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Abstract 

Soccer heading is a common technique where players use their head to pass, shoot or clear 

the ball. The ball-to-head impact involved in this technique has raised concern for risk of head and 

brain injury. However, there are inconclusive findings on the effect of soccer headers in the 

literature. The objective of this study was to investigate, in a controlled environment, whether mild 

soccer head impacts result in immediate neurophysiological changes in the brain, and if yes, 

whether the changes are affected by impact level and header direction.  Controlled soccer headers 

were simulated at 2 impact levels in 3 directions, representative of the mildest headers experienced 

on the field, using a custom pendulum impactor with a soccer ball attachment. Participants were 

instrumented with an inertial measurement unit (IMU) to record the head kinematics of head 

impacts and an electroencephalography (EEG) device to measure neurophysiological changes. The 

EEG changes were evaluated by four metrics (absolute and relative power, magnitude squared and 

imaginary coherence) for common brain wave frequency bands. With data from 8 participants (6 

males, 2 females), the study provided statistically significant evidence of the immediate 

neurophysiological changes after mild soccer headers. We found a surge in normalized absolute 

power right after heading across all the frequency bands with a larger increase for headers at the 

higher impact level. In addition, we observed an increase in delta band relative power, along with 

a decrease in the higher frequency bands, indicating slowing of activity in the brain. These findings 

are consistent with those observed in patients with traumatic brain injury or post-concussive 

syndrome. Aside from changes in power, we also found evidence of significant changes in 

coherence with different patterns between magnitude squared and imaginary coherence, 

suggesting effects of heading on the brain’s functional connectivity. Finally, we found evidence 

that these changes diminished over time and participant’s neurocognitive performance remained 
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unchanged. Our findings suggest that even mild soccer headers could lead to immediate, transient 

neurophysiological changes and highlight the importance of further investigation of the effects of 

long-term head impact accumulation in sports. 
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Lay Summary 

This study investigated the immediate effects of soccer heading on the brain for different 

impact level and direction by looking at brain waves during an experiment.  The participants in 

the experiment received soccer headers simulated with different impact levels and directions, and 

their brain waves were collected and analyzed to evaluate heading effects on the brain. Our results 

showed evidence of the immediate effects of heading on the brain, with the size of these effects 

associated with impact level and direction. The findings from this study suggested possible 

associations of soccer headers with mild transient brain changes, and a possible new approach for 

further research on the effects of sports head impacts.  
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Chapter 1: Introduction 

Soccer is a popular and unique sport where players can use their heads purposefully for 

controlling the ball without any protection. According to a conservative estimate, there is an 

average of 6 headers per player during a game. Most soccer headers are mild and would result in 

mild average head accelerations of around 13g and 2000 rad/s2 (Caccese et al. 2016). As 

cumulative sports head impacts may cause long term brain changes (Asken et al.  2017), soccer 

head impacts have raised a lot of concerns for potential long-term risk of soccer heading as noted 

in some medical guidelines, despite the absence of definitive evidence that soccer heading causes 

acute traumatic brain injury (TBI) (e.g., Patlak and Joy, 2002, Koutures and Gregory, 2010). 

Hence, it indicates the need for more studies investigating the effect of soccer head impacts on the 

brain, to prevent potential longer-term effects. 

1.1 Soccer Heading and Brain Injury 

In the literature, while many studies of heading effects attempt to establish the association 

of soccer headers with brain injury, the findings from these studies are inconclusive. For instance, 

several studies with data from professional European soccer players suggest that extended 

exposure to soccer may be associated with chronic cognitive impairment. Specifically, Tysvaer 

and Løchen (1991) found some degree of permanent brain damage in professional soccer players, 

which may be associated with repeated traumas from soccer heading. Matser et al. (1998) found 

that some cognitive impairments related to memory and planning were associated with the number 

of concussions incurred in soccer games and the frequency of soccer heading, which was derived 

based on the data from active professional soccer players from several professional Dutch soccer 

clubs compared with a control group of elite noncontact sport athletes. Master et al. (1999) also 

found that some cognitive impairments were associated with the combination of soccer-related 
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concussions and the number of headers based on the data from amateur soccer players with a 

control group of amateur athletes involved in swimming and track.  However, there is opposing 

evidence from similar studies. For example, several studies in the literature found no significant 

evidence of the association between acute changes in postural control and routine soccer heading 

(Broglio et al. 2004), and no cognitive deficits due to repeated exposure to heading based on the 

data from US soccer players (Jordan et al. 1996, Guskiewicz et al. 2002). 

