate memory complaints are 

reflective of underlying circuit dysfunction that could be caused by age-related changes in the 

brain. The molecular changes mentioned in the introduction associated with aging and, in 

pathological cases, Alzheimer’s Disease directly and indirectly influence the expression of 

LTP and LTD at synapses, impacting memory and synaptic plasticity. In this study, we 

investigated the summation of all of these small synaptic alterations based on their influence 

on local field potentials (LFPs) with EEG recordings.17,258,259  
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Figure 4.1: Figure 
from Blennow et al. 
2012 depicting how 
increases in plaques 
and tangles occur in 
tandem with 
neurodegeneration. 
The top of the figure 
also shows how 
different biomarkers 
for AD increase over 
time in association 
with the AD staging 
listed at the bottom.  

 

 

 

As seen in Figure 4.1 from Blennow et al. 2012, there is an established connection 

between pathological changes, AD staging, and neuronal degeneration.260 However, 

electrophysiological changes are noticeably absent. The most complete understanding of AD 

can only be achieved when we take all of the neurological changes into consideration—from 

individuals molecules, to electrical circuitry, to structure, all the way up to memory and 

subjective experience. The current study is a first step toward providing this missing link 

between the electrophysiology and memory changes that occur in conjunction with changes 

in neural pathology and structure over time. We already found stark differences in neural 

activity in individuals with subjective memory complaints beginning as early as 50 years old. 

Next, there needs to be a systematic evaluation of electrophysiological changes associated 

with normal aging vs AD in multiple age groups to determine exactly where the groups 

diverge and if there is a point in time when pathological changes can be reversed or 

prevented from progressing. EEG is a valuable tool for this continuous assessment in its 

ability to track changes with high time resolution.  
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Finally, this study contributes to the accumulating evidence of the validity of using 

non-invasive sensory stimulation to beneficially impact neural activity.261–263 Although the 

focus of most of this thesis has been on bridging the gap from cellular components upward 

toward the systems level, the signalling systems in the brain do not operate in just one 

direction. When we alter the synchronization of different neural circuits with auditory 

stimulation, we are also influencing the cellular components that underly these circuits. 

Pharmaceuticals frequently target one molecule and fail to control multifaceted diseases like 

AD; yet, something as simple as listening to sounds at specific frequencies could improve 

brain health at multiple levels simultaneously and help our aging population retain their 

memories. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 65 

References 
1. Alzheimer’s Association. Alzheimer Latest Facts & Figures Report. Alzheimer’s & 

Dementia (2017). 

2. Forner, S., Baglietto-Vargas, D., Martini, A. C., Trujillo-Estrada, L. & LaFerla, F. M. 

Synaptic Impairment in Alzheimer’s Disease: A Dysregulated Symphony. Trends 

Neurosci. 40, 347–357 (2017). 

3. Marsh, J. & Alifragis, P. Synaptic dysfunction in Alzheimer’s disease: the effects of 

amyloid beta on synaptic vesicle dynamics as a novel target for therapeutic 

intervention. Neural Regen. Res. 13, 616–623 (2018). 

4. Pozueta, J., Lefort, R. & Shelanski, M. L. Synaptic changes in Alzheimer’s disease and 

its models. Neuroscience 251, 51–65 (2013). 

5. Nelson, P. T. et al. Alzheimer’s disease is not ‘brain aging’: Neuropathological, 

genetic, and epidemiological human studies. Acta Neuropathologica (2011). 

doi:10.1007/s00401-011-0826-y 

6. Kim, D. & Tsai, L.-H. Bridging Physiology and Pathology in AD. Cell 137, 997–1000 

(2009). 

7. Wang, Y. & Mandelkow, E. Tau in physiology and pathology. Nat. Rev. Neurosci. 17, 

22–35 (2016). 

8. Ishii, R. et al. Healthy and Pathological Brain Aging: From the Perspective of 

Oscillations, Functional Connectivity, and Signal Complexity. Neuropsychobiology 

75, 151–161 (2017). 

9. Rossini, P. M., Rossi, S., Babiloni, C. & Polich, J. Clinical neurophysiology of aging 

brain: From normal aging to neurodegeneration. Prog. Neurobiol. 83, 375–400 (2007). 

10. Huijbers, W. et al. Tau Accumulation in Clinically Normal Older Adults Is Associated 

with Hippocampal Hyperactivity. J. Neurosci. 39, 548–556 (2019). 



 66 

11. Grieder, M., Wang, D. J. J., Dierks, T., Wahlund, L.-O. & Jann, K. Default Mode 

Network Complexity and Cognitive Decline in Mild Alzheimer’s Disease. Front. 

Neurosci. 12, 770 (2018). 

12. Voytek, B. et al. Age-Related Changes in 1/f Neural Electrophysiological Noise. J. 

Neurosci. 35, (2015). 

13. Michels, L. et al. Changes of Functional and Directed Resting-State Connectivity Are 

Associated with Neuronal Oscillations, ApoE Genotype and Amyloid Deposition in 

Mild Cognitive Impairment. Front. Aging Neurosci. 9, 304 (2017). 

14. Mondadori, C. R. A. et al. Enhanced brain activity may precede the diagnosis of 

Alzheimer’s disease by 30 years. Brain 129, 2908–2922 (2006). 

15. Henry, M. J., Herrmann, B., Kunke, D. & Obleser, J. Aging affects the balance of 

neural entrainment and top-down neural modulation in the listening brain. Nat. 

Commun. 8, 15801 (2017). 

16. Ohnishi, T. et al. Changes in brain morphology in Alzheimer disease and normal 

aging: is Alzheimer disease an exaggerated aging process? AJNR. Am. J. Neuroradiol. 

22, 1680–5 (2001). 

17. Buzsáki, G. Rhythms of the Brain. Rhythms of the Brain (2009). 

doi:10.1093/acprof:oso/9780195301069.001.0001 

18. Canavier, C. C. Phase-resetting as a tool of information transmission. Curr. Opin. 

Neurobiol. 31, 206–213 (2015). 

19. Keil, J. & Senkowski, D. Neural Oscillations Orchestrate Multisensory Processing. 

Neuroscientist 1073858418755352 (2018). doi:10.1177/1073858418755352 

20. Voytek, B. & Knight, R. T. Dynamic Network Communication as a Unifying Neural 

Basis for Cognition, Development, Aging, and Disease. Biol. Psychiatry 77, 1089–

1097 (2015). 



 67 

21. Pevzner, A., Izadi, A., Lee, D. J., Shahlaie, K. & Gurkoff, G. G. Making Waves in the 

Brain: What Are Oscillations, and Why Modulating Them Makes Sense for Brain 

Injury. Front. Syst. Neurosci. 10, 30 (2016). 

22. Cohen, M. X. Where Does EEG Come From and What Does It Mean? Trends in 

Neurosciences 40, (2017). 

23. Soloduchin, S. & Shamir, M. Rhythmogenesis evolves as a consequence of long-term 

plasticity of inhibitory synapses. Sci. Rep. 8, 13050 (2018). 

24. Lega, B. C., Jacobs, J. & Kahana, M. Human hippocampal theta oscillations and the 

formation of episodic memories. Hippocampus (2012). doi:10.1002/hipo.20937 

25. Hashemi, A. et al. Characterizing Population EEG Dynamics throughout Adulthood. 

eNeuro 3, (2016). 

26. McDermott, B. et al. Gamma Band Neural Stimulation in Humans and the Promise of 

a New Modality to Prevent and Treat Alzheimer’s Disease. J. Alzheimer’s Dis. 65, 

363–392 (2018). 

