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ABSTRACT 

Mild cognitive impairment (MCI) is considered as the early stage of Alzheimer’s disease, 

characterized as mild memory loss. Using electroencephalogram (EEG) data, a novel method of 

functional connectivity (FC) analysis can be used to detect MCI before memory is significantly 

impaired allowing for preventative measures to be taken. FC examines interactions between EEG 

channels to grant insight on underlying neural networks and can also allow for an examination of 

the effects of MCI on these neural networks. The FC method of weighted phase lag index (wPLI) 

provided insight on the link between the pathology of Alzheimer’s disease and cognitive loss. 

wPLI was analyzed per frequency band (theta, alpha, mu, beta) and by channel combination groups 

(intra-hemispheric short, intra-hemispheric long, inter-hemispheric short, inter-hemispheric long, 

transverse). MCI was found to have a statistically significant lower ΔwPLIP300 compared to normal 

controls in the mu intra-hemispheric short (p = 0.0286), mu intra-hemispheric long (p = 0.0477), 

mu inter-hemispheric short (p = 0.0018) and the alpha intra-hemispheric short (p = 0.0423). Results 

indicate a possible deficiency in the dorsal visual processing pathway among MCI subjects as well 

as an unbalanced coordination between the two hemispheres.  
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Chapter 1. Introduction 

Dementia is a common condition that many elderly people experience, involving a loss of memory 

with Alzheimer’s disease (AD) being the most common type of dementia. In the United States 

alone, more than 6 million people are living with Alzheimer’s disease and the number is projected 

to rise to 13 million by 2050 [1]. Not only does dementia affect the lifestyle of the patient, but it 

also affects the patient’s family in terms of providing care which is often extremely emotional. If 

dementia is detected at an early stage, various interventions can be made to slow down the 

progression of the disease. However, current testing methods, Montreal Cognitive Assessment 

(MoCa) and Mini Mental State Examination (MMSE), are not accurate where numerous false 

positives and false negatives are reported [2, 3]. There are numerous methods that some researchers 

have found success in detecting early onset of mild cognitive impairment (MCI), considered as the 

early stage of Alzheimer’s disease, using time domain electroencephalogram (EEG) data. 

However, time-domain analysis is performed by analyzing EEG data at each individual electrode.  

 

A new method has recently been introduced to the EEG community, called functional connectivity 

(FC). FC examines the interactions between EEG channels and therefore, the interactions of the 

underlying brain regions. FC provides holistic network-level information about how the different 

brain regions interact. By performing FC analysis on EEG data collected from MCI and AD 

patients, some researchers have been able to find FC differences that distinguish MCI/AD patients 

from healthy controls. However, all studies have been performed using resting state EEG data. 

This thesis proposes utilizing visually evoked event related potentials (ERP) data. ERPs are 

directly linked to cognitive processes such as memory and attention. Therefore, ERP data provides 

a better understanding of cognition compared to resting state EEG data. In theory, ERPs should 
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provide a better representation of the cognitive differences as well as provide better distinction 

between MCI and healthy subjects if analyzed via functional connectivity. FC analysis could act 

as a possible diagnostic method of MCI while also granting insight on connectivity strengths and 

patterns due to onset of dementia.  FC analysis can also be implemented as a new standard of care 

for dementia patients, allowing for monitoring of dementia progression. 



 

Chapter 2. Background  

Dementia affects many people worldwide and is an umbrella term for symptoms related to 

cognitive declines such as memory loss and disorientation. Alzheimer’s disease (AD) is the most 

common type of dementia, making up roughly 70% of dementia cases [4]. In the United States 

alone, more than 6 million people suffer from Alzheimer’s disease and this count does not include 

other cases of dementia such as vascular dementia [1]. AD is characterized by the deterioration of 

cognitive abilities over time [4]. These patients are heavily impacted by memory loss leading to 

confusion, difficulties with visual images, misplacement of objects, and changes in personality [5]. 

Due to its irreversible and progressive nature, AD heavily impacts families. However, the disease 

can be caught early. There is a stage between healthy aging and AD referred to as mild cognitive 

impairment (MCI) [4]. MCI is marked by subtle cognition declines that do not directly interrupt 

daily life activities. A diagnosis of MCI does not necessarily mean that AD will develop, however, 

those with MCI have a higher turnover rate than the general healthy population. The conversion 

rates from MCI to AD can range from 4% to 31% [5]. Fig. 1 depicts the differences between 

dementia symptoms and typical age-related cognitive changes [6].  

 

Figure 1: Differences between AD/Dementia symptoms and symptoms from normal aging [6]. 
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Physiologically, AD is characterized by glucose hypometabolism. Glucose hypometabolism 

occurs due to a reduced activity of glucose transporters and reduced activity in enzymes that 

catalyze the breakdown of glucose [4]. Therefore, this leads to oxidative stress which further leads 

to a compromised blood brain barrier (BBB) and increased formation of amyloid-beta (Aβ) plaques 

and neurofibrillary tangles (NFT). Glucose hypometabolism is the start of AD pathology. 

However, glucose hypometabolism has not been well observed among MCI patients [4]. MCI 

patients have been found to show different patterns of hypometabolism localization, differing with 

each MCI patient [4].  

 

Aβ deposit extracellularly while NFTs deposit intracellularly [7]. Aβs are formed after the amyloid 

precursor protein (APP) is cleaved by β and γ secretase [7, 8]. Formation of Aβs is normal, playing 

a role in attenuating oxidative stress [7]. In normal conditions, production and degradation rates of 

Aβ protein are in equilibrium [7]. However, in AD patients, there are deficiencies in enzymes 

causing a higher concentration of Aβ proteins [7]. There are deficiencies in degradation enzymes 

as well as mutations in γ secretase regulatory proteins [7, 8]. NFTs originate from microtubule 

originating tau proteins being hyperphosphorylated [9]. These hyperphosphorylated tau proteins 

aggregate intracellularly to form NFTs [9]. Protein aggregations also affect axonal transport and 

synapse disruption [9]. The combination of the compromised BBB and formation of Aβ plaques 

and NFTs further leads to neuron excitotoxicity and neuronal cell death [4].  

 

Even though dementia is progressive, there are methods to slow down progression. Therefore, it 

is important to detect MCI prior to the onset of dementia. The earlier the disease is detected, the 
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higher the possibility is to preserve remaining cognitive by applying preventative measures. In 

particular, fasting and exercise have been found to enhance synaptic plasticity, neurogenesis, and 

cognitive performance [10] [11]. Exercise has shown to improve executive function, attention 

processing, memory, and learning [10]. Therefore, aerobic exercise lessens symptoms associated 

with AD [10]. These preventative methods can be set in place to slow down the progression of 

dementia.  

 

2.1 Current diagnostic tests 

There are two common tests for dementia: the Montreal Cognitive Assessment (MoCA) and the 

Mini-Mental State Examination (MMSE). These tests are the current standards in clinical settings 

to diagnose and assess MCI and AD. In multiple studies, MoCA has been found to be a more 

sensitive test for MCI and AD compared to the MMSE [2, 3]. The MoCA is divided into 7 sections: 

visuospatial/executive, naming, memory, attention, language, abstraction and orientation [2]. 

MoCA operates on a point system with 30 pts as the highest score, marked as healthy. Scores lower 

than 25/26 pts are considered to indicate a possibility of MCI. However, this cutoff is often 

changed in the research setting to promote higher sensitivity [2]. A sample MoCA test is attached 

in Appendix A.  

 

The MoCA and MMSE tests have been examined for validity. In Parkinson disease patients, 

MoCA successfully diagnosed cognitive decline in 64% of people while MMSE correctly 

diagnosed 54% [2]. In this study, specificity for MoCA and MMSE were found to be 53% and 

38% respectively [2]. In a separate study, MoCA correctly detected 100% of the MCI participants, 

however, 70.8% of healthy controls were labeled as MCI (specificity of 29.2%) [3]. When 
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checking for MoCA and MMSE validity, these tests do not perform well. This is due to the 

subjective nature of these tests, scoring of these tests are at the discretion of the clinician which 

varies. Aside from its subjective nature, these tests also have additional downsides. For example, 

in the MoCA test, the clinician would verbally read a list of words and the participant would repeat 

as many words as possible. This leaves room for vocabulary and language barriers causing a low 

MoCA score and a false positive. With these issues surrounding the MoCA and MMSE tests, many 

researchers are studying the use of other methods to detect MCI and AD using more quantifiable 

methods. The idea is not to eliminate these standard tests but to implement a better system at 

detecting MCI and AD by diminishing false positives and false negatives. An analogy to this 

scenario is asking a patient if they feel sick (MoCA) and taking a blood test (developing methods).  

 

2.2 Technological methods  

There are multiple methods to study brain functions, some invasive while others are not. 