Some studies applied EEG and other neuroimaging techniques to determine whether 

neurophysiological changes arise from soccer heading. For instance, Kross et al. (1983) examined 

soccer players’ EEGs before and after heading training to determine whether soccer headers had 

any acute effects, but found no evidence of any EEG changes. Tysvaer et al. (1989) studied EEG 

recordings of retired soccer players and found no significant difference in the EEG between players 

that sustain more headers and the other soccer players as well as no differences between players 

reporting head trauma symptoms and those without symptoms. However, Tysvaer and Storli, 

(1989) also examined EEG data from professional soccer players and found evidence that EEG 

could sensitively detect neurophysiological abnormalities in soccer players compared with 

controls, likely due to a history of soccer brain injuries or accumulation of mild headers. Because 

of such inconclusive findings in prior literature, it is still unclear what effects individual soccer 

headers may have on the brain, and how such effects accumulate. It also suggests the need for 

exploring different ways to investigate head impacts.  

1.2 Brain Injury Effects on EEG 

EEG signals from different electrodes record the potential differences in electrical activities 

in the brain between different electrode locations on the scalp with one of them chosen as a 

reference electrode for comparison (Olenjniczak, 2006). While there are various electrical 
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activities in the brain, including those with action potentials and post-synaptic potentials, EEG 

signals can only effectively record the ones having enough duration and amplitude. Specifically, 

EEG can properly record summed post-synaptic potentials as they meet the conditions of duration 

and amplitude. 

Since the electrical activity of neurons in the brain produces currents that reach the surface 

of the scalp, the use of EEG signals from electrodes on the scalp is a non-invasive method of 

recording the voltage differences of these scalp potentials. EEG also directly measures the 

biophysical phenomena at the level of populations of neurons, which has an advantage over other 

non-invasive methods that use functional measures based on MRI that gauge hemodynamic 

responses instead of neural activities (Singh 2012). Moreover, EEG is multidimensional with EEG 

analysis applied to not only time and space domains, but also frequency, power and phase. This 

allows more flexibility in the analysis of neural dynamics as compared with other non-invasive 

methods. Thus, EEG is widely used as a test that detects abnormalities in brain waves, or in the 

electrical activity of brain in both medical practice and academic research. For example, EEG is 

used to examine awareness in patients with severe brain injury (Bai et al., 2008), to evaluate the 

clinical presentation and pathophysiology of mild TBI (Nuwer et al., 2005), and to analyze the 

persistent functional deficits in athletes suffering from mild TBI (Thompson et al., 2005). More 

specifically, Nuwer (2005) provided the detailed review and discussion about how EEG has been 

used as a clinical diagnostic test to identify, confirm, measure and localize brain injury among 

mild TBI patients. The study by Thompson (2005) attempted to identify long-lasting abnormal 

trends of EEG patterns in isolation and those associated with various degrees of challenge in 

postural tasks in individuals suffering from mild TBI. It provided evidence of a decrease in EEG 

power in all the frequency bands studied with twelve athletes suffering from mild TBI, especially 
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in standing postures. It also showed presence of long-term functional abnormalities in individuals 

suffering from mild TBI.  

There are several advantages to applying EEG in brain injury studies. In clinical practice, EEG is 

a relatively low-cost approach that enables multiple testing sessions for different states of arousal. 

EEG signal can also be gathered at high sampling rates, typically offering millisecond-level 

temporal resolution, which enables capturing potentially transient changes and fast dynamics in 

the brain. Finally, EEG is an established method that has been used to examine cognitive processes 

via a neuropsychological approach (O’Gormon). It is known that one of the major outcomes of 

brain injury is neurocognitive deficit, hence EEG can be used to investigate deeper into the source 

of neurocognitive changes from brain injury. 