27. Buzsáki, G. Theta Oscillations in the Hippocampus. Neuron 33, 325–340 (2002). 

28. Squire, L. R. The legacy of patient H.M. for neuroscience. Neuron 61, 6–9 (2009). 

29. Baddeley, A. Essentials of Human Memory (Classic Edition). (Psychology Press, 

2013). doi:10.4324/9780203587027 

30. Nilsson, L.-G. Memory function in normal aging. Acta Neurol. Scand. Suppl. 179, 7–

13 (2003). 

31. Ekstrom, A. D. et al. Cellular networks underlying human spatial navigation. Nature 

425, 184–188 (2003). 

32. Moser, E. I., Kropff, E. & Moser, M.-B. Place Cells, Grid Cells, and the Brain’s 

Spatial Representation System. Annu. Rev. Neurosci. 31, 69–89 (2008). 

33. Zhang, H. & Jacobs, J. Traveling Theta Waves in the Human Hippocampus. J. 



 68 

Neurosci. (2015). doi:10.1523/jneurosci.5102-14.2015 

34. Jacobs, J. Hippocampal theta oscillations are slower in humans than in rodents: 

Implications for models of spatial navigation and memory. Philosophical Transactions 

of the Royal Society B: Biological Sciences (2014). doi:10.1098/rstb.2013.0304 

35. Ekstrom, A. D. et al. Human hippocampal theta activity during virtual navigation. 

Hippocampus 15, 881–889 (2005). 

36. Mitchell, D. J., McNaughton, N., Flanagan, D. & Kirk, I. J. Frontal-midline theta from 

the perspective of hippocampal ‘theta’. Progress in Neurobiology (2008). 

doi:10.1016/j.pneurobio.2008.09.005 

37. Fell, J. et al. Medial temporal theta/alpha power enhancement precedes successful 

memory encoding: evidence based on intracranial EEG. J. Neurosci. 31, 5392–7 

(2011). 

38. Sederberg, P. B., Kahana, M. J., Howard, M. W., Donner, E. J. & Madsen, J. R. Theta 

and gamma oscillations during encoding predict subsequent recall. J. Neurosci. 23, 

10809–14 (2003). 

39. Burke, J. F. et al. Theta and high-frequency activity mark spontaneous recall of 

episodic memories. J. Neurosci. 34, 11355–65 (2014). 

40. Niessing, J. et al. Hemodynamic Signals Correlate Tightly with Synchronized Gamma 

Oscillations. Science (80-. ). 309, 948–951 (2005). 

41. Zhang, X. et al. Impaired theta-gamma coupling in APP-deficient mice. Sci. Rep. 6, 

21948 (2016). 

42. Goutagny, R. et al. Alterations in hippocampal network oscillations and theta-gamma 

coupling arise before Aβ overproduction in a mouse model of Alzheimer’s disease. 

Eur. J. Neurosci. 37, 1896–1902 (2013). 

43. Jacobson, T. K. et al. Hippocampal theta, gamma, and theta-gamma coupling: effects 



 69 

of aging, environmental change, and cholinergic activation. J. Neurophysiol. 109, 

1852–1865 (2013). 

44. Law, C. S. H. & Leung, L. S. Long-Term Potentiation and Excitability in the 

Hippocampus Are Modulated Differently by θ Rhythm. Eneuro 5, ENEURO.0236-

18.2018 (2018). 

45. Hebb, D. O. The Organization of Behavior: A Neuropsychological Approach. The 

Organization of Behavior (1949). doi:10.2307/1418888 

46. Morris, R. G. M. Long-term potentiation and memory. Philosophical Transactions of 

the Royal Society B: Biological Sciences (2003). doi:10.1098/rstb.2002.1230 

47. Bikbaev, A. & Manahan-Vaughan, D. Relationship of hippocampal theta and gamma 

oscillations to potentiation of synaptic transmission. Front. Neurosci. 2, 56–63 (2008). 

48. Clouter, A., Shapiro, K. L. & Hanslmayr, S. Theta Phase Synchronization Is the Glue 

that Binds Human Associative Memory. Curr. Biol. 27, 3143-3148.e6 (2017). 

49. Dulla, C. G., Coulter, D. A. & Ziburkus, J. From Molecular Circuit Dysfunction to 

Disease. Neurosci. (2015). doi:10.1177/1073858415585108 

50. Lisman, J. E. Relating hippocampal circuitry to function: Recall of memory sequences 

by reciprocal dentate-CA3 interactions. Neuron (1999). doi:10.1016/S0896-

6273(00)81085-5 

51. Lu, T. et al. Gene regulation and DNA damage in the ageing human brain. Nature 429, 

883–891 (2004). 

52. Braak, H., Alafuzoff, I., Arzberger, T., Kretzschmar, H. & Del Tredici, K. Staging of 

Alzheimer disease-associated neurofibrillary pathology using paraffin sections and 

immunocytochemistry. Acta Neuropathol. 112, 389–404 (2006). 

53. Esiri, M. Ageing and the brain. J. Pathol. 211, 181–187 (2007). 

54. Peters, R. Ageing and the brain. Postgrad. Med. J. 82, 84–8 (2006). 



 70 

55. Tellechea, P. et al. Enfermedad de Alzheimer de inicio precoz y de inicio tardío: ¿son 

la misma entidad? Neurología 33, 244–253 (2018). 

56. Blennow, K., de Leon, M. J. & Zetterberg, H. Alzheimer’s disease. Lancet 368, 387–

403 (2006). 

57. Corder, E. et al. Gene dose of apolipoprotein E type 4 allele and the risk of 

Alzheimer’s disease in late onset families. Science (80-. ). 261, 921–923 (1993). 

58. Hersi, M. et al. Risk factors associated with the onset and progression of Alzheimer’s 

disease: A systematic review of the evidence. Neurotoxicology 61, 143–187 (2017). 

59. Price, D. L. & Sisodia, S. S. MUTANT GENES IN FAMILIAL ALZHEIMER’S 

DISEASE AND TRANSGENIC MODELS. Annu. Rev. Neurosci. 21, 479–505 (1998). 

60. Khanahmadi, M., Farhud, D. D. & Malmir, M. Genetic of Alzheimer’s disease: A 

narrative review article. Iran. J. Public Health 44, 892–901 (2015). 

61. Ertekin-Taner, N. Genetics of Alzheimer’s disease: a centennial review. Neurol. Clin. 

25, 611–67, v (2007). 

62. Murphy, M. P. & Levine, H. Alzheimer’s disease and the amyloid-β peptide. Journal 

of Alzheimer’s Disease (2010). doi:10.3233/JAD-2010-1221 

63. Galton, C. J. Atypical and typical presentations of Alzheimer’s disease: a clinical, 

neuropsychological, neuroimaging and pathological study of 13 cases. Brain (2000). 

doi:10.1093/brain/123.3.484 

64. Heneka, M. T. et al. Neuroinflammation in Alzheimer’s disease. Lancet. Neurol. 14, 

388–405 (2015). 

65. Sastre, M. Microglia function in Alzheimer’s disease. in Microglia: Biology, 

Functions and Roles in Disease (2012). 

66. Kaur, D., Sharma, V. & Deshmukh, R. Activation of microglia and astrocytes: a 

roadway to neuroinflammation and Alzheimer’s disease. Inflammopharmacology 



 71 

(2019). doi:10.1007/s10787-019-00580-x 

67. Hansen, D. V., Hanson, J. E. & Sheng, M. Microglia in Alzheimer’s disease. Journal 

of Cell Biology (2018). doi:10.1083/jcb.201709069 

68. Jack, C. R. et al. Tracking pathophysiological processes in Alzheimer’s disease: an 

updated hypothetical model of dynamic biomarkers. Lancet. Neurol. 12, 207–16 

(2013). 