Electrocorticography (ECoG) is an intracranial electrode where the electrodes are placed directly 

on the cerebral cortex to record the brain’s electrical activity. Since these electrodes are 

intracranial, a surgeon must perform a craniotomy to expose the cerebral cortex. ECoG is a highly 

invasive measure to record brain activity, however, it has high signal to noise ratio and less 

susceptible to noise artifacts compared to non-invasive methods. Functional magnetic resonance 

imaging (fMRI) is a non-invasive method to evaluate brain function. fMRI does not pick up 

electrical activity but rather detects blood flow changes. Therefore, fMRI has high spatial 

resolution but low temporal resolution as data is not collected continuously throughout a session. 

Another common non-invasive method is called electroencephalogram (EEG). EEG electrodes are 

worn as a cap, placed on the scalp. These electrodes pick up electrical activity on the scalp, and 
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are thought to be representative of the brain’s electrical activity. In contrast to ECoG, EEG has a 

low signal to noise ratio. Between the electrode and the brain, there are multiple layers the 

electrical signal has to pass through such as the skull. Therefore, this causes the recorded electrical 

signals to be extremely weak. EEG electrodes will also pick up other physiological signals as well 

as eye movements signals (EOG) and electromyography (EMG) signals. EEG signals are collected 

continuously over time granting high temporal resolution and is often the desired method of data 

collection for many researchers due to versatility and high temporal resolution. When studying 

cognition, temporal resolution is desired to determine if certain health conditions such as AD/MCI 

affect reaction speed.  

 

2.3 EEG source 

The source of EEG signals arises from post-synaptic potentials from pyramidal neurons along the 

cortical columns [12]. When these post-synaptic pyramidal neurons are excited, the dendrites 

become more negative than the body of the neuron [12]. The imbalanced distribution of the 

extracellular voltage creates dipoles [12]. When the EEG channels pick up signals, it is picking up 

a sum of the positive and negative charges in its vicinity [12]. Since it is picking up the sum of 

charges, the underlying neurons need to have a synchronized activity to yield a net charge and not 

cancel the charges [12]. If the charges cancel out, the EEG channel will not pick up any signal. 

The sum of all the neuronal charges in that respective EEG channel area is treated as a single dipole 

in post-processing analysis [12]. EEG signals picked up in relation to the pyramidal neuron’s 

charge distribution is depicted in Fig. 2 [12]. In areas of negative extracellular voltage, the EEG 

channel will pick up a negative potential and vice versa. As stated before, these electrical signals 

have to travel through multiple layers of tissue to finally be picked up by an EEG electrode. The 
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neuronal signals have to travel from the brain through dura layers, skull layers, and the scalp where 

it will finally be picked up by the electrode [12].  

 

 

There is a standard for EEG electrode placement known as the 10-20 international system, 

illustrated in Fig. 3. This system indicates where electrodes should be placed and its corresponding 

name. The electrodes are named based on the location and the specific brain lobe that it covers. 

Electrodes are named as lobe location followed by a number, i.e. F3. The four lobes are abbreviated 

as follows: occipital (O#), parietal (P#), temporal (T#), and frontal (F#). Along the middle 

horizontal line, electrodes are named as C#. Electrodes lying in the “middle” of the lobes are named 

accordingly, i.e. CP# for central parietal. Electrodes on the midline (center vertical line) are labeled 

using the lobe abbreviation followed by “z”. The right hemispheric electrodes are numbered by 

even numbers while the left hemispheric electrodes are numbered by odd numbers.  

Figure 2: Recorded EEG based on neuronal dipoles, an example [12]. 
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Figure 3: 10-20 international system for EEG electrode placement [13]. 

 

2.4 Event Related Potentials and Time Domain Analysis 

To study cognition, researchers often opt for stimulus presentation either visual or auditory. Data 

collection involves presenting multiple sets of stimuli. However, there are specific target stimuli 

that are presented in random and are recognized by the participants. Known as the odd ball 

paradigm, these target stimuli will elicit stronger brain activity as they are presented randomly and 

are familiar to the participants. For example, visual stimuli can involve generic faces with target 

stimuli being a famous actor. This famous actor stimuli will be presented at random and due to 

familiarity, will result in stronger brain activity. To present these visual stimuli to participants, a 

software known as BCI2000 is often used. BCI2000 allows for real time data acquisition, and 

processing. In particular, BCI2000 is used to determine the presentation algorithm, i.e. how long 

to present the images, how often images are presented, and time in between image presentations. 

BCI2000 will present each image in a random order to adhere to the odd ball paradigm.  
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On an EEG standpoint, the stimulus presentation triggers the brain resulting in an elicited event 

related potential (ERP). An ERP is time-locked to the specific stimulus and is thought to reflect 

the participant’s cognitive ability. Different components of an ERP have been found to be 

associated with different cognitive functions. The most studied ERP component is the P300, a 

positive deflection occurring at around 300ms after stimulus presentation. The P300 component is 

correlated to attention and cognitive decline where these factors affect the P300 characteristics 

[14]. Furthermore, the P300 can be divided into the P3a and the P3b. The P3a is associated with 

attention and stimulus processing while the P3b is associated with decision making [14]. This 

particular ERP component, P300, has been studied with both visual and auditory stimuli [14] [15]. 

 

Time-domain analysis directly utilizes these ERP components, where the ERP components can be 

broken down to determine its amplitude and latency, both determined at the ERP component’s 

highest point of deflection. Amplitude reflects how actively the brain responds while latency 

reflects how quickly the brain reacts to a stimulus. Both MCI and AD have been found to affect 

P300 latency compared to healthy controls with statistically significant prolonged latency [14] [16] 

[17]. Additionally, it has been found that the P300 latency increases as the disease progresses from 

MCI to AD [14] [16] [17]. Aside from latency, some studies have reported diminished P300 

amplitudes while some have not. In a study by van Deursen et al, AD subjects had statistically 

significant lower P300 amplitudes compared to healthy controls at electrodes Cz and Pz [16]. 

Newsome et al found significantly reduced P300 data between at-risk subjects and healthy controls 

in the Fz and Cz channels [15]. 
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While time-domain analysis is important and informative, there are many more methods to study 

EEG data that are much more interesting and grant further information that time-domain results 

will not portray. One such method that is becoming increasingly more popular is called functional 

connectivity. Time-domain analysis, studying ERPs over time, provides localized information at 

each collecting EEG electrode. When analyzing time-domain EEG data, the analysis takes place 

electrode by electrode, i.e. P300 amplitude at electrode Cz is diminished. On the other hand, 

functional connectivity (FC) evaluates if and how neuronal activity in one region of the brain 

relates to neuronal activity in another region [18]. Therefore, by studying the interactions between 

EEG channels, FC grants holistic information that could not be captured by traditional time-

domain analysis. Relatively new to the EEG community, FC has been successfully and commonly 

used in the fMRI community [18]. The benefit of this method to EEG studies is being able to 

evaluate FC in millisecond increments that cannot be captured in high resolution using fMRI data.  

 

2.5 Functional Connectivity 

With EEG data, functional connectivity studies the degree of synchronization between the EEG 

electrodes to evaluate the brain’s network level activities. Functional connectivity is analyzed per 

frequency band, and therefore, analysis is dependent on the frequency domain. Therefore, it 

requires the use of some transformation that allows for extracting of frequency information from 

EEG signals.  

 

FC evaluates simultaneously recorded EEG signals to examine the degree of synchronous 

activities of different brain regions, which are statistically significant [19]. The overall hypothesis 

is that neuronal oscillations and their respective synchronization reflect underlying dynamic 
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coordination within the brain [20]. The brain is thought to dynamically coordinate information 

flow by adjusting strength, pattern, or the frequency causing brain regions to engage in neuronal 

oscillatory synchronization [20]. Specifically, when studying functional connectivity, calculations 

are performed to look at bivariate networks, i.e. examine two channel’s coupling at one time. The 

brain operates on multivariate networks where multiple areas of the brain are involved in the brain 

network, however, this is difficult to computationally calculate [19]. Therefore, when analyzing 

bivariate networks, there could be multivariate reasoning behind the findings. Functional 

connectivity is also calculated as acausal networks, meaning the EEG channel signals indicate that 

the areas are coupled together to fulfill one function [19]. However, in reality, connectivity is 

causal meaning one area is stimulating another area to fulfill the function [19]. There are some FC 

methods that study causal networks; however, it heavily relies on the accuracy of the multivariate 

autoregressive models used in the calculations [19]. These models are difficult to validate as there 

is no method to test if these models are accurate representations of the neuronal dynamics observed 

in the brain. The only way these models are considered “accurate” is from conceptual 

understandings and assumptions regarding these brain dynamics. There are already numerous 

assumptions underlying each FC method and methods that study causal networks add yet another 

assumption by incorporating the autoregressive models.  