1.3 EEG Spectral Analysis 

EEG spectral analysis is a basic type of EEG analysis that quantifies the amount of 

rhythmic or oscillatory activity of different frequency EEGs, which was first developed by several 

pioneers in the 1800’s (Coenen et al., 2014). The key objective of spectral analysis is the 

determination of the power spectrum density (power spectrum) of EEG signal from an electrode, 

which can be estimated by using the Welch periodogram estimate (Welch,1967) within each 

frequency band and the epochs windowed with a Hann window of a resolution of 0.5Hz.  The 

Welch’s estimation formula is expressed by 

,
1

1ˆ ( ) ( ),
m

n
W
x k X M k

i

S P
K

 


   

where K is the total number of blocks in an EEG signal, and , ( )
mX M kP    is the periodogram of the 

Mth block, defined as the square-magnitude discrete time Fourier transform of the signal (

, ( )mN k xFFT  ) as follows: 
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It is worth noting that the Welch’s estimate usually has high accuracy and low variance when it is 

used over the classic periodogram, but it has low frequency resolution. In addition, the Welch’s 

estimate of EEG power spectral density requires dividing the EEG signal into blocks and averaging 

the periodograms over each block. 

The estimated EEG power spectrum is then used to assess the level of activity over multiple 

frequencies of EEG signals, usually within a narrow frequency band. While there are some small 

variations in the classification of different frequency band boundaries for EEG spectral analysis 

among different studies in the literature, the commonly used frequency bands in the literature are 

defined as follows: delta (1.0–4.0 Hz), theta (4.0–7.0 Hz), alpha (7–13 Hz), beta (13–22 Hz) and 

gamma (22–40 Hz) (e.g., Thatcher et al, 1989; Thatcher, 2010; Slobounov et al, 2012). As 

surveyed by Newson and Tiagarajan (2019), a total of 184 publications in PubMed published 

between 1993 and 2018 have used these pre-defined frequency bands in EEG power spectrum for 

various studies on brain impairments. As many studies in the literature have found that different 

brain impairments exhibit different characteristic patterns in each of these pre-defined frequency 

bands (e.g., Newson and Tiagarajan, 2019); the use of these pre-defined frequency bands allowed 

us to compare the changes in each frequency band from our study with those from previous studies 

in the literature. Consequently, we used these five frequency bands for EEG spectral analysis in 

our study.  

There are two common methods to represent the estimated EEG power spectrum in the 

literature: namely absolute power and relative power. The former calculates the mean power in an 

EEG signal over a given frequency band as the absolute power of the signal for that frequency 
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band by the integral of the EEG power spectral density over the frequency band. The latter 

calculates the ratio of the absolute power of an EEG signal for a given frequency band to the 

absolute power of the signal over all bands as the relative power of the signal for the frequency 

band. We used both absolute and relative power in our study. This is because the absolute power 

and relative power allow us to examine change in the total power of an EEG signal in a frequency 

band and in the proportion of the total power of an EEG signal in a frequency band relative to the 

total power over all the frequency bands respectively. The 184 publications reviewed by Newson 

and Tiagarajan (2019) have used absolute and relative power in different studies on various brain 

impairments including depression, attention deficit-hyperactivity disorder (ADHD), and 

schizophrenia. 

1.4 Coherence Analysis of EEG Signals 

The human brain is a vast network of connected pathways that communicate through 

synchronized electric brain activity along fiber tracts. Brain connectivity describes the networks 

of functional and anatomical connections across the brain. Functional connectivity is defined as 

the measure of coupling strength through statistical analysis such as correlation and spectral 

coherence between two signals obtained from electrodes (Uddin, 2013). As reviewed in Bowyer 

(2016), well-connected highly synchronous functional activity can be measured by EEG and then 

analyzed with several types of mathematical methods. Particularly, coherence is one of such 

mathematical methods that can be used to determine whether two or more EEG electrodes have 

similar neuronal oscillatory activity with each other. Coherence analysis of EEG signals based on 

EEG spectral density can be used to extract transient characteristics of interactions among brain 

areas and examine coordination of EEG rhythms between brain areas. The aim of coherence 

analysis of EEG signals is to describe the temporal, spatial and frequency relationships of brain 
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activities. While there have been many different measures and methods in the literature to quantify 

the brain’s functional connectivity with different types of data, we adopted two commonly used 

coherence-based metrics for function connectivity in our study: (1) magnitude squared coherence 

and (2) imaginary coherence. This is because the use of both measures has been shown to be very 

useful in the analysis of functional connectivity (Sander et al., 2010).  