69. Neugroschl, J. & Wang, S. Alzheimer’s disease: Diagnosis and treatment across the 

spectrum of disease severity. Mount Sinai Journal of Medicine (2011). 

doi:10.1002/msj.20279 

70. Braak, H. & Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta 

Neuropathologica (1991). doi:10.1007/BF00308809 

71. Scott, L. et al. Age-dependent disruption in hippocampal theta oscillation in amyloid-β 

overproducing transgenic mice. Neurobiol. Aging 33, 1481.e13-1481.e23 (2012). 

72. Tanninen, S. E. et al. Entorhinal tau pathology disrupts hippocampal-prefrontal 

oscillatory coupling during associative learning. Neurobiol. Aging 58, 151–162 (2017). 

73. Mondragón-Rodríguez, S. et al. Phosphorylation of Tau protein correlates with 

changes in hippocampal theta oscillations and reduces hippocampal excitability in 

Alzheimer’s model. J. Biol. Chem. 293, 8462–8472 (2018). 

74. Musaeus, C. S. et al. EEG Theta Power Is an Early Marker of Cognitive Decline in 

Dementia due to Alzheimer’s Disease. J. Alzheimer’s Dis. 64, 1359–1371 (2018). 

75. Papez, J. W. A proposed mechanism of emotion. 1937. J. Neuropsychiatry Clin. 

Neurosci. (1995). doi:10.1176/jnp.7.1.103 

76. Zihl, J. & Von Cramon, D. Visual field recovery from scotoma in patients with 

postgeniculate damage: A REVIEW of 55 cases. Brain (1985). 

doi:10.1093/brain/108.2.335 



 72 

77. Valenstein, E. et al. Retrosplenial amnesia. Brain (1987). 

doi:10.1093/brain/110.6.1631 

78. Oscar-Berman, M., Zola-Morgan, S. M., Öberg, R. G. E. & Bonner, R. T. Comparative 

neuropsychology and Korsakoff’s syndrome. III-Delayed response, delayed alternation 

and DRL performance. Neuropsychologia (1982). doi:10.1016/0028-3932(82)90009-4 

79. Morris, R., Pandya, D. N. & Petrides, M. Fiber system linking the mid-dorsolateral 

frontal cortex with the retrosplenial]presubicular region in the rhesus monkey. J. 

Comp. Neurol. (1999). doi:10.1002/(SICI)1096-9861(19990503)407:2<183::AID-

CNE3>3.0.CO;2-N 

80. Quinette, P. et al. The relationship between working memory and episodic memory 

disorders in transient global amnesia. Neuropsychologia (2006). 

doi:10.1016/j.neuropsychologia.2006.03.031 

81. Swanson, L. & Cowan, W. Hippocampo-hypothalamic connections: origin in subicular 

cortex, not ammon’s horn. Science (80-. ). 189, 303–304 (1975). 

82. He, Y. et al. Regional coherence changes in the early stages of Alzheimer’s disease: A 

combined structural and resting-state functional MRI study. Neuroimage (2007). 

doi:10.1016/j.neuroimage.2006.11.042 

83. Buckner, R. L., Andrews-Hanna, J. R. & Schacter, D. L. The Brain’s Default Network. 

Ann. N. Y. Acad. Sci. 1124, 1–38 (2008). 

84. Ferreira, L. K. & Busatto, G. F. Resting-state functional connectivity in normal brain 

aging. Neurosci. Biobehav. Rev. 37, 384–400 (2013). 

85. Dennis, E. L. & Thompson, P. M. Functional Brain Connectivity Using fMRI in Aging 

and Alzheimer’s Disease. Neuropsychol. Rev. 24, 49–62 (2014). 

86. Mormino, E. C. et al. Relationships between Beta-Amyloid and Functional 

Connectivity in Different Components of the Default Mode Network in Aging. Cereb. 



 73 

Cortex 21, 2399–2407 (2011). 

87. Raichle, M. E. The Brain’s Default Mode Network. Annu. Rev. Neurosci. (2015). 

doi:10.1146/annurev-neuro-071013-014030 

88. Sheline, Y. I. & Raichle, M. E. Resting state functional connectivity in preclinical 

Alzheimer’s disease. Biological Psychiatry (2013). 

doi:10.1016/j.biopsych.2012.11.028 

89. Palop, J. J. & Mucke, L. Amyloid-Β-induced neuronal dysfunction in Alzheimer’s 

disease: From synapses toward neural networks. Nature Neuroscience (2010). 

doi:10.1038/nn.2583 

90. Vertes, R. P., Albo, Z. & Viana Di Prisco, G. Theta-rhythmically firing neurons in the 

anterior thalamus: implications for mnemonic functions of Papez’s circuit. 

Neuroscience 104, 619–25 (2001). 

91. Dillingham, C. M. et al. Mammillothalamic Disconnection Alters Hippocampocortical 

Oscillatory Activity and Microstructure: Implications for Diencephalic Amnesia. J. 

Neurosci. 39, 6696–6713 (2019). 

92. Ferguson, M. A. et al. A human memory circuit derived from brain lesions causing 

amnesia. Nat. Commun. 10, 3497 (2019). 

93. Sun, S. et al. ApoE Type 4 Allele Affects Cognitive Function of Aged Population in 

Tianjin City, China. Am. J. Alzheimer’s Dis. Other Dementiasr 30, 503–507 (2015). 

94. Luo, X. et al. Decreased Inter-Hemispheric Functional Connectivity in Cognitively 

Intact Elderly APOE ɛ4 Carriers: A Preliminary Study. J. Alzheimer’s Dis. 50, 1137–

1148 (2016). 

95. Scheeringa, R. et al. Frontal theta EEG activity correlates negatively with the default 

mode network in resting state. Int. J. Psychophysiol. 67, 242–251 (2008). 

96. White, T. P. et al. Theta power during encoding predicts subsequent-memory 



 74 

performance and default mode network deactivation. Hum. Brain Mapp. 34, 2929–

2943 (2013). 

97. Montez, T. et al. Altered temporal correlations in parietal alpha and prefrontal theta 

oscillations in early-stage Alzheimer disease. Proc. Natl. Acad. Sci. U. S. A. 106, 

1614–9 (2009). 

98. Hsiao, F.-J., Wang, Y.-J., Yan, S.-H., Chen, W.-T. & Lin, Y.-Y. Altered Oscillation 

and Synchronization of Default-Mode Network Activity in Mild Alzheimer’s Disease 

Compared to Mild Cognitive Impairment: An Electrophysiological Study. PLoS One 

8, e68792 (2013). 

99. Abellaneda-Pérez, K. et al. Age-related differences in default-mode network 

connectivity in response to intermittent theta-burst stimulation and its relationships 

with maintained cognition and brain integrity in healthy aging. Neuroimage 188, 794–

806 (2019). 

100. Kardos, Z., Tóth, B., Boha, R., File, B. & Molnár, M. Age-related changes of frontal-

midline theta is predictive of efficient memory maintenance. Neuroscience 273, 152–

162 (2014). 

101. López-Loeza, E., Rangel-Argueta, A. R., López-Vázquez, M. Á., Cervantes, M. & 

Olvera-Cortés, M. E. Differences in EEG power in young and mature healthy adults 

during an incidental/spatial learning task are related to age and execution efficiency. 

Age (Omaha). 38, 37 (2016). 

102. Finnigan, S. & Robertson, I. H. Resting EEG theta power correlates with cognitive 

performance in healthy older adults. Psychophysiology 48, 1083–1087 (2011). 

103. Moretti, D. V., Prestia, A., Binetti, G., Zanetti, O. & Frisoni, G. B. Increase of theta 

frequency is associated with reduction in regional cerebral blood flow only in subjects 

with mild cognitive impairment with higher upper alpha/low alpha EEG frequency 



 75 

power ratio. Front. Behav. Neurosci. 7, 188 (2013). 