 

With functional connectivity, there are also volume conducting effects. EEG electrodes are placed 

all along the scalp. Therefore, when one area of the brain becomes active, this electrical activity is 

hypothetically being picked up on all the electrodes. Electrodes further from the active area pick 

up weaker signals while closer electrodes pick up stronger signals. These volume conducting 

effects aid in determining the 3D location of brain activity. However, for functional connectivity, 
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volume conduction effects can cause data bias [18]. Two EEG channels can be computationally 

calculated as functionally connected (coupled), however, they could have just picked up the same 

signal. In these cases, these channels are artificially connected, i.e. connected due to volume 

conduction but in reality, are not functionally connected [18]. Early FC methods such as coherence 

have been criticized as it does not factor in volume conduction effects. More FC methods have 

been developed subsequently to eliminate or minimize the effect of volume conduction. There are 

numerous methods that have been proposed, Wang et. al evaluated 42 different methods with each 

having their own advantages and disadvantages [20] [21].  

 

2.5.1 Cross-correlation  

In 1951, early forms of FC were studied using cross-correlation to study EEG signal similarities 

[22][23]. The correlation method measures linear connectivity based on the Pearson’s coefficient 

by analyzing signal similarity linearly [20]. Cross-correlation is calculated by sliding one signal 

over the other signal and multiplying the two signals at each point as depicted in Fig. 4. A major 

downside of the correlation method is that it ignores the temporal structure of the signals and treats 

each data point as random variables [20]. Therefore, cross-correlation has to be evaluated as a 

function of time lag to factor in the temporal nature of EEG data [20]. Cross-correlation is sensitive 

to both phase and polarity information and its values ranges from -1 to 1 [22]. This method has 

been effective to study neuronal networks that exhibit unidirectional interactions with maximum 

correlation at a specific time lag [20]. However, studying bivariate interactions becomes tricky and 

difficult to analyze [20]. 
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Figure 4: Illustration of cross-correlation calculation given two example signals, f and g [24]. 

 

2.5.2 Coherence 

Coherence is another one of the first FC methods adopted in the EEG community dating as early 

as the 1960’s [25]. Coherence is based on statistical theory of stochastic processes [20]. It is 

defined as the spectral correlation between two EEG time series which mathematically is the 

frequency domain equivalent to time-domain cross-correlation function therefore, it also measures 

linear connectivity [26] [20]. The idea of coherence is to evaluate if two signals can be related 

using a linear time invariant transformation meaning a constant amplitude and phase difference 

over time [27]. Coherence values range from 0 to 1 due to the normalization from the individual 

power spectra [20]. A coherence coefficient of 1 at a given frequency indicates that the power in 

one signal can be predicted by the power in the other signal at that given frequency [26].  

 

Overall, coherence is sensitive to both power and phase with a loss of polarity information while 

assuming that underlying neural dynamics are linear [22][27]. Coherence and correlation both 

determine if the two signals can be statistically represented by a linear function (i.e., the Pearson’s 
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coefficient). A major limitation to coherence is its prime contamination to volume conduction 

effects, this method has no system in place to eliminate or diminish volume conduction [27]. With 

simulated uncorrelated dipole sources, coherence measured substantial effects due to volume 

conduction between two EEG channels if the electrodes were separated by less than 10cm [27]. 

As the distance between the two EEG channels decreases, volume conduction effects become 

larger [27]. Electrodes separated by more than 20cm still exhibited small volume conduction 

effects [27]. Coherence’s sensitivity to volume conduction has been observed by numerous 

researchers [28, 29, 30].  

 

2.5.3 Phase locking value 

Lachaux et. al first introduced the functional connectivity method of phase locking value (PLV) in 

1999 [31]. PLV is one of the first methods developed that evaluates signal coupling as a non-linear 

method. Non-linear functional connectivity methods were developed due to findings of neural 

processes that contain non-linear characteristics such as the regulation of the voltage-gated ions 

[19]. Coherence and correlation both measure if two EEG channels are linearly correlated, non-

linear methods do not place the assumption that neural dynamics can only be represented linearly. 

PLV is based on the idea that functionally connected brain regions will produce signals that will 

have instantaneous phases evolving together (i.e. phase locked) [32]. A major assumption to phase 

synchronization FC methods is that dynamic neuronal systems will have their phases synchronized 

when their amplitudes are not correlated [19]. Therefore, this method ignores signal amplitudes 

and is focused directly onto phase differences. To calculate PLV, the first step is to obtain the 

instantaneous phase of each signal using Hilbert Transform or a wavelet transform such as Morlet 

[32]. The benefit of using the Morlet wavelet transform is it allows for narrow-band pass filtering 
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convolution so that only one oscillator is present in each signal [32]. PLV evaluates the mean phase 

differences between two signals over trials, n, at a defined time point, t [31]. These instantaneous 

phases of two channels, 𝜃 (𝑡, 𝑛) & 𝜃 (𝑡, 𝑛), are used to calculate PLV using Equation 2 [31]. PLV 

ranges from 0 (no phase dependence) to 1 (phase dependence) [31, 32, 33]. Even with the new 

development of the PLV method, this method is also not immune to volume conduction effects 

[33].  

 
𝑃𝐿𝑉 =

1

𝑁
𝑒 ( ( , ) ( , ))  (2) 

 

 

2.5.4 Phase Lag Index 

The use of phase lag index (PLI) is another method to study functional connectivity proposed by 

Stam et al. in 2007 [28]. One primary difference is that PLI introduced the concept to discard phase 

differences that are centered around 0 mod π to completely eliminate volume conduction effects 

[28]. When defining an asymmetry index for phase differences distribution while centered around 

zero, if there is not a presence of phase coupling, there will be a flat distribution [28]. Indication 

of phase synchronization occurs when there is any deviation from a flat distribution [28]. Between 

two signals, the phase difference is measured at each time point through the imaginary component 

of the cross-spectrum. When these phase differences are portrayed on the complex plane as 

depicted in Fig. 5, phase differences lying on 0 mod π (purple and orange lines) are discarded (i.e. 

the flat distribution stated by Stam et al). The reason behind discarding these phase differences is 

due to volume conduction. If volume conduction is playing an effect on the measured EEG signals, 

the signals would have a phase difference of 0 or they would have a phase difference of π. A phase 
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difference centered around 0 would be observed since the signal is emitted by one singular source 

and measured by multiple channels. A phase difference centered around π would be observed also 

by signal emission by one source, however, the signal is being picked up by channels in opposite 

directions. While a phase difference of 0 mod π is being discarded, there is a possibility that these 

phase differences are derived from a true functional connectivity between brain regions [28]. The 

PLI method eliminates possible volume conduction effects while also possibly eliminating a true 

strong connectivity between signals, i.e. EEG channels. When a phase outside of 0 mod π is 

observed (green lines in Fig. 5), the idea is that this could not be due to volume conduction and 

must be due to true phase synchronization [28].   

 

Figure 5: Phase differences portrayed on the complex plane indicating discarded phase differences (purple and orange) 

and phase differences that are considered valid (green). 

 

Measured phase differences can then be converted to a PLI value. A generalized phase lag index 

calculation can be seen in Equation 3 where ∆ϕ(tk) is a time series of phase differences [28].  

 

 𝑃𝐿𝐼 =  |〈𝑠𝑖𝑔𝑛[∆𝜙(𝑡 )]〉| (3) 
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A more detailed calculation for PLI can be seen in Equation 4. PLI is calculated among multiple 

trials, n at a designated time, t. When looking at the phase difference, only the complex, imaginary 

component is of interest, ℑ. Therefore, the PLI value at one trial and at one time can only be -1 or 

1. The overall PLI value is calculated by averaging the PLI values among all the trials which the 

absolute value will yield phase lag index values ranging between 0 and 1 [28]. PLI of 0 indicates 

no coupling and a value of 1 indicates perfect phase locking [28]. The stronger the phase locking, 

the larger the phase lag index value will be [28]. Based on this equation, it cannot be determined 

if one signal is leading or lagging another signal, however, by eliminating the absolute value, this 

information can be determined [28].  

 

 PLI = |𝐸 𝑠𝑖𝑔𝑛 ℑ(𝑋) | 

(4)  
=

1

𝑁
𝑠𝑖𝑔𝑛(ℑ[𝑒 (∆ ) ])  

 

Stam et al. utilized the Kuramoto Model with 64 simulated oscillators to test the effectiveness of 

the PLI method in comparison to imaginary coherence [28]. The model was adjusted to various 

strengths of coupling where PLI was more sensitive to coupling strength when compared to the 

imaginary coherence [28]. With these models, Stam et. al simulated volume conduction by 

applying common sources [28]. Both methods show a decrease in FC values as common sources 

increase [28].  Fig. 6 illustrates the responses by the PLI and imaginary coherence methods due to 

changes in coupling strength and by common sources [28].  
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Figure 6: PLI and ICoh values based on simulated oscillators as a function of coupling strength and common sources 

(volume conduction) [28]. 

 

2.5.5 Weighted Phase Lag Index 

In recent articles, it has been found that phase lag index’s sensitivity to volume conduction is 

hindered by the discontinuity within the measurement [34]. This causes a problem for phase 

synchronization of small magnitudes where the small perturbations turn phase leads into lags [34]. 