As defined in Nolte et al. (2004), coherence between two electrodes is a measure of the 

correlation, represented by the cross-spectrum, between the signals recorded from the two 

electrodes at a specific frequency that has been normalized by the product of the power of the two 

signals. Specifically, let ( )ix f  and ( )jx f  be the Fourier transformation of the time series ˆ ( )ix f  

and ˆ ( )jx f  of signals from electrodes i and j respectively. The cross-spectrum is then defined as 

*( ) ( ) ( ) ,ij i jS f x f x f       (1) 

where * stands for complex conjugation and .  for expectation value that is estimated as an 

average over a sufficiently large number of epochs. The normalized cross-spectrum is used to 

measure the strength of the linear relationship in EEG signal between two electrodes i and j and 

denoted by  

    
( )

( ) .
( ) ( )

ij
ij

ii jj

S f
C f

S f S f
               (2) 

 ( )ijC f can be split into real and imaginary parts and different quantities can be analyzed further. 

Particularly, magnitude squared coherence is defined as the modulus of ( )ijC f  as follows: 

   
2

( )
( ) ,

( ) ( )

ij

ij

ii jj

S f
MC f

S f S f
                 (3) 
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where ( )ijS f  stands for the magnitude of the spectral density. In addition, imaginary coherence is 

defined by the imaginary part of ( ),ijC f  denoted as  ( ).ijIC f  

The magnitude squared coherence is bounded between 0 and 1, where 1 indicates a perfect 

linear prediction of the signal process i from knowledge of the signal process j. An increase in the 

magnitude squared coherence between EEG signals recorded at different electrodes indicates an 

increased functional connectivity between the neuronal networks (Oldrich et al., 2014). 

Consequently, it has been applied in many different studies, which, for example, includes the 

analysis of the cortical connection of Alzheimer patients (Ho et al., 2014), and the examination of 

complex cognitive functions for memory, language, and emotion (Vladimir and Andreas, 2015). 

However, volume conduction is one of possible issues for the use of magnitude squared 

coherence in the analysis of the brain’s function connectivity because of the effects of 

instantaneous correlations, i.e., the value of ( )ijMC f  would artificially increase when the same 

brain signal is detected by two adjacent electrodes. As such, Nolte et al. (2004) showed that the 

use of the imaginary coherence ( )ijIC f  can circumvent possible volume conduction  in the 

estimation of functional connectivity, and improve the analysis of the brain’s functional 

connectivity as compared with the use of magnitude squared coherence (Nolte, 2004). This is 

because the imaginary part of ( )ijC f  is insensitive to self-interaction caused by volume 

conduction since a signal cannot be time-lagged to itself. 

It is worth noting that when the value of ( )ijIC f  is small or negligible, it does not necessarily 

mean that there is no presence of a significant interaction between EEG signals in some cases. For 

instance, if the phase difference between two EEG signals from two electrodes is near zero, the 
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value of ( )ijIC f  is likely close to zero regardless whether there is a true interaction between the 

two signals. Clearly, it is important to analyze the brain’s functional connectivity based on both   

( )ijMC f  and ( )ijIC f . Hence, we use both measures to evaluate changes in coherence due to 

soccer headers in this study. 

1.5 Objectives 

Prior studies have found conflicting results regarding the potential neurological and 

neurophysiological effects of soccer heading. However, there are several general limitations in 

these studies including the lack of baseline measurements, the limited resolution to examine the 

effects of individual headers, and the delayed time of testing where transient and subtle effects 

may not be captured. We still anticipate that even mild head impacts may lead to mild and transient 

electrophysiological changes, since such impacts are estimated to lead to brain deformations and 

axonal loading based on computational modeling (Miller, 2019). One main challenge is to 

determine whether and how potential transient effects of mild soccer headers can be measured 

sensitively and quantitatively. In the current thesis, we tackled this challenge by conducting a novel 

set of experiments to continuously measure EEG activity during a bout of soccer head impacts. 