104. Musaeus, C. S. et al. EEG Theta Power Is an Early Marker of Cognitive Decline in 

Dementia due to Alzheimer’s Disease. J. Alzheimer’s Dis. 64, 1359–1371 (2018). 

105. Stomrud, E. et al. Slowing of EEG correlates with CSF biomarkers and reduced 

cognitive speed in elderly with normal cognition over 4 years. Neurobiol. Aging 31, 

215–223 (2010). 

106. Goodman, M. S. et al. Theta-Gamma Coupling and Working Memory in Alzheimer’s 

Dementia and Mild Cognitive Impairment. Front. Aging Neurosci. 10, 101 (2018). 

107. Smailovic, U. et al. Quantitative EEG power and synchronization correlate with 

Alzheimer’s disease CSF biomarkers. Neurobiol. Aging (2018). 

doi:10.1016/j.neurobiolaging.2017.11.005 

108. Walsh, D. M. & Selkoe, D. J. Aβ oligomers - A decade of discovery. Journal of 

Neurochemistry (2007). doi:10.1111/j.1471-4159.2006.04426.x 

109. Chow, V. W., Mattson, M. P., Wong, P. C. & Gleichmann, M. An overview of APP 

processing enzymes and products. Neuromolecular medicine (2010). 

doi:10.1007/s12017-009-8104-z 

110. Hardy, J. Has the Amyloid Cascade Hypothesis for Alzheimers Disease been Proved? 

Curr. Alzheimer Res. (2006). doi:10.2174/156720506775697098 

111. Tabira, T. Significance of intracellular Ab42 accumulation in alzheimer’s disease. 

Front. Biosci. (2002). doi:10.2741/tabira 

112. Venugopal, C., Demos, C. M., Rao, K. S. J., Pappolla, M. A. & Sambamurti, K. Beta-

secretase: structure, function, and evolution. CNS Neurol. Disord. Drug Targets 7, 

278–94 (2008). 

113. Lesné, S. E. et al. Brain amyloid-β oligomers in ageing and Alzheimer’s disease. Brain 

136, 1383–1398 (2013). 



 76 

114. Hardy, J. & Selkoe, D. J. The amyloid hypothesis of Alzheimer’s disease: progress and 

problems on the road to therapeutics. Science 297, 353–6 (2002). 

115. Sun, G.-Z. et al. Hippocampal synaptic and neural network deficits in young mice 

carrying the human APOE4 gene. CNS Neurosci. Ther. 23, 748–758 (2017). 

116. Eich, T. S., Tsapanou, A. & Stern, Y. When time’s arrow doesn’t bend: APOE-ε4 

influences episodic memory before old age. Neuropsychologia 133, 107180 (2019). 

117. Kamenetz, F. et al. APP Processing and Synaptic Function. Neuron 37, 925–937 

(2003). 

118. Arbor, S. C., LaFontaine, M. & Cumbay, M. Amyloid-beta Alzheimer targets - protein 

processing, lipid rafts, and amyloid-beta pores. Yale J. Biol. Med. 89, 5–21 (2016). 

119. Mattson, M. P. Cellular actions of beta-amyloid precursor protein and its soluble and 

fibrillogenic derivatives. Physiol. Rev. 77, 1081–1132 (1997). 

120. Peña, F. et al. Beta-amyloid protein (25-35) disrupts hippocampal network activity: 

Role of FYN-kinase. Hippocampus 20, NA-NA (2009). 

121. Gutiérrez-Lerma, A. I., Ordaz, B. & Peña-Ortega, F. Amyloid Beta peptides 

differentially affect hippocampal theta rhythms in vitro. Int. J. Pept. 2013, 328140 

(2013). 

122. Yue, X.-H., Liu, X.-J., Wu, M.-N., Chen, J.-Y. & Qi, J.-S. [Amyloid β protein 

suppresses hippocampal theta rhythm and induces behavioral disinhibition and spatial 

memory deficit in rats]. Sheng Li Xue Bao 66, 97–106 (2014). 

123. Zou, X., Coyle, D., Wong-Lin, K. & Maguire, L. Computational Study of 

Hippocampal-Septal Theta Rhythm Changes Due to Beta-Amyloid-Altered Ionic 

Channels. PLoS One 6, e21579 (2011). 

124. Rowan, M. J., Klyubin, I., Wang, Q. & Anwyl, R. Mechanisms of the inhibitory 

effects of amyloid β-protein on synaptic plasticity. in Experimental Gerontology 



 77 

(2004). doi:10.1016/j.exger.2004.06.020 

125. Hu, N.-W. et al. Extracellular Forms of Aβ and Tau from iPSC Models of Alzheimer’s 

Disease Disrupt Synaptic Plasticity. Cell Rep. 23, 1932–1938 (2018). 

126. O’Riordan, K. J., Hu, N. W. & Rowan, M. J. Aß Facilitates LTD at Schaffer Collateral 

Synapses Preferentially in the Left Hippocampus. Cell Rep. (2018). 

doi:10.1016/j.celrep.2018.01.085 

127. Lin, C.-H., Huang, Y.-J., Lin, C.-J., Lane, H.-Y. & Tsai, G. E. NMDA 

neurotransmission dysfunction in mild cognitive impairment and Alzheimer’s disease. 

Curr. Pharm. Des. 20, 5169–79 (2014). 

128. Wu, J., Anwyl, R. & Rowan, M. J. β-Amyloid selectively augments NMDA receptor-

mediated synaptic transmission in rat hippocampus. Neuroreport (1995). 

doi:10.1097/00001756-199511270-00031 

129. Whitehead, G., Regan, P., Whitcomb, D. J. & Cho, K. Ca2+-permeable AMPA 

receptor: A new perspective on amyloid-beta mediated pathophysiology of 

Alzheimer’s disease. Neuropharmacology 112, 221–227 (2017). 

130. Haass, C. & Willem, M. Secreted APP Modulates Synaptic Activity: A Novel Target 

for Therapeutic Intervention? Neuron (2019). doi:10.1016/j.neuron.2019.01.058 

131. Rice, H. C. et al. Secreted amyloid-β precursor protein functions as a GABABR1a 

ligand to modulate synaptic transmission. Science 363, eaao4827 (2019). 

132. Tai, H.-C. et al. The Synaptic Accumulation of Hyperphosphorylated Tau Oligomers 

in Alzheimer Disease Is Associated With Dysfunction of the Ubiquitin-Proteasome 

System. Am. J. Pathol. 181, 1426–1435 (2012). 

133. Morris, M., Maeda, S., Vossel, K. & Mucke, L. The Many Faces of Tau. Neuron 

(2011). doi:10.1016/j.neuron.2011.04.009 

134. Huang, Y. & Mucke, L. Alzheimer Mechanisms and Therapeutic Strategies. Cell 148, 



 78 

1204–1222 (2012). 

135. Binder, L. I., Frankfurter, A. & Rebhun, L. I. The distribution of tau in the mammalian 

central nervous central nervous. J. Cell Biol. (1985). doi:10.1083/jcb.101.4.1371 

136. Götz, J. et al. Somatodendritic localization and hyperphosphorylation of tau protein in 

transgenic mice expressing the longest human brain tau isoform. EMBO J. (1995). 

doi:10.1002/j.1460-2075.1995.tb07116.x 

137. Suzuki, M. & Kimura, T. Microtubule-associated tau contributes to intra-dendritic 

trafficking of AMPA receptors in multiple ways. Neurosci. Lett. 653, 276–282 (2017). 

138. Busche, M. A. et al. Tau impairs neural circuits, dominating amyloid-β effects, in 

Alzheimer models in vivo. Nat. Neurosci. (2019). doi:10.1038/s41593-018-0289-8 

139. Walker, L. C., Diamond, M. I., Duff, K. E. & Hyman, B. T. Mechanisms of Protein 

Seeding in Neurodegenerative Diseases. JAMA Neurol. 70, 304 (2013). 