Therefore, a new method to analyze phase synchronization was proposed in 2011 called the 

weighted phase-lag index [34]. The weighted phase-lag index is obtained by calculating the cross-

spectra’s imaginary components, ℑ{𝑋}, and weights the contribution of the phase leads and lags 

by the imaginary component’s magnitude [34]. The equation for wPLI can be seen in Equation 5.  

 

 
𝑤𝑃𝐿𝐼 =  

|𝐸{|ℑ{𝑋}|𝑠𝑖𝑔𝑛(ℑ{𝑋})}|

𝐸{|ℑ{𝑋}|}
 (5) 

 

With wPLI, the normalization limits, not eliminates, the influence of small noise perturbations 

causing the cross-spectrum to rotate across the real axis, changing phase leads into lags [34, 35]. 
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The noise can cause the cross-spectrum to calculate a phase lag when it is actually a phase lead. 

PLI calculations exacerbate the effects of the noise due to only capturing the sign of the phase, i.e. 

+1 or -1 [34]. However, wPLI normalizes the sign by the magnitude of the imaginary component 

and minimizes the effect of the noise [34]. Therefore, a larger magnitude of the imaginary 

component (larger phase difference) causes the wPLI value to become smaller and a smaller 

imaginary component (smaller phase difference) causes the wPLI value to become larger. The 

numerator for the wPLI calculation allows for distinguishing between a phase lead and a phase 

lag. Fig. 7 provides a visual as to how the weighting of the wPLI distribution is different compared 

to PLI [34].  

 

Figure 7: Differences between PLI and wPLI distribution due to wPLI's application of a weighting [34]. 

 

Since both methods, i.e. phase lag index and weighted phase lag index, are relatively new, both 

methods are still actively used in this field. There does not seem to be an agreement in this field 

regarding which method is better to analyze phase synchronization. However, wPLI seems to be 

more sensitive to phase differences due to their application of weighting. In literature, more 

researchers tend to use wPLI as opposed to PLI.  
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2.5.6 Functional connectivity summary 

Even though all three phase synchronization methods utilize the phase difference in calculations, 

there are distinct differences in the way the phase differences are calculated. Given the cross-

spectrum output at a specific frequency to be 1+2i, these methods will calculate phase differences 

according to their own respective method. PLV will calculate the phase given both real and 

imaginary component through 𝜃 =  tan (2/1). Due to this calculation, the PLV method is blind 

to changes in overall magnitude, a cross-spectrum output of 2+4i will give the same phase angle 

and 0.5+1i will also give the same phase angle. PLI will only grab the sign of the imaginary 

component, since the imaginary component is 2i then the sign would be +1. Therefore, this 

calculation isn’t truly grabbing amplitude or phase differences. wPLI also only utilizes the 

imaginary component but will grab both the sign and magnitude of the imaginary component. By 

grabbing the imaginary component’s magnitude, wPLI overcomes the PLV’s downside of ignoring 

overall magnitude changes. Fig. 8 summarizes the differences between the phase synchronization 

methods discussed.  

 

Figure 8: Differences between the 3 phase synchronization methods based on calculations and how the methods 

determine phase differences between two vectors. 
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In general, it is difficult to validate any of these methods, as there is no way to actually determine 

if these methods accurately describe the functional connectivity of the brain. Researchers have 

simulated coupled oscillators to test different FC methods for accuracy, however, these simulated 

oscillators are not a direct representation of the brain. FC methods are used to try to understand 

how the brain communicates, there is not a current validated method/model that FC can be 

compared to for accuracy and effectiveness. Therefore, these FC methods are checked for 

“accuracy” by conceptual understanding. For example, cross-correlation and coherence are not 

considered accurate by the EEG community because the brain’s neuronal dynamics are most likely 

not linear. To the EEG community, it makes more sense that brain regions are functionally 

connected by phase rather than by amplitude.  

 

2.6 EEG Frequency bands 

Functional connectivity is often calculated and determined based on the EEG frequency bands. 

There are seven frequency bands: delta (1-4Hz), theta (4-8Hz), alpha1 (8-10Hz), alpha2 (10-

13Hz), mu (8-12 Hz), beta1 (13-18Hz), and beta2 (18-30Hz) [35, 36]. Some researchers will 

combine the alpha sub-bands and beta sub-bands, i.e. without separating alpha band into two 

separate bands.  

 

The delta band is most commonly associated with the P300 ERP, where the P300 amplitude 

positively correlates with delta band power [37]. Given that the P300 correlates with working 

memory, attention, and motivation (satisfy basic needs), the delta band is assumed to correlate 

with these three psychological processes [37]. The theta oscillations are thought to be involved 

with multiple behavioral, cognitive and emotional processes such as involvement in the encoding 
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of information [37]. Theta also has high involvement with the P300 and can also be assumed to be 

involved in salience detection, a key attentional mechanism [37]. Alpha oscillations are strongly 

thought to correlate with memory operations as well as inhibitory processes (i.e. occipital-parietal 

area becomes inhibited to suppress input from other areas) [37]. Mu rhythm is a special subset of 

alpha, and is thought to be representative of sensorimotor, where mu will suppress with movement 

execution [35]. Classification of mu as a frequency range differs among research studies, however, 

the frequency range always overlaps with the alpha band. The beta band has been found to be 

associated with attentional modulation [38]. When the elderly are compared to young adults, they 

tend to show a decrease in beta-band activity compared to young adults reflecting difficulty in 

activation of attentional processes [38].  

 

With these frequency bands, the community does not have a consensus with which psychological 

processes the specific bands correlate to and the community does not know exactly how the bands 

correlate to the psychological processes. For example, the community does not know exactly how 

the beta band correlates with attention modulation. A summary of the frequency bands and its 

correlated psychological processes can be seen in Table 1. However, since the subject population 

of interest is MCI, the frequency bands of interest are theta, alpha, mu (upper alpha), and beta. 

These frequency bands are most commonly known to be associated with attention and memory, 

processes that pertain to dementia.  
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Table 1: Summary of each frequency band and their corresponding psychological process based on literature 

assumptions and studies. 

Frequency Band Psychological Processes 

Delta 
Behavioral, cognitive, and emotional 

Encoding of information 

Theta Attention 

Alpha Memory processes 

Mu Sensorimotor 

Beta Attentional modulation 

 

2.7 FC and Alzheimer’s Disease 

Functional connectivity has been evaluated among the Alzheimer’s and MCI population, however, 

there are not that many articles as of now that have been published using the newer FC methods 

of PLI and wPLI. In numerous studies, and in all studies mentioned in this proposal, EEG was 

recorded at resting state. Therefore, subjects were seated with eyes closed, in wakefulness state 

while remaining stationary.  

 

Through coherence studies, significant differences between AD and healthy controls have been 

found among multiple frequency bands. In one article, researchers found significant decreases in 

FC observed from AD subjects in all frequency bands from theta to upper beta when utilizing the 

coherence method [26]. The majority of the functional connectivity differences between the 

subject groups were found in the frontal and central regions [26]. Another study detected 

differences using the imaginary coherence method where the average IC value for AD patients 

was significantly lower overall compared to healthy controls (p = 0.002) in the 13-30 Hz (beta) 

frequency band [28]. IC values were also divided into 4 different groups and further averaged: (1) 
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intra-hemispheric short; (2) intra-hemispheric long; (3) inter-hemispheric short; (4) inter-

hemispheric long [28]. AD patients also showcased a lower IC in the short intra-hemispheric 

distances (p=0.005) and in the long inter-hemispheric distances (p=0.013) [28].  

 

When Stam et. al compared AD and controls using IC, these researchers also evaluated FC 

differences by measuring PLI values in the beta band. Using the overall averaged PLI values, AD 

had significantly lower PLI values compared to controls (p=0.009) in the beta band [28]. AD also 

had lower PLI values in the short intra-hemispheric distances (p=0.032) and in the long intra-

hemispheric distances (p=0.016) [28]. Fig. 9 shows the results from Stam et al. from the IC and 

PLI methods [28].  

 

Figure 9: Comparing AD and healthy controls using both the ICoh and PLI methods [28]. 

 

Briels et al also compared multiple FC methods (coherence, imaginary coherence, PLV, PLI, and 

wPLI) as well as tested these methods for reproducibility. The subject pool included AD subjects 

and those with subjective cognitive decline (SCD) [39]. Coherence detected a lower functional 

connectivity from the AD subjects in alpha and beta bands [39]. PLV only detected functional 

connectivity differences in the alpha band with AD subjects presenting lower connectivity 
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compared to SCD subjects [39]. Imaginary coherence, PLI and wPLI showed a higher functional 

connectivity in the theta band among the AD subjects [39]. Briels et al summarized their findings 

using the Cohen’s d statistical method of determining effects size where a d=1 indicates that the 

AD subjects differ from SCD subjects in FC values by 1 standard deviation [39]. Fig. 10 illustrates 

the calculated Cohen’s d for coherence, imaginary coherence, PLV, PLI and wPLI as well as two 

other FC methods that were not discussed in this proposal (amplitude envelope correlation (AEC) 

and corrected amplitude envelope correlation (AEC-c)) [39]. To evaluate reproducibility, AD and 

subjective cognitive decline (SCD) subjects were randomly divided into 2 cohorts [39]. FC 

methods were analyzed in each cohort separately and results were compared to each other [39]. 