The main research questions are: can the immediate effects of a mild soccer header on the brain 

be detected with the use of EEG, and are these effects affected by header direction and ball speed? 

In this study, we conducted controlled soccer headers at 2 impact levels and in 3 header directions 

by a pendulum impactor with a soccer ball attachment. The impact levels represent the mildest 

headers experienced on the field. Participants were instrumented with an Inertial Motion Unit 

(IMU) on a custom-fit mouthguard to record the head kinematics of the soccer headers and an 

EEG device to measure possible neurophysiological changes. This investigation approach allows 
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us to directly measure neurophysiological changes of individual soccer head impacts with the use 

of continuous measurements of EEG as well as examine potential cumulative effects from a bout 

of head impacts in a controlled setting.  

The rest of thesis is organized as follows. Chapter 2 describes the experimental methods. 

Chapters 3 and 4 present the results of post-impact changes in power and coherence, respectively. 

Chapter 5 describes the analysis of neurocognitive evaluation and EEG recovery. Finally, Chapter 

6 presents our conclusions. 
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Chapter 2: Experimental Methods 

2.1 Participants 

We have recruited 8 participants (6 males and 2 females) for this study. The participants 

were healthy individuals between the age of 18 and 30, with at least 1 year of prior experience 

with soccer. An individual is ineligible to participate in our study given any of the following six 

exclusion criteria: (1) a recent history of head, neck or whiplash injury, (2) a diagnosed concussion 

history, (3) a neurological or spinal illness, (4) being pregnant, (5) head or neck pains, and (6) 

unable to provide informed consent. For the eight participants in our study, the average weight is 

76.58 kg with standard deviation of 14.66 kg, and the average height is 1.67 m with standard 

deviation of 0.06 m respectively.  

The human participant protocol for the recruitment of our study was approved by the UBC 

Research Ethics Board (H19-00602) and informed consent was obtained from all the participants. 

2.2 Experiment Setup 

2.2.1 Instrumentation Setup 

The EEG amplifier used in our experiment is the ANT Neuro Refa System. We used the 10-

20 electrode setup with reusable wet gold cup electrodes mounted at 19 scalp locations across the 

head, with EEG continuously sampled at 2048Hz throughout the experiment. We have chosen to 

use the 10-20 setup as it is widely used throughout the literature, especially for exploratory studies 

(Homan, 1987). We used linked earlobe electrodes as the reference, since it allows us to retain all 

19 electrodes for analysis instead of sacrificing an electrode to be used as the reference. Dry 

electrodes are not attached to the scalp, hence they are not suitable for this experiment as they have 

a higher chance of electrode displacement with respect to the scalp upon the head impact.  Since 

we used passive electrodes for this study, we had to ensure that the electrode impedances were 
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below 5kOhms. A scalp map showing the electrode locations is given in Figure 2.1 and with the 

19 electrodes in Figure 2.1. The ground electrode is located between Fp1 and Fp2. 

 
Figure 2.1 Sample Electrode locations on a scalp map  
 

A load cell (Precision Technologies Model ST50) is used in our experiment to measure the 

force of the impact and to ascertain the exact time at which the impact occurred. The load cell has 

a sampling rate of 1kHz, a maximum loading capacity of 50 kg. The average forces observed in 

our study was around 230N for the low impact level and 360N for the high impact level with 

standard deviations of 62N and 72N for the two impact levels respectively. 

An IMU, specifically the MPU6050 from TDK InvenSense, is attached onto a bitebar affixed 

to a mouthguard that is custom-formed, using a dental vacuum former, to each participant’s upper 

dentition mold and worn by the participant during the trials. The IMU has a sampling rate of 1kHz 

and has a range of up to ±16G of linear acceleration and up to 2000 degrees/s (or 35 rad/s) of 

rotational velocity.  

In summary, this experiment involves three sensors: the EEG amplifier, the force meter and 

the IMU. In order to synchronize the inputs received from each sensor, a syncing signal is sent to 



13 

 

all 3 sensors as an input. The syncing signal is a square wave with a frequency of 1Hz and an 

amplitude of 1 V that lasts for 8 seconds, which is sent right before an impact occurs and stops 

after the impact, allowing for sensor data synchronization with millisecond precision. The syncing 

signal is also used to simplify data processing by marking the impact times in all 3 sensors. 