140. Gonzalez, B., Abud, E. M., Abud, A. M., Poon, W. W. & Gylys, K. H. Tau Spread, 

Apolipoprotein E, Inflammation, and More: Rapidly Evolving Basic Science in 

Alzheimer Disease. Neurol. Clin. 35, 175–190 (2017). 

141. Ahmed, Z. et al. A novel in vivo model of tau propagation with rapid and progressive 

neurofibrillary tangle pathology: the pattern of spread is determined by connectivity, 

not proximity. Acta Neuropathol. 127, 667–683 (2014). 

142. Wu, J. W. et al. Neuronal activity enhances tau propagation and tau pathology in vivo. 

Nat. Neurosci. 19, 1085–1092 (2016). 

143. Peng, H., Bian, X., Ma, F. & Wang, K.-W. Pharmacological modulation of the 

voltage-gated neuronal Kv7/KCNQ/M-channel alters the intrinsic excitability and 

synaptic responses of pyramidal neurons in rat prefrontal cortex slices. Acta 

Pharmacol. Sin. 38, 1248–1256 (2017). 

144. Das, M. et al. Neuronal levels and sequence of tau modulate the power of brain 



 79 

rhythms. Neurobiol. Dis. 117, 181–188 (2018). 

145. Ahnaou, A. et al. Emergence of early alterations in network oscillations and functional 

connectivity in a tau seeding mouse model of Alzheimer’s disease pathology. Sci. Rep. 

7, 14189 (2017). 

146. Nayak, D., Roth, T. L. & McGavern, D. B. Microglia Development and Function. 

Annu. Rev. Immunol. (2014). doi:10.1146/annurev-immunol-032713-120240 

147. Aloisi, F. Immune function of microglia. Glia (2001). doi:10.1002/glia.1106 

148. Verkhratsky, A., Zorec, R., Rodríguez, J. J. & Parpura, V. Astroglia dynamics in 

ageing and Alzheimer’s disease. Current Opinion in Pharmacology (2016). 

doi:10.1016/j.coph.2015.09.011 

149. B??langer, M. & Magistretti, P. J. The role of astroglia in neuroprotection. Dialogues 

in Clinical Neuroscience (2009). 

150. Hanisch, U.-K. & Kettenmann, H. Microglia: active sensor and versatile effector cells 

in the normal and pathologic brain. Nat. Neurosci. 10, 1387–1394 (2007). 

151. Guénette, S. Y. Astrocytes: A cellular player in Aβ clearance and degradation. Trends 

in Molecular Medicine (2003). doi:10.1016/S1471-4914(03)00112-6 

152. Lucin, K. M. & Wyss-Coray, T. Immune Activation in Brain Aging and 

Neurodegeneration: Too Much or Too Little? Neuron 64, 110–122 (2009). 

153. Rodríguez, J. J., Olabarria, M., Chvatal, A. & Verkhratsky, A. Astroglia in dementia 

and Alzheimer’s disease. Cell Death and Differentiation (2009). 

doi:10.1038/cdd.2008.172 

154. Rodríguez-Arellano, J. J., Parpura, V., Zorec, R. & Verkhratsky, A. Astrocytes in 

physiological aging and Alzheimer’s disease. Neuroscience (2016). 

doi:10.1016/j.neuroscience.2015.01.007 

155. Cameron, B. & Landreth, G. E. Inflammation, microglia, and alzheimer’s disease. 



 80 

Neurobiology of Disease (2010). doi:10.1016/j.nbd.2009.10.006 

156. López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The 

Hallmarks of Aging. Cell 153, 1194–1217 (2013). 

157. Guerreiro, R. et al. TREM2 variants in Alzheimer’s disease. N. Engl. J. Med. (2013). 

doi:10.1056/NEJMoa1211851 

158. Ulland, T. K. et al. TREM2 Maintains Microglial Metabolic Fitness in Alzheimer’s 

Disease. Cell (2017). doi:10.1016/j.cell.2017.07.023 

159. Jiang, T., Yu, J. T., Zhu, X. C. & Tan, L. TREM2 in Alzheimer’s disease. Molecular 

Neurobiology (2013). doi:10.1007/s12035-013-8424-8 

160. Hernandez, D. G. et al. Distinct DNA methylation changes highly correlated with 

chronological age in the human brain. Hum. Mol. Genet. 20, 1164–1172 (2011). 

161. Paolicelli, R. C. et al. Synaptic pruning by microglia is necessary for normal brain 

development. Science (80-. ). (2011). doi:10.1126/science.1202529 

162. Harry, G. J. Microglia during development and aging. Pharmacology and 

Therapeutics (2013). doi:10.1016/j.pharmthera.2013.04.013 Associate Editor: C. Pope 

163. Streit, W. J., Miller, K. R., Lopes, K. O. & Njie, E. Microglial degeneration in the 

aging brain--bad news for neurons? Front. Biosci. 13, 3423–38 (2008). 

164. Wyss-Coray, T. Ageing, neurodegeneration and brain rejuvenation. Nature 539, 180–

186 (2016). 

165. Frigerio, F. et al. Neuroinflammation Alters Integrative Properties of Rat Hippocampal 

Pyramidal Cells. Mol. Neurobiol. 55, 7500–7511 (2018). 

166. Foley, J. et al. Astrocytic IP3/Ca2+ signaling modulates theta rhythm and REM sleep. 

Front. Neural Circuits (2017). doi:10.3389/fncir.2017.00003 

167. Navarrete, M. et al. Astrocytes Mediate In Vivo Cholinergic-Induced Synaptic 

Plasticity. PLoS Biol. 10, e1001259 (2012). 



 81 

168. Hassanpoor, H., Fallah, A. & Raza, M. Mechanisms of hippocampal astrocytes 

mediation of spatial memory and theta rhythm by gliotransmitters and growth factors. 

Cell Biol. Int. 38, 1355–1366 (2014). 

169. Gupta, P., Dave, C. N. & Peters, K. M. Neuromodulation. in Urological and 

Gynaecological Chronic Pelvic Pain: Current Therapies (2017). doi:10.1007/978-3-

319-48464-8_24 

170. Lee, S. H. & Dan, Y. Neuromodulation of Brain States. Neuron (2012). 

doi:10.1016/j.neuron.2012.09.012 

171. Marder, E. Neuromodulation of Neuronal Circuits: Back to the Future. Neuron (2012). 

doi:10.1016/j.neuron.2012.09.010 

172. Johnson, M. D. et al. Neuromodulation for brain disorders: Challenges and 

opportunities. IEEE Transactions on Biomedical Engineering (2013). 

doi:10.1109/TBME.2013.2244890 

173. Giovanni, A. et al. Oscillatory activities in neurological disorders of elderly: 

Biomarkers to target for neuromodulation. Frontiers in Aging Neuroscience (2017). 

doi:10.3389/fnagi.2017.00189 

174. Naro, A. et al. Promising Role of Neuromodulation in Predicting the Progression of 

Mild Cognitive Impairment to Dementia. J. Alzheimer’s Dis. (2016). 

doi:10.3233/JAD-160305 

175. Benninger, D. & Schüpbach, M. Deep brain stimulation. Ther. Umschau (2018). 

doi:10.1024/0040-5930/a001019 

176. Doshi, P. Expanding indications for deep brain stimulation. Neurol. India 66, 102 

(2018). 

177. Schläpfer, T. E. & Kayser, S. Deep brain stimulation for treatment-resistant 

depression. Klin. Neurophysiol. (2014). doi:10.1055/s-0034-1375605 



 82 

178. Velasco, F. et al. Deep brain stimulation for epilepsy. in Epilepsy: Mechanisms, 

Models, and Translational Perspectives (2010). doi:10.1201/9781420085594 

179. Scharre, D. W. et al. Deep Brain Stimulation of Frontal Lobe Networks to Treat 

Alzheimer’s Disease. J. Alzheimers. Dis. 62, 621–633 (2018). 