Based on this analysis, PLI and wPLI showed reproducibility in the alpha band [39].  

 

Figure 10: Comparison between multiple FC methods at distinguishing between AD and SCD subjects by using the 

Cohen's d statistical method [39]. 

 

In a separate study, AD was also differentiated from controls using the PLI method [40]. Kasakawa 

et al. visually illustrated PLI values over a specific threshold of 0.1, as seen in Fig. 11. With these 

images, the subject groups differ in FC among the frequency bands. AD subjects tend to have 

higher FC on the lower frequency bands where little connectivity is seen in the higher frequency 
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bands, and vice versa for the healthy controls (HC) [40]. However, these researchers did not report 

the actual strength of these PLI values.   

 

 

Figure 11: Illustration of PLI functional connectivity of AD and healthy controls across the multiple frequency bands 

where threshold was set at 0.1 [40]. 

 

With AD and MCI patients, studies have also been performed that directly look at different EEG 

frequency bands in methods aside from traditional FC. Koenig et al studied numerous subjects 

with different degrees of cognitive impairment (MCI, mild-severe AD, etc.) utilizing global field 

synchronization (GFS, a method developed by these researchers). GFS statistically significantly 

decreased at a statistically significant rate as cognition worsened in the alpha and beta bands as 

illustrated in Fig. 12 [41]. The decrease in GFS is most pronounced in the alpha band but still 

clearly seen in beta [41]. Interestingly, severe AD patients had a significant increase in GFS in the 

delta band, possibly due to the brain anatomy differences in severe AD [41]. Certain therapies with 

acetylcholinesterase inhibitors have shown to cause an increase in delta and theta activity [41]. A 

decline in gamma band GFS is also observed, however, it was not statistically significant [41]. 
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Through a different study involving MEG data rather than EEG data, the findings supported the 

decrease in synchronization [42]. This study used the synchronization likelihood method (also not 

discussed in this proposal) and found synchronization in AD patients to be lower in the upper alpha 

band (10-14Hz, p=0.016), upper beta band (18-22Hz, p=0.037) and the gamma band (22-40Hz, 

p=0.033) [42]. When evaluating differences when using coherence, no statistical differences were 

found between AD and healthy controls [42]. In contrast, van Deursen et. al found an increase in 

EEG gamma activity among AD patients when compared to MCI and healthy controls. However, 

there was no difference between the MCI and healthy controls [43].  

 

Figure 12: Comparison between multiple degrees of dementia ranging from healthy controls to moderate severe AD 

by utilizing the GFS method [41]. 

 

Studies have also examined differences between AD, MCI and healthy subjects purely on the 

power observed in the frequency bands with EEG data. Fig. 13 illustrates differences detected 

among multiple frequency bands between AD, vascular dementia (VaD), and healthy controls 

(Nold) [44]. AD subjects had a significant reduction in alpha 2 (9-11 Hz) and alpha 3 (11-13Hz) 

power when compared to controls and significant reduction in alpha 2 power compared to VaD 
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subjects [44]. In both AD and VaD subjects, the delta band (3-5 Hz) power was significantly 

increased compared to controls [44]. In a separate study by Moretti et. al, progressing MCI subjects 

were found to have a high EEG alpha 3-alpha 2 power ratio which was found to be associated with 

temporo-parietal cortical thinking and memory impairment [45].  

 

 

In general, none of the FC methods contradicted each other aside from coherence. However, some 

FC methods would detect differences in FC while some would not detect connectivity differences. 

Connectivity differences between AD and healthy controls were observed in frequency bands of 

theta to gamma where only a power difference has been observed in the delta band. Table 2 

summarizes the FC findings among AD patients; however, few studies have been performed thus 

far. Conceptually, MCI and AD patients would show decreased FC due to attentional deficits and 

memory deficits. Therefore, an increase in delta and theta band is surprising. Only severe AD 

Figure 13: Frequency band power differences between healthy controls, vascular dementia (VaD), and Alheimer's 
disease (AD) subjects across multiple frequency bands [45]. 
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patients were observed to have increases in delta and theta, this observation was not noticed among 

the MCI population [40, 42].  

 

Table 2: Summary of FC and power differences when AD is compared to healthy controls based on numerous 

research articles. 

Frequency bands 

 

AD/MCI compared to healthy controls 

 

Delta (1-4 Hz) Increased power 

Theta (4-8 Hz) 
Increased FC, decreased coherence, increased 

power 

Alpha (8-13Hz) 
Decreased FC, decreased coherence, 

decreased power 

Beta (13-30 Hz) Decreased FC 

Gamma (30-45 Hz) Decreased FC, Increased activity 

 



 

Chapter 3. Thesis Hypothesis and Significance 

MCI subjects have been found to have FC differences compared to healthy subjects, however, it 

has not been thoroughly studied with few studies being performed thus far. All these studies 

involved using resting EEG data, however, by using ERP data, MCI subjects could show a larger 

FC difference compared to controls. Time domain ERPs have been associated with cognition, so 

frequency domain analysis of ERPs through FC should correlate with cognition better than resting 

state EEG data. These ERPs are generated using familiar face visual stimuli. The hypothesis is 

stated as below:  

 

 The hypothesis is MCI patients will show decreased FC using the wPLI method in all  

 frequency bands (theta, alpha, mu/upper alpha and beta) by using familiar face ERP  

data when compared to healthy controls.  

 

In this study, the P300 will be studied, and it is hypothesized that the wPLI results will indicate 

lower FC in MCI subjects. Conceptually and based on symptoms, MCI patients tend to have a 

more difficult time recognizing faces and therefore, should elicit a worsened P300 either by 

amplitude or latency. It is hypothesized that wPLI results will reflect the decreased ability in facial 

recognition and memory retrieval that is commonly found using time-domain analysis. 

 

In the hypothesis, the wPLI results are expected to be lower in MCI subjects in all frequency bands. 

This somewhat contradicts prior research with these subject groups. With resting state EEG FC 

analysis, prior researchers have found increased FC in the delta and theta bands in patients with 

severe AD. In this study, MCI subjects are being studied instead of AD, therefore, the increase in 
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FC in the lower frequency bands is not expected. Physiological changes in AD are not necessarily 

observed among MCI patients (hypometabolism, protein aggregation) and therefore, can be 

difficult to use previous AD FC research as a predictor for MCI FC.  

 

The purpose of this study is not to pursue a replacement to the MoCA or MMSE tests but to pursue 

a supporting test to detect MCI. MCI has been analyzed primarily by time-domain analysis, which 

only give channel by channel information whereas FC gives holistic information. By analyzing 

FC, holistic information, of MCI subjects, the results can also grant insight on differences in 

connectivity pathways. Physiologically, AD patients showcase hypometabolism and protein 

aggregation leading to worsen signal propagation and neuronal cell death. Therefore, this raises 

the possibility that MCI and AD patients utilize different neural pathways to complete a cognitive 

function. MCI and healthy subjects may have completely different functional connectivity, i.e. 

different brain interactions. Therefore, finding these differences may provide more insight as to 

how MCI patients process visual information differently.  

 

MCI often leads to developing AD, a crippling disease. In some cases of severe AD, the patient 

will forget their identity and forget the identities of their family. The disease not only affects the 

patient but heavily impacts the family as well. There have been therapies found that can slow down 

progression of dementia. If MCI is diagnosed early, development into AD can be slowed causing 

an improvement in quality of life. At the very least, the patient and their family can prepare for the 

onset of AD.  

 

 



 

Chapter 4. Methods 

There are many steps needed to analyze data and prove or disprove the hypothesis. These steps 

range from data collection to data processing to statistical analyses. In this thesis, data processing 

involves numerous steps to consolidate data to form data structures allowing for further analysis.  

 

4.1 Data Collection  

Data collection was composed of two tests: a MoCA test and EEG collection where collection was 

performed in 2018 and 2019 at the Greenville senior center, Ayden senior center, Bethel senior 

center and Farmville senior center with a total of 38 subjects. A trained professional administered 

the MoCA test to each participant before EEG data was collected. To collect EEG data, the 

participants were seated five feet away from a 42” LED television. Data was then recorded from 

an electrode cap containing 16 dry gold-plated g®.SAHARA EEG electrodes. Electrodes were 

placed based on the 10-20 international system at locations: FPz, F7, F3, Fz, F4, F8, C3, Cz, C4, 

P7, P3, Pz, P4, P8, O1, and O2. Recorded data from the EEG cap was amplified with a 

g®.USBamp amplifier and then transferred via USB to a secured laptop running BCI2000. The 

BCI2000 software allows for running the algorithm (i.e., presenting the visual stimuli) and for 

storing EEG data. To minimize environmental noise, data collection took place in a dimmed quiet 

room with white noise in the background. Since data collection was performed at an external 

facility, the testing setting could not be heavily controlled, and the testing setting was not consistent 

as the facilities differed at each location. The study was approved by East Carolina University’s 

Medical Center Institutional Review Board, Appendix B. 