2.2.2 Pendulum Soccer Impactor 

We have setup a pendulum impactor that is used to simulate soccer headers as shown in 

Figure 2.2.  A soccer ball with a pressure of 10 psi is attached to the end of the impactor and the 

effective mass is around 10 kg. This setup can allow for adjustment of the input force from the 

soccer impact by changing the pendulum angle.  A ratcheting system is added to the impactor to 

prevent multiple impacts by stopping the pendulum arm after initial impact. For our experiment, 

we tuned the pendulum set up for two impact levels, with peak resultant head linear acceleration 

of approximately 6-7g and peak head rotational velocity of approximately 4-5 rad/s for the lower 

level, and linear acceleration of 9-10g and rotational velocity of 7-8 rad/s at the higher level.  

 
Figure 2.2 Pendulum setup in our experiment 

 

In order to have repeatable head kinematics among participants and across different loading 

directions, we had to vary the pendulum angle for each participant to account for weight and height 

of individual participants. This was required as the greater the head mass, the lower the expected 
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head kinematics; the height of the participant may affect the moment arm as the pendulum height 

may need to be adjusted in order for the soccer ball attachment to hit the participant’s forehead. 

Moreover, Kuo (2018) showed that coronal head impacts result in lower kinematics than in sagittal 

head impacts. This means that the same pendulum angle could result in different head rotational 

velocity for the side impacts as compared to the frontal impact. Thus, we conducted a pretrial 

experiment to establish an empirical relationship between the expected head kinematics based on 

the mass and height of an individual participant to account for the difference between coronal and 

sagittal head impacts. Based on this empirical relationship derived from the pretrial experiment, 

we tuned the pendulum angle for each participant to archive the targeted head kinematics across 

different loading direction.  

2.2.3 Pretrial Experiment Setup 

The pretrial experiment involves performing 3 headers in 3 different loading directions 

(front, oblique left and oblique right) and at 6 different pendulum angles (15⁰, 20⁰, 25⁰, 30⁰, 35⁰, 

40⁰) for 2 male participants with different mass and height. The average angular velocity of the 3 

headers in each heading scenario was plotted against the pendulum heights and a linear equation 

that related pendulum height with angular velocity was estimated using simple linear regression. 

With this estimated regression equation, we then estimated the pendulum height at which 

the average angular velocity was set at around 4 rad/s and 7 rad/s for the 2 participants and used 

these heights to estimate another linear equation of pendulum height with the product of the 

participants’ mass and height using simple linear regression. With the second estimated equation, 

we predicted pendulum angles used for individual participants in our experiment according to the 

product of individual’s mass and height. These angles range between around 15⁰ and 45⁰. 
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2.3 Protocol 

On the day of the trials, each participant is first asked to complete a neurocognitive test 

battery, the Standard Assessment of Concussion (SAC) (McCrea, 2001), before the start of all the 

trials for the participant. The main objective of these tests is to check the participant’s baseline 

level of short-term memory retention, concentration and orientation. After that, the participant is 

instrumented by attaching the electrodes onto the participant’s scalp in the 10-20 format and asked 

to wear the bite bar with the IMU.  

Prior to the trials, we also gather 5 minutes of resting state EEG measurements, during which 

the participant stares straight ahead and keep their head still. After recording the resting state 

measurements, we performed head impact trials at 3 different directions: one frontal and 2 side 

headers (left and right), at the 2 different pendulum angles achieving the two kinematics levels.  

For each trial, the participant is instructed to be prepared for a frontal impact with a 3-second 

countdown given before the impact. All the participants are asked to tense their neck muscles for 

readiness of the coming impact. This reduces risks of potential injury due to unanticipated impacts. 

In addition, as pointed out in Cantu (1992), tensing neck muscles for the coming impact simulates 

the situation where soccer headers are usually done by soccer players.  

The side headers are oblique frontal headers, with the oblique direction from the anterior-

posterior direction, impacting the side of the frontal bone. Our choice of the oblique direction for 

side headers rather than 90 degrees from the anterior-posterior direction is because this is closer to 

how soccer headers are performed by soccer players based off multiple soccer heading guides. 