180. Wang, J. X. et al. Targeted enhancement of cortical-hippocampal brain networks and 

associative memory. Science (80-. ). 345, 1054–1057 (2014). 

181. Arendash, G. et al. A Clinical Trial of Transcranial Electromagnetic Treatment in 

Alzheimer’s Disease: Cognitive Enhancement and Associated Changes in 

Cerebrospinal Fluid, Blood, and Brain Imaging. J. Alzheimer’s Dis. 71, 57–82 (2019). 

182. Koch, G. et al. Transcranial magnetic stimulation of the precuneus enhances memory 

and neural activity in prodromal Alzheimer’s disease. Neuroimage 169, 302–311 

(2017). 

183. Prehn, K. & Floel, A. Potentials and limits to enhance cognitive functions in healthy 

and pathological  aging by tDCS. Front. Cell. Neurosci. 9, 355 (2015). 

184. Siever, D. Audio-visual entrainment: History, physiology, and clinical studies. Evans, 

James R [Ed] (2007). 

185. Entrain | Definition of Entrain by Merriam-Webster. Available at: 

https://www.merriam-webster.com/dictionary/entrain. (Accessed: 18th August 2019) 

186. Williams, J. H. Frequency-specific effects of flicker on recognition memory. 

Neuroscience 104, 283–286 (2001). 

187. Cirelli, L. K., Spinelli, C., Nozaradan, S. & Trainor, L. J. Measuring Neural 

Entrainment to Beat and Meter in Infants: Effects of Music Background. Front. 

Neurosci. 10, (2016). 

188. Baruch, C. & Drake, C. Tempo discrimination in infants. Infant Behav. Dev. 20, 573–

577 (1997). 



 83 

189. Haegens, S. & Zion Golumbic, E. Rhythmic facilitation of sensory processing: A 

critical review. Neurosci. Biobehav. Rev. 86, 150–165 (2018). 

190. Fries, P. Rhythms For Cognition: Communication Through Coherence. Neuron 88, 

220–235 (2015). 

191. Ronconi, L., Busch, N. A. & Melcher, D. Alpha-band sensory entrainment alters the 

duration of temporal windows in visual perception. Sci. Rep. 8, 11810 (2018). 

192. Hanslmayr, S., Axmacher, N. & Inman, C. S. Modulating Human Memory via 

Entrainment of Brain Oscillations. Trends Neurosci. (2019). 

doi:10.1016/J.TINS.2019.04.004 

193. Wang, D., Clouter, A., Chen, Q., Shapiro, K. L. & Hanslmayr, S. Single-Trial Phase 

Entrainment of Theta Oscillations in Sensory Regions Predicts Human Associative 

Memory Performance. J. Neurosci. 38, 6299–6309 (2018). 

194. Roberts, B. M., Clarke, A., Addante, R. J. & Ranganath, C. Entrainment enhances 

theta oscillations and improves episodic memory. Cogn. Neurosci. 9, 181–193 (2018). 

195. Derner, M., Chaieb, L., Surges, R., Staresina, B. P. & Fell, J. Modulation of item and 

source memory by auditory beat stimulation: A pilot study with intracranial EEG. 

Front. Hum. Neurosci. 12, (2018). 

196. Antony, J. W. & Paller, K. A. Using Oscillating Sounds to Manipulate Sleep Spindles. 

Sleep 40, (2017). 

197. Ngo, H. V. V., Martinetz, T., Born, J. & Mölle, M. Auditory closed-loop stimulation 

of the sleep slow oscillation enhances memory. Neuron 78, 545–553 (2013). 

198. Papalambros, N. A. et al. Acoustic Enhancement of Sleep Slow Oscillations and 

Concomitant Memory Improvement in Older Adults. Front. Hum. Neurosci. 11, 

(2017). 

199. Ishii, R. et al. Healthy and Pathological Brain Aging: From the Perspective of 



 84 

Oscillations, Functional Connectivity, and Signal Complexity. Neuropsychobiology 

(2018). doi:10.1159/000486870 

200. Uhlhaas, P. J. & Singer, W. Neural Synchrony in Brain Disorders: Relevance for 

Cognitive Dysfunctions and Pathophysiology. Neuron 52, 155–168 (2006). 

201. Palop, J. J. & Mucke, L. Network abnormalities and interneuron dysfunction in 

Alzheimer disease. Nat. Rev. Neurosci. 17, 777–792 (2016). 

202. Iaccarino, H. F. et al. Gamma frequency entrainment attenuates amyloid load and 

modifies microglia. Nature 540, 230–235 (2016). 

203. Martorell, A. J. et al. Multi-sensory Gamma Stimulation Ameliorates Alzheimer’s-

Associated Pathology and Improves Cognition. Cell 177, 256-271.e22 (2019). 

204. Ishii, R. et al. Healthy and Pathological Brain Aging: From the Perspective of 

Oscillations, Functional Connectivity, and Signal Complexity. Neuropsychobiology 

75, 151–161 (2017). 

205. Barnes, L. L., Schneider, J. A., Boyle, P. A., Bienias, J. L. & Bennett, D. A. Memory 

complaints are related to Alzheimer disease pathology in older persons. Neurology 67, 

1581–5 (2006). 

206. Creery, J. Investigations of Human Memory Using Auditory Stimulation - ProQuest. 

Available at: 

https://search.proquest.com/openview/8dc2acc0ef727aceb6caa359224e6867/1?pq-

origsite=gscholar&cbl=18750&diss=y. (Accessed: 4th January 2020) 

207. Bach, M. The Freiburg Visual Acuity Test-Variability unchanged by post-hoc re-

analysis. Graefe’s Arch. Clin. Exp. Ophthalmol. 245, 965–971 (2007). 

208. Nasreddine, Z. S. et al. The Montreal Cognitive Assessment, MoCA: a brief screening 

tool for mild cognitive impairment. J. Am. Geriatr. Soc. (2005). doi:10.1111/j.1532-

5415.2005.53221.x 



 85 

209. Vale, F. A. C., Balieiro, A. P. & Silva-Filho, J. H. Memory complaint scale (MCS). 

Proposed tool for active systematic search. Dement. Neuropsychol. 6, 212–218 (2012). 

210. EU General Data Protection Regulation (GDPR): Regulation (EU) 2016/679 of the 

European Parliament and of the Council of 27 April 2016 on the protection of natural 

persons with regard to the processing of personal data and on the free movement of 

such data, and repealing Directive 95/46/EC(General Data Protection Regulation). 

(2016). 

211. Rudoy, J. D., Voss, J. L., Westerberg, C. E. & Paller, K. A. Strengthening individual 

memories by reactivating them during sleep. Science 326, 1079 (2009). 

212. Delorme, A. & Makeig, S. EEGLAB: an open source toolbox for analysis of single-

trial EEG dynamics including independent component analysis. J. Neurosci. Methods 

134, 9–21 (2004). 

213. Mitchell, D. J., McNaughton, N., Flanagan, D. & Kirk, I. J. Frontal-midline theta from 

the perspective of hippocampal “theta”. Prog. Neurobiol. 86, 156–185 (2008). 

214. GOLD, C., FACHNER, J. & ERKKILÄ, J. Validity and reliability of 

electroencephalographic frontal alpha asymmetry and frontal midline theta as 

biomarkers for depression. Scand. J. Psychol. 54, 118–126 (2013). 

215. Eschmann, K. C. J., Bader, R. & Mecklinger, A. Topographical differences of frontal-

midline theta activity reflect functional differences in cognitive control abilities. Brain 

Cogn. 123, (2018). 