 

The visual presentation composed of six categories which include familiar face, upside-down 

familiar face, unfamiliar face, upside-down unfamiliar face, random objects, and upside-down 
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random objects. Each stimulus type is presented to the research subject 20 times, referred to as 20 

epochs or trials. Familiar faces included the faces of 4 presidents: Trump, Obama, Nixon and 

Lincoln. These faces were shown to each participant before testing to ensure familiarity. 

Unfamiliar faces were generic faces found on Google (4 male and 4 female) while random objects 

involved 4 flowers.  

 

4.2 Pre-processing 

Raw data was preprocessed utilizing MATLAB with a built-in EEGLAB toolbox to remove the 

unwanted artifacts. A bandpass filter was used to remove some of these artifacts with cut-off 

frequencies of 1 Hz and 30 Hz. Newly cleaned data are then epoched into 1500ms increments 

(500ms before stimulus and 1000ms after stimulus) and averaged, referred to as the subject’s 

averaged ERP, for each stimulus category (n=6). Therefore, each participant has 6 pieces of data 

for each stimulus category. However, in this thesis, the focus will be on the familiar face stimuli 

data. The familiar face stimuli category is used to analyze MCI subjects and their ability to retrieve 

memory to recognize the president’s faces. The expectation is that MCI subjects would process 

familiar faces worse than healthy subjects and it should be represented in the results.  

 

4.3 Time-domain analysis 

Time-domain analysis was performed and analyzed briefly. Each subject’s averaged ERP was 

visually inspected for signal quality and for overall cleanliness of the signal. Any subject with 

undesirable waveforms due to signal quality was excluded from the study. The subjects were then 

organized into groups, MCI and normal controls (NC), based on their respective MoCA scores. 
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MCI is categorized as a MoCA score equal to or under 26 and normal controls as a MoCA score 

above 26.  

 

After eliminating subjects with noisy data and organizing the subjects into their respective groups, 

the resulting number of subjects is 18 total with 10 subjects in the NC group and 8 subjects in the 

MCI group. The NC group has a MoCA score of 28.7 ± 1.4 and the MCI group has a MoCA score 

of 18.1 ± 4.3.  

 

4.4 Functional Connectivity Analysis 

To calculate wPLI, a toolbox created by East Carolina University’s Sensory-Motor Integration Lab 

(SMILe) was adopted. This toolbox involves the use of the Morlet wavelet transform to gather 

time-frequency domain data. The Morlet wavelet transform convolves a complex Morlet wavelet 

kernel (Gaussian-windowed sine wave) with the pure time series signal [46].  Morlet kernels are 

composed for each frequency ranging from 4 – 30Hz. The Morlet wavelet transform is performed 

with each EEG channel signal. Therefore, the convolution of the EEG signal with the Morlet kernel 

is performed for each kernel/frequency between 4-30 Hz. This creates a matrix of channel x 

frequency x time x trials.  

 

The use of the Morlet wavelet transform results in a complex signal that allows for phase 

information to be extracted at each time point at a specific frequency [46]. There is a major benefit 

in using the Morlet wavelet transform since it allows for time and frequency information to be 

extracted simultaneously. Processing would not strictly be in time or frequency domain but rather 

allow for gathering of time-frequency data. Fig. 14 illustrates the convolution of a Morlet wavelet 
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kernel (1 Hz) and an EEG signal to extract complex data that allows for further extraction of 

instantaneous phase. 

  

 

 

The time-frequency cross-spectrum was calculated for each channel combination by multiplying 

one channel by the conjugate of the second channel, refer to Fig. 15. With 16 channels, there are 

120 channel combinations. Utilization of the time-frequency cross-spectrum allows for extraction 

of phase differences between the two channels analyzed. Since the Morlet wavelet transform was 

used to collect time-frequency data, the instantaneous phase differences can be extracted at each 

time point and at each frequency point. The time-frequency cross-spectrum data was consolidated 

in a 5D matrix of channel by channel by frequency by time by trials.  

Figure 14: Expansion of the Morlet wavelet transform. EEG channel signal convolved with a 1Hz Morlet kernel 
resulting in the Morlet wavelet transform equivalent of the EEG channel signal. 
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The data was divided into the different frequency bands and averaged along the frequency bands 

to output 4D data of channel x channel x time x trials. The frequency bands were defined as 

follows: theta (4-8Hz), alpha (8-13Hz), mu/upper alpha (10-12Hz) and beta (13-30Hz). For each 

frequency band, there will be individual 4D data.  

 

wPLI was be calculated at each frequency band. Monte Carlo simulations were performed based 

on 15 randomly picked trials out of the original 20 trials (15 permutations), repeated 1000 times. 

This Monte Carlo simulation creates a probability distribution given the original sample. By 

Figure 15: Expansion of the time-frequency cross-spectrum calculation. Multiplication of the channel 1 signal by the 
complex conjugate of the channel 2 signal results in the respective time-frequency cross-spectrum. 
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running multiple simulations, a statistical distribution is formed where the most probable outcome 

is emphasized while also adding variability. The use of the Monte Carlo simulation creates an 

unbiased representative group based on the original samples, therefore, the 20 trials expand to 

1000 simulations. With a larger sample size, the average comes closer to the expected value. The 

1000 simulations have a higher statistical strength compared to the 20 original trials. These 

simulations are used to calculate wPLI based on the imaginary component of the cross-spectrum 

(imagcs), Equation 6. To eliminate possible volume conduction biases, wPLI values of 1 are 

eliminated, thus wPLI values indicating phase differences 0 mod π.  

 

 
wPLI =  

𝐸 ℑ{𝑋}

𝐸{|ℑ{𝑋}|}
 (6) 

Fig. 16 illustrates a small sample of Monte Carlo simulations and the resulting averaged wPLI 

value (black line). To reiterate, the wPLI is averaged among all 1000 simulations per subject in 

each frequency band. 

Figure 16: Monte Carlo simulations of wPLI calculations with the averaged wPLI values over time. 
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It required numerous steps to gather wPLI data from raw EEG data. This starts with the Morlet 

Wavelet transform to calculation of the time-frequency cross-spectrum and finally calculating the 

wPLI through Monte Carlo simulations. Table 3 summarizes the steps and alterations in data 

structure after each step.  

 

Table 3: Steps to calculate and consolidate wPLI data. 

Steps Data Structure 

Morlet Wavelet cross-spectrum Channel x channel x frequency x time x trials 

Split into frequency bands Channel x channel x time x trials (for each band) 

Monte Carlo and wPLI calculation Channel x channel x time x simulations (for each band) 

Average among simulations Channel x channel x time (for each band) 

 

4.4.1 Channel combination groupings 

Given numerous channel pairs, they are divided into different groups. These groups include the 

inter-hemispheric, intra-hemispheric, and transverse [48, 49]. Fig. 17 illustrates these channel 

groupings. Inter-hemispheric interactions are channel pairs that connect the left and right 

hemispheres, along the coronal plane Fig. 17 (a) [48, 49]. Intra-hemispheric interactions are 

channel pairs along the longitudinal plane within the same hemispheres, Fig. 17 (b,d) [48, 49]. 

Transverse interactions are also localized based on interactions within the same hemispheres; 

however, it involves all the channel pairs aside from just longitudinal interactions, Fig. 17 (c) [47].  

Intra and inter hemispheric can further be divided into short and long based on channel distances, 

i.e. intra-hemispheric short are channel pairs that are close to each other (Fig. 17 d) and intra-

hemispheric long are channel pairs that are far from each other (Fig. 17 b) [28, 48].  Referring to 

Fig. 17 (a), inter-hemispheric short would refer to channel pairs similar to Fp1-Fp2, F3-F4, C3-

C4, etc. while inter-hemispheric long are the channel pairs similar to F7-F8, T3-T4, and T5-T6 
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[47]. These groupings ignore any channel interactions involving the electrodes placed along the 

midline.   

 

 

 

Figure 17: Example of channel groupings set forth by the Neuroscience field which include (a) inter-hemispheric, (b) 

intra-hemispheric long, (c) transverse, and (d) intra-hemispheric short interactions [47]. 

 

For this thesis, the 120 channel pairs are grouped into intra-hemispheric short, intra-hemispheric 

long, inter-hemispheric short, inter-hemispheric long, and transverse channel groups. Intra-

hemispheric short (intrashort) interactions were defined interactions along the longitudinal plane 

that are one electrode apart, such as F3 and C3. Intra-hemispheric long (intralong) defined as two 

electrodes apart such as F3 and P3. Inter-hemispheric interactions were interactions along the 

coronal plane that crossed hemispheres where short is defined as two channels apart (intershort) 
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and long as three channels apart (interlong). Transverse interactions (transverse) are within the 

same hemispheres, defined as one electrode apart with any interaction that is not in the longitudinal 

direction.   