216. Miller, J. et al. Lateralized hippocampal oscillations underlie distinct aspects of human 

spatial memory and navigation. Nat. Commun. 9, 2423 (2018). 

217. Oostenveld, R., Fries, P., Maris, E. & Schoffelen, J.-M. FieldTrip: Open source 

software for advanced analysis of MEG, EEG, and invasive electrophysiological data. 

Comput. Intell. Neurosci. 2011, 156869 (2011). 



 86 

218. Makeig, S., Bell, A. J., Jung, T. & Sejnowski, T. J. Independent Component Analysis 

of Electroencephalographic Data. in Advances in Neural Information Processing 

Systems 8 (1996). 

219. Valadez, E. A. & Simons, R. F. The power of frontal midline theta and post-error 

slowing to predict performance recovery: Evidence for compensatory mechanisms. 

Psychophysiology 55, e13010 (2018). 

220. Maris, E. & Oostenveld, R. Nonparametric statistical testing of EEG- and MEG-data. 

J. Neurosci. Methods 164, 177–190 (2007). 

221. Anderson, M. & Braak, C. Ter. Permutation tests for multi-factorial analysis of 

variance. J. Stat. Comput. Simul. 73, 85–113 (2003). 

222. Suckling, J. & Bullmore, E. Permutation tests for factorially designed neuroimaging 

experiments. Hum. Brain Mapp. 22, 193–205 (2004). 

223. Sassenhagen, J. & Draschkow, D. Cluster‐based permutation tests of MEG/EEG data 

do not establish significance of effect latency or location. Psychophysiology 56, 

e13335 (2019). 

224. Angelakis, E., Lubar, J. F., Stathopoulou, S. & Kounios, J. Peak alpha frequency: an 

electroencephalographic measure of cognitive preparedness. Clin. Neurophysiol. 115, 

887–897 (2004). 

225. Osaka, M. Peak Alpha Frequency of EEG during a Mental Task: Task Difficulty and 

Hemispheric Differences. Psychophysiology 21, 101–105 (1984). 

226. Haegens, S., Cousijn, H., Wallis, G., Harrison, P. J. & Nobre, A. C. Inter- and intra-

individual variability in alpha peak frequency. Neuroimage 92, 46–55 (2014). 

227. Grandy, T. H. et al. Peak individual alpha frequency qualifies as a stable 

neurophysiological trait marker in healthy younger and older adults. Psychophysiology 

50, 570–582 (2013). 



 87 

228. Snyder, H. M. et al. Sex biology contributions to vulnerability to Alzheimer’s disease: 

A think tank convened by the Women’s Alzheimer’s Research Initiative. Alzheimer’s 

Dement. 12, 1186–1196 (2016). 

229. Pike, C. J. Sex and the development of Alzheimer’s disease. J. Neurosci. Res. 95, 671–

680 (2017). 

230. Merlo, S., Spampinato, S. F. & Sortino, M. A. Estrogen and Alzheimer’s disease: Still 

an attractive topic despite disappointment from early clinical results. Eur. J. 

Pharmacol. 817, 51–58 (2017). 

231. Henderson, V. W. Alzheimer’s disease: Review of hormone therapy trials and 

implications for treatment and prevention after menopause. J. Steroid Biochem. Mol. 

Biol. 142, 99–106 (2014). 

232. Ungar, L., Altmann, A. & Greicius, M. D. Apolipoprotein E, gender, and Alzheimer’s 

disease: an overlooked, but potent and promising interaction. Brain Imaging Behav. 8, 

262–273 (2014). 

233. Riedel, B. C., Thompson, P. M. & Brinton, R. D. Age, APOE and sex: Triad of risk of 

Alzheimer’s disease. J. Steroid Biochem. Mol. Biol. 160, 134–147 (2016). 

234. Damoiseaux, J. S. et al. Gender modulates the APOE ε4 effect in healthy older adults: 

convergent evidence from functional brain connectivity and spinal fluid tau levels. J. 

Neurosci. 32, 8254–62 (2012). 

235. França, A. S. C. et al. Beta2 oscillations (23-30 Hz) in the mouse hippocampus during 

novel object recognition. Eur. J. Neurosci. 40, 3693–3703 (2014). 

236. Deiber, M.-P. et al. Attention and Working Memory-Related EEG Markers of Subtle 

Cognitive Deterioration in Healthy Elderly Individuals. J. Alzheimer’s Dis. 47, 335–

349 (2015). 

237. Engel, A., neurobiology, P. F.-C. opinion in & 2010,  undefined. Beta-band 



 88 

oscillations—signalling the status quo? Elsevier 

238. experimentalis, A. W.-A. neurobiologiae & 2000,  undefined. Beta activity: a carrier 

for visual attention. researchgate.net 

239. Fujioka, T., Ross, B. & Trainor, L. J. Beta-Band Oscillations Represent Auditory Beat 

and Its Metrical Hierarchy in Perception and Imagery. J. Neurosci. 35, 15187–15198 

(2015). 

240. Summerfield, C. & Mangels, J. A. Coherent theta-band EEG activity predicts item-

context binding during encoding. Neuroimage 24, 692–703 (2005). 

241. Mölle, M., Marshall, L., Fehm, H. L. & Born, J. EEG theta synchronization conjoined 

with alpha desynchronization indicate intentional encoding. Eur. J. Neurosci. 15, 923–

928 (2002). 

242. Lithfous, S. et al. Decreased theta power at encoding and cognitive mapping deficits in 

elderly individuals during a spatial memory task. Neurobiol. Aging 36, 2821–2829 

(2015). 

243. Shapiro, A. R. & Levy-Gigi, E. Susceptibility to retroactive interference: The effect of 

context as a function of age and cognition. Memory 24, 399–408 (2016). 

244. Traxler, A. J. Retroactive and Proactive Inhibition in Young and Elderly Adults Using 

an Unpaced Modified Free Recall Test: http://dx.doi.org/10.2466/pr0.1973.32.1.215 

(2016). doi:10.2466/PR0.1973.32.1.215 

245. EBERT, P. L. & ANDERSON, N. D. Proactive and retroactive interference in young 

adults, healthy older adults, and older adults with amnestic mild cognitive impairment. 

J. Int. Neuropsychol. Soc. 15, 83–93 (2009). 

246. Andreou, C. et al. Theta and high-beta networks for feedback processing: a 

simultaneous EEG–fMRI study in healthy male subjects. Transl. Psychiatry 7, e1016–

e1016 (2017). 



 89 

247. Spitzer, B. & Haegens, S. Beyond the Status Quo: A Role for Beta Oscillations in 

Endogenous Content (Re)Activation. eNeuro 4, (2017). 

248. Cavanagh, J. F., Frank, M. J., Klein, T. J. & Allen, J. J. B. Frontal theta links 

prediction errors to behavioral adaptation in reinforcement learning. Neuroimage 49, 

3198–3209 (2010). 

249. Ferreira, C. S., Maraver, M. J., Hanslmayr, S. & Bajo, T. Theta oscillations show 

impaired interference detection in older adults during selective memory retrieval. Sci. 

Rep. 9, 9977 (2019). 

250. Stewart, R. et al. Longitudinal neuroimaging correlates of subjective memory 

impairment: 4-year prospective community study. Br. J. Psychiatry 198, 199–205 

(2011). 

251. Flier, W. et al. Memory complaints in patients with normal cognition are associated 

with smaller hippocampal volumes. J. Neurol. 251, 671–675 (2004). 

252. Jessen, F. et al. Volume reduction of the entorhinal cortex in subjective memory 

impairment. Neurobiol. Aging 27, 1751–1756 (2006). 

253. Stewart, R. et al. Neuroimaging correlates of subjective memory deficits in a 

community population. Neurology 70, 1601–7 (2008). 