 

After sorting all the channel pairs into their respective categories, only 32 out of the 120 channel 

pairs fit a category, Fig. 18. Most of the channel pairs that did not fit a category involved 

interactions with mid-line electrodes while some pairs had long distances such as F7 and O1 (too 

long to be categorized as intra-hemispheric long interactions). Other channel pairs that were not 

grouped included inter-hemispheric transverse interactions such as F7 and P4, the inter-

hemispheric group is defined as strictly coronal interactions while the transverse group is localized 

as within the same hemisphere. Fig 16 illustrates all the channel pairs in each category. The wPLI 

data was averaged within each channel group. Therefore, the average of the channel pairs of F3-

C3, C3-P3, P3-O1, F4-C4, C4-P4, and P4-O2 will make up the averaged wPLI for the intra-

hemispheric short category. 
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Figure 18: Thesis channel pairs sorted into 5 groups based on 120 channel combinations from 16 electrodes. 

 

Dividing channel pairs into multiple groups allows for evaluation of different types of interactions. 

Previous research involved averaging amongst all channel pairs. However, averaging among all 

pairs does not allow for in-depth analysis of different types of neural interactions. With the channel 

combination groups, intra-hemispheric interactions and inter-hemispheric interactions can be 

analyzed separately. Specific types of interactions can be analyzed separately rather than as a 

whole.  
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4.6 Statistical Analysis 

To analyze the difference between NC and MCI, the wPLI difference value is analyzed. The wPLI 

difference, ΔwPLIP300, is calculated as the difference between wPLI in the P300 and baseline time 

frame per each subject. These values were calculated based on the average wPLI value around 

200-360ms, wPLIP300, subtracted by the average wPLI value around 0ms to 100ms, wPLIbase. This 

calculation can be seen in Equation 7. Since individual subjects may not have the same baseline 

wPLI value, the difference between P300 and baseline is used to better represent the fluctuation 

due to the visual stimuli of familiar face.  

 

 ∆wPLI =  wPLI − wPLI  (7) 

 

One way ANOVA was used to test differences between MCI and healthy controls. Since there are 

differences in sample sizes, MCI (n=8) and NC (n=10), a student’s t-test cannot be performed. 

With 4 frequency bands and 5 channel combination groups, a total of 20 individual ANOVA tests 

were performed to test each condition. ANOVA was performed within MATLAB to gather p-

values where a p-value < 0.05 was considered significant.  

 



 

Chapter 5. Results 

With time domain analysis, it allows for evaluation of EEG activity over time. Fig. 19 illustrates 

grand-averaged ERPs at channels Cz and Pz. These two channels are popular electrodes that are 

used to evaluate cognitive functions. However, at these two channels, the P300 ERP (250-300ms) 

illustrates no difference between MCI and healthy controls. Towards the 900ms-1000ms time 

frame, there does seem to be some separation where MCI have a slightly higher amplitude than 

healthy controls. Since this separation is 900ms post-stimulus, it may be too long past the stimulus 

to provide any significant information regarding familiar face processing. 

 

 

Fig. 20 displays the wPLI functional connectivity between the channels Cz and Pz. This figure is 

used to illustrate the difference in information between time-domain EEG (Fig.19) and time-

frequency domain functional connectivity (Fig. 20). With time-domain EEG, analysis can only be 

performed based on individual channels. Functional connectivity allows for analysis of 

interactions between channels. Fig. 19 illustrates traditional EEG time domain analysis while Fig. 

20 illustrates the use of functional connectivity allowing for analysis of the neuron interactions 

between Cz and Pz local brain regions. 

Figure 19: MCI and NC grand averaged ERPs for channels Cz and Pz. 
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To reiterate, functional connectivity (wPLI) was analyzed per frequency band and per channel 

combination groups. The first channel combination group is the intrashort channel group, 

composed of channel pairs within the same hemisphere that are separated by a short distance. Fig. 

21 illustrates the grand-averaged wPLI at the Mu frequency band in the intrashort channel group 

with error bars. wPLI in -500ms to -250ms for both MCI and healthy controls are relatively equal 

indicating a good baseline time interval. Starting at -250ms, MCI subjects illustrates a slow 

increase in wPLI over time until roughly 200ms then decreasing back to roughly baseline. 

However, healthy controls do not show as much of an increase in wPLI leading to some separation 

in wPLI from 0ms to 200ms. In Fig. 21, MCI seem to have a wPLI maximum at around 150ms 

and healthy controls seem to have a wPLI maximum at around 300ms.  

 

 

 

 

Figure 20: Functional connectivity, wPLI, of the channel pair Cz-Pz. 
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The second channel combination group, intralong channel group, is illustrated in Fig. 22 with the 

mu frequency band. In this channel group and frequency band, the -500ms to -250ms time interval 

also illustrates a good time frame as baseline since MCI and healthy controls are relatively equal. 

There is still some separation in wPLI around 0ms to 200ms. In this channel group, it also shows 

MCI to have a gradual increase in wPLI occurring earlier than healthy controls.  

Figure 21: Intra-hemispheric short channel group wPLI over time in the Mu frequency band 

Figure 22: Intra-hemispheric long channel group wPLI over time in the Mu frequency band. 
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Fig. 23 illustrates the intershort channel group in the alpha frequency band for grand-averaged 

wPLI. Pre-stimulus does not show as good as a baseline as the mu frequency band in the intra-

short and intra-long channel groups (Fig. 21 & Fig. 22). For baseline, there is a slight separation 

between MCI and healthy controls with overlapping error bars. Healthy controls illustrate an 

increase in wPLI where the maximum peak is observed at around 250ms. This trend is not observed 

in MCI subjects. MCI subjects have a slightly elevated baseline that remained fairly constant over 

the full 1500ms.  

 

The theta frequency band is used to illustrate the interlong channel group in Fig. 24. MCI shows a 

higher wPLI during all of post-stimulus from 0ms to 1000ms where the largest separation is best 

observed around 100ms to 200ms. MCI have an increase in wPLI post-stimulus with a peak around 

150ms while healthy controls do not show an increase in wPLI at all.  

 

 

Figure 23: Inter-hemispheric short channel group wPLI over time in the Alpha frequency band 
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The last channel group is the transverse channel group. Fig. 25 illustrates the beta frequency band 

grand-averaged wPLI in the transverse channel group. Healthy controls had the same relative wPLI 

over all pre-stimulus and all post-stimulus, -500ms to 1000ms. MCI is observed to have a slight 

increase in wPLI starting at around -200ms until 0ms then remaining fairly constant.  

 

Figure 24: Inter-hemispheric long channel group wPLI over time in the Theta frequency band. 

Figure 25: Transverse channel group wPLI over time in the Beta frequency band 
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In the theta, mu and alpha frequency band channel combination groups, MCI and NC have 

consistent wPLI trends among the frequency bands. In these frequency bands, it is observed that 

subjects with MCI tend to have a higher baseline with a higher wPLI at the time of stimulus 

presentation (~0 ms) compared to NC. MCI start at a higher baseline wPLI then are observed to 

have an increase in FC starting at ~0ms and continuing to increase through ~100-200ms. This 

increase in FC should not be due to the visual stimuli as this latency occurs too early for it to be a 

representation of any cognitive process in response to stimuli. However, the early increase in FC 

could be a representation of MCI subjects predicting the visual stimuli presentation. MCI start 

experiencing an increase in wPLI right at stimulus presentation, this is too fast of a response. NC 

have a more expected response where the increase in wPLI occurs around the P300 time frame, 

starting around ~200 ms. These responses from MCI and NC are consistent through theta, alpha, 

and mu frequency band channel combination groups.  

 

In the beta band channel combination groups, MCI also have a higher baseline compared to NC. 

The higher baseline is only slightly higher among MCI subjects. There is no obvious increase in 

FC post stimulus from MCI or NC subjects observed in the beta frequency band. 

 

For statistical analysis, the difference value between the P300 and baseline, ΔwPLIP300, was used. 

Since MCI consistently had a higher starting baseline (~0ms) compared to NC throughout all 

frequency band and channel combination group conditions, use of ΔwPLIP300 offers a better 

representation of the visual stimuli response compared to just the wPLI values centered around 

P300. The ΔwPLIP300 values offer a representation of fluctuation in wPLI due to the familiar face 

stimuli. Fig. 26 illustrates the ΔwPLIP300 values in the mu band. NC have a higher ΔwPLIP300 in 
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most of the channel combination groups specifically in the intrashort, intralong, and intershort 

channel groups. In the interlong channel group, the mean value is only slightly higher in the NC 

group. The mean ΔwPLIP300 in the transverse group is essentially equal between the two subject 

groups. 