254. Minett, T. S. C., Dean, J. L., Firbank, M., English, P. & O’Brien, J. T. Subjective 

Memory Complaints, White-Matter Lesions, Depressive Symptoms, and Cognition in 

Elderly Patients. Am. J. Geriatr. Psychiatry 13, 665–671 (2005). 

255. Mosconi, L. et al. Hypometabolism and Altered Cerebrospinal Fluid Markers in 

Normal Apolipoprotein E E4 Carriers with Subjective Memory Complaints. Biol. 

Psychiatry 63, 609–618 (2008). 

256. Antonell, A. et al. Different profiles of Alzheimer’s disease cerebrospinal fluid 

biomarkers in controls and subjects with subjective memory complaints. J. Neural 



 90 

Transm. 118, 259–262 (2011). 

257. Colijn, M. A. & Grossberg, G. T. Amyloid and Tau Biomarkers in Subjective 

Cognitive Impairment. J. Alzheimer’s Dis. 47, 1–8 (2015). 

258. Esser, S. K. et al. A direct demonstration of cortical LTP in humans: A combined 

TMS/EEG study. Brain Res. Bull. 69, 86–94 (2006). 

259. Clapp, W. C., Kirk, I. J., Hamm, J. P., Shepherd, D. & Teyler, T. J. Induction of LTP 

in the human auditory cortex by sensory stimulation. Eur. J. Neurosci. 22, 1135–1140 

(2005). 

260. Blennow, K., Zetterberg, H. & Fagan, A. M. Fluid biomarkers in Alzheimer disease. 

Cold Spring Harb. Perspect. Med. 2, a006221 (2012). 

261. Martorell, A. J. et al. Multi-sensory Gamma Stimulation Ameliorates Alzheimer’s-

Associated Pathology and Improves Cognition. Cell 177, 256-271.e22 (2019). 

262. McDermott, B. et al. Gamma Band Neural Stimulation in Humans and the Promise of 

a New Modality to Prevent and Treat Alzheimer’s Disease. J. Alzheimer’s Dis. 65, 

363–392 (2018). 

263. Clements-Cortes, A., Ahonen, H., Evans, M., Freedman, M. & Bartel, L. Short-Term 

Effects of Rhythmic Sensory Stimulation in Alzheimer’s Disease: An Exploratory 

Pilot Study. J. Alzheimer’s Dis. 52, 651–660 (2016). 



 91 

Appendix i: Study Advertisement 

 
 
 



 92 

Appendix ii: Montreal Cognitive Assessment 
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Appendix iii: Subjective Memory Complaint Questionnaire 
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Supplementary Figure 1: Time frequency spectral power differences between sound 
conditions—left column (Theta – Pure), right column (Theta – Beta)—for each MC 
group during the study phase. Times associated with significant differences in theta (3- 
7 Hz) power are marked with grey boxes below the x-axis (P <0.05). Top) No MC 
difference plots, color bar represents z-scores of power values (yellow indicates higher 
power in the theta sound condition, dark blue indicates higher power in the pure sound 
condition (left) or beta sound condition (right)). Middle) Mild MC sound condition 
difference plots. Bottom) Moderate MC sound condition difference plots. This plot has 
the largest increase in theta power in the theta condition compared to the pure 
condition.  
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Supplementary Table 1: T-tests between sound conditions (left: Theta x Pure; right: 
Theta x Beta) during the study phase for the three MC groups. The first row in each 
table reiterates the time points when theta activity significantly differed between 
sound condition indicated with grey bars in supplementary figure 1 (P < 0.05). The 
second row is the result of averaging over time to examine which frequencies besides 
the theta band differed between sound conditions (P < 0.05). The theta condition in 
the No MC group exhibited significantly more alpha and high beta (23 – 30 Hz) 
activity compared to the pure and beta conditions respectively (P < 0.05). The theta 
condition of the Mild MC group also exhibited differences in beta power (16 – 30 Hz) 
compared to the pure and beta conditions. The theta condition of the Moderate MC 
group displayed higher theta activity (7 Hz) compared to the pure condition, and also 
showed a differences in beta activity in the beta condition like the other MC groups. 

No MC Study T-tests Theta x Pure Condition Theta x Beta Condition 

Times with Significant 
Differences in Theta Power (s) 

1.78 – 1.96 -0.3 to -0.19; 1.72 – 1.91 

Significant Frequencies 
Averaged over time (Hz) 

7.0 – 10.0 23.0 – 30. 0  

Mild MC Study T-tests Theta x Pure Condition Theta x Beta Condition 

Times with Significant 
Differences in Theta Power (s) 

None 0.74 – 0.76; 1.81 – 1.85 

Significant Frequencies 
Averaged over time (Hz) 

16.0 – 24.0  22.0 – 30.0 

Moderate MC Study T-tests Theta x Pure Condition Theta x Beta Condition 

Times with Significant 
Differences in Theta Power (s) 

-0.5 to -0.44; 0.42 – 0.44; 
0.58 - 0.63; 0.79 – 1.0 

0.64 – 0.83; 1.39 – 1.5  

Significant Frequencies 
Averaged over time (Hz) 

7  15.0 – 30.0  
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 Supplementary Figure 2: Time frequency spectral power differences between sound conditions—left 
column (Theta – Pure), right column (Theta – Beta)—for each MC group during the learning phase. 
Times associated with significant differences in theta (3- 7 Hz) power are marked with grey boxes 
below the x-axis (P <0.05). Top) No MC difference plots, color bar represents z-scores of power 
values (yellow indicates higher power in the theta sound condition, dark blue indicates higher power 
in the pure sound condition (left) or beta sound condition (right)). Middle) Mild MC sound condition 
difference plots. Bottom) Moderate MC sound condition difference plots. This plot has the largest 
increase in theta power in the theta condition compared to the pure condition.  
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Mild MC Learn T-tests Theta x Pure Condition Theta x Beta Condition 

Times with Significant 
Differences in Theta Power (s) 

-0.35 to -0.22; -0.6 - -
0.26; 1.07 – 1.32; 1.5 – 
1.57 

-0.34 – 0.14; 0.58 – 0.82; 
1.0 – 1.17; 1.31 – 1.43; 1.9 
– 2.0 

Significant Frequencies 
Averaged over time (Hz) 

4.0 - 10.0 5.0 – 8.0  

No MC Learn T-tests Theta x Pure Condition Theta x Beta Condition 

Times with Significant 
Differences in Theta Power (s) 

-0.5 to -0.42; 0.12 – 
0.15; 0.57 – 0.77  

-0.5 to -0.42; -0.19 to -0.11; 
0.78 – 0.96; 1.33 – 1.41 

Significant Frequencies 
Averaged over time (Hz) 

None None  

Moderate MC Learn T-tests Theta x Pure Condition Theta x Beta Condition 

Times with Significant 
Differences in Theta Power (s) 

None -0.19 to – 0.03; 0.49 – 
0.54; 0.90 – 0.97; 1.75 – 
1.87 

Significant Frequencies 
Averaged over time (Hz) 

None 6.0 – 7.0; 14.0 – 17.0 

Supplementary Table 2: T-tests between sound conditions (left: Theta x Pure; right: 
Theta x Beta) during the learning phase for the three MC groups. The first row in 
each table reiterates the time points when theta activity significantly differed between 
sound condition indicated with grey bars in supplementary figure 2 (P < 0.05). The 
second row is the result of averaging over time to examine which frequencies besides 
the theta band differed between sound conditions (P < 0.05). The theta condition in 
the No MC group did not significantly differ at any frequencies from the other 
conditions. The theta condition of the Mild MC group exhibited differences restricted 
to the theta band compared to the pure and beta conditions (P < 0.05). The theta 
condition of the Moderate MC group only differed from the beta condition with 
higher power in the theta band (6 – 7 Hz) and low beta band (14 – 17 Hz).  
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