 

The ΔwPLIP300 values for the alpha band can be seen in Fig. 27. NC also has an overall higher 

ΔwPLIP300 than MCI, however, it is not as distinct as the Mu band. Even though the mu band is 

within the alpha band, the ΔwPLIP300 differences between MCI and NC are not as well observed. 

Again, the interlong and transverse channel groups show very little difference between the subject 

groups.  

 

 

Figure 26: Mu band ΔwPLIP300 values in all 5 channel combinations groups of intra-hemispheric short (intrashort), 
intra-hemispheric long (intralong), Inter-hemispheric short (intershort), inter-hemispheric long (interlong), transverse. 
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The one-way ANOVA results for all frequency bands are contained in Table 4, comparing 

ΔwPLIP300 between MCI and NC. Since there are 4 frequency bands with 5 channel combination 

groups, a total of 20 individual one-way ANOVA tests were performed. Out of these 20 tests, there 

were 4 tests that yielded statistically significant p-values. These 4 tests are the alpha intra-

hemispheric short (p-value = 0.0423), mu intra-hemispheric short (p-value = 0.0286), mu intra-

hemispheric long (p-value = 0.0477), and the mu inter-hemispheric short (p=0.0423).  

Figure 27: Alpha band ΔwPLIP300 values in all 5 channel combinations groups of intra-hemispheric short 
(intrashort), intra-hemispheric long (intralong), Inter-hemispheric short (intershort), inter-hemispheric long 
(interlong), transverse. 
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Table 4: One-way ANOVA results testing ΔwPLIP300 differences between MCI and NC subjects. 

 

 

 

Frequency Band Channel Combo p-val 

Theta 

4-8 Hz 

Intrashort 0.5052 

Intralong 0.9561 

Intershort 0.643 

Interlong 0.7089 

transverse 0.5242 

Alpha 

8-13 Hz 

Intrashort 0.0423 * 

Intralong 0.1407 

Intershort 0.0619 

Interlong 0.3843 

transverse 0.3457 

Mu/Upper Alpha 

10-12 Hz 

Intrashort 0.0286 * 

Intralong 0.0477 * 

Intershort 0.0018 ** 

Interlong 0.4353 

transverse 0.3806 

Beta 

13-30 Hz 

Intrashort 0.5673 

Intralong 0.4964 

Intershort 0.0898 

Interlong 0.4446 

transverse 0.3057 



 

Chapter 6. Discussion 

The use of functional connectivity analysis opens another way to analyze EEG data compared to 

traditional time domain analysis. Time domain analysis involved analyzing EEG and ERPs by 

looking at amplitudes and latencies, at specific electrodes. Each electrode would be analyzed 

separately. The application of functional connectivity analysis grants holistic information to be 

extracted. Channel pairs are analyzed to examine the underlying neuronal networks and 

interactions between two brain regions.  

 

Functional connectivity via PLI and wPLI has previously indicated a difference between AD/MCI 

and healthy controls using resting state EEG data. This study indicates that the same decrease in 

wPLI can also be observed with ERP data, providing a possible diagnostic tool to detect early 

onset of Alzheimer’s disease. Further longitudinal testing with this subject group is needed. Since 

resting state EEG data was not collected, it cannot be determined if the difference in wPLI is more 

prominent in resting state EEG or visually evoked ERP data. The use of the wPLI method for 

analyzing FC eliminates all possible volume conduction biases, where neighboring channels pick 

up the same source signal causing false synchronization. Volume conduction bias is eliminated by 

removing any phase differences around 0 mod π. Therefore, the results strongly indicate MCI have 

a lower functional connectivity in the mu and alpha frequency bands. To reiterate, the wPLI 

method also eliminates strong FC between channels, brain regions. By eliminating some of the 

strong synchronization, there were still statistically significant results indicating ΔwPLIP300 

differences between MCI and NC.  
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All 4 conditions that were statistically significant were in the frequency range of 8-13 Hz. Mu is a 

special subset of the alpha band where the mu frequency range can be considered as upper alpha.  

The alpha band is considered to be associated with memory processes which correlate with the 

study’s use of familiar face stimuli. Dementia is defined as having memory deficits with tasks, 

objects, and with people. In severe dementia patients, they often have difficulty recognizing 

familiar people such as family. Therefore, MCI subjects are expected to have a harder time 

processing familiar faces and it is not surprising that FC was observed to be decreased in the alpha 

frequency band. The mu band is associated with sensorimotor which does not correspond with 

visual stimuli. However, the mu frequency range is within the alpha frequency range. Therefore, 

the results could be more associated with alpha band’s memory processing rather than mu’s 

sensorimotor. The decrease in synchronization observed among MCI subjects is most likely due 

to memory deficits with regards to processing these visual stimuli as a familiar face. 

 

MCI’s decrease in synchronization could be linked to the physiological effects of dementia where 

neurons become weakened due to the Aβ and NFTs. The weakened neurons should have a slower 

conduction and therefore could affect the synchronization with neighboring neurons. MCI patients 

may also have lower activation of the neurons. 

 

Within the frequency bands, the channel combinations groups with statistical significance are the 

intra-hemispheric short, intra-hemispheric long, and inter-hemispheric short channel interactions. 

There are two pathways for visual processing, dorsal and ventral [48, 49]. The dorsal visual 

pathway travels from the occipital lobe to parietal lobe to frontal lobe, from the back to the front 

of the brain [49]. The ventral visual pathway travels from the occipital lobe to the temporal lobe 
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[49].  The dorsal and ventral visual pathways are associated with answering “where” and “what” 

respectively [48, 49]. However, it is not exclusive in which both “where” and “what” processing 

are observed in each pathway [48]. The intra-hemispheric channel combination groups correlate 

with the dorsal visual processing pathway, FC does not analyze directionality but the channel pairs 

in the intra-hemispheric group involve interactions occurring longitudinally. These channel pairs 

are located along the dorsal visual pathway. Since the intra-hemispheric group includes channel 

pairs that associate with the dorsal visual pathway, the results further reflect MCI’s deficit in 

familiar face processing. Statistical significance observed in intra-hemispheric channel groups, 

reflects a deficit in MCI subjects processing the visual stimuli, most likely from processing familiar 

faces due to memory deficits.  

 

The mu frequency band inter-hemispheric short interaction resulted in a very strong statistical 

significance (p < 0.01). These include channel pairs across hemispheres. A strong difference 

between MCI and NC could indicate an imbalance of hemispheres. NC may have uniform 

processing through both left and right hemispheres, where both hemispheres are equally active. 

MCI could experience a lack of balance where one hemisphere is less active than the other.  

 

This research study could be greatly improved. There was a total of 18 subjects that were used in 

data analysis, this sample size should be increased. These subjects were also recorded at numerous 

facilities, different senior centers. Keeping the EEG recording location consistent among all 

subjects will allow for a more controlled environment. Many of these senior centers were not 

optimal for EEG recording, noise and light could not be best controlled at these locations. The 

recording location should be dark and quiet for optimal recording.  
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Data was also collected using a 16-channel headset, use of more channels such as 32 or 64 channels 

will allow for a more in-depth analysis of various types of channel interactions. In the channel 

combinations groups in this study, there were few channel pairs that were included in each group. 

Using a headset with more channels will include more channel pairs in each channel combination 

group, increasing the number of interactions that can be evaluated. Even more channel 

combination groups can be created, this study only sorted the channel pairs by hemispheric 

interactions. However, channel pairs could also be sorted based on brain lobes such as occipital 

and parietal lobes. The channel combination groups in this study can also only be used to reflect 

the dorsal visual pathway. With the 16-channel headset, there were no electrodes placed on the 

temporal lobe lacking channel pairs that would reflect the ventral visual pathway.  

 

This study only observed differences in the strength of functional connectivity between MCI and 

NC subjects. Further analysis, via graph theory, would allow for a better analysis of connectivity 

patterns. The protein aggregates, weakened neurons, may cause MCI subjects to develop an 

alternative connectivity pathway to accomplish the same cognitive task.  Graph theory will allow 

for an examination of connectivity pattern differences between MCI and NC subjects.  

 



 

Chapter 7. Conclusion 

Functional connectivity can be an extremely useful analysis method to distinguish the development 

of dementia from normal aging. FC should also be implemented as a standard of care for MCI 

patients to monitor progression of dementia. When using a familiar face visual stimulus, MCI 

subjects showed a lower change in wPLI, ΔwPLIP300, in response to the stimuli compared to NC 

subjects in the mu and alpha frequency bands. The mu frequency range is within the alpha 

frequency range, therefore, the differences in ΔwPLIP300 could be a reflection of the impact of 

dementia on memory processing. wPLI provides insight to subtle network-level changes of the 

brain which manifest themselves as synchronization differences where MCI with a lower 

ΔwPLIP300 indicates lower synchronization by MCI subjects in response to stimuli, most possibly 

related to diminished memory processing.  
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