During the frontal header trials, 3 sham headers are randomly dispersed among the frontal headers. 

The purpose of the use of shams in the trials is to differentiate the changes in the EEG due to 

heading from that due to the participant being aware of the impending impact.  
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Immediately after all the trials, there is another rest period of 5 minutes, during which the 

resting state EEG is recorded again, while the participant stares straight ahead at the ball. After 

that, the participant undergoes the SAC of the SCAT-5 test again to assess their neurocognitive 

state after the experiment. 

2.4 Data Processing 

The data of EEG signals collected from our experiment are processed in MATLAB 2019a, 

with the EEGLAB toolbox (Delorme et al, 2004) mainly used for data preprocessing. The two 

steps in signal preprocessing in our study are (1) to synchronize the head impacts with the change 

in EEG signals from the electrodes and the angular velocity recorded by the IMU as much as 

possible, and (2) to perform filtering and remove artifacts in EEG signals (e.g. eye blinks, muscle 

activity) which may distort the analysis of head impact effects.  

 After preprocessing, to analyze the immediate effects of heading, we compared a 2-second-

long epoch immediately after the head impact with an equal-length epoch prior to this head impact 

(henceforth referred to as the post-impact epoch and pre-impact epoch respectively). The choice 

of the use of a 2-second-long epoch for measuring immediate impact for our main findings was in 

consideration of the balance between capturing transient effects on the impact and maintaining 

sufficient frequency resolution for the lower frequency bands. In addition, 5 second epochs were 

also analyzed to examine any recovery of the EEG changes post-impact. To make these 2 and 5-

second-long epochs, the EEG data from the full experiment were first split into multiple 20-second 

long epochs centered around the time point when the angular velocity magnitude reached its peak 

from the head impact. Then, we determined when the head stops moving post-impact by applying 

a threshold of 0.2 rad/s.  This was used to define the start of the post-impact epoch. These 20-

second long epochs were then split into the aforementioned 2 and 5-second-long epochs. The pre-
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impact epoch starts at the beginning of the original 20-second long epoch in order to remove 

possible effects due to the participant receiving verbal instructions alerting of the impact. The post-

impact epoch starts immediately after the head stops moving or after the observable slow-moving 

transients in the EEG trace subsides so that we minimize potential motion artifacts from the head 

impact movements. All the pre- and post-impact epochs were put into EEGLAB for further data 

processing and filtered to remove slow motion artifacts (0 to 1Hz noise) and the 60Hz power line 

noise.  

We applied a 4th order IIR Notch-filter for the EEG data at 60 Hz to remove line noise and 

then applied a high-pass filter for the filtered data at 1Hz to remove the DC offset. Furthermore, 

we used the Runica algorithm, the default Independent Component Analysis (ICA) decomposition 

algorithm in EEGLAB for ICA, to remove noise in EEG data due to blinks and muscle contraction, 

which displays each independent component identified with possible sources such as brain, 

muscle, heart, and line noise together with the corresponding probability for each source expressed 

by a percentage. Note that the 20-second epochs of EEG signals from all the trials for a participant 

were first grouped into 6 groups for the participant according to 2 impact levels and 3 loading 

directions with an additional group of 20-second epochs for shams, and then the ICA was applied 

to each of these epoch groups for each participant. We chose to reject a noise component identified 

as muscle or line noise or heart if its probability exceeds 70%. Finally, we visually verified the 

remaining components to see if there was any presence of blink-like or muscle-like characteristics 

in the processed EEG data. Epochs of the same impact level and loading direction for each 

participant were processed at the same time. 

For the processed EEG data, we employed the Welch periodogram estimate (Welch,1967) 

within each frequency band using Matlab’s ‘pwelch’ function and the epochs windowed with a 
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Hann window of a resolution of 0.5Hz in EEGLAB to obtain the estimated power spectrum density 

(power spectrum) of EEG signal from an electrode (Aziezah, 2020). The estimated EEG power 

spectrum is then used to assess the level of activity over multiple frequencies of EEG signals, 

usually within a narrow frequency band. We used the commonly used five frequency bands in the 

literature are defined as follows: delta (1.0–4.0 Hz), theta (4.0–8.0 Hz), alpha (8–12 Hz), beta (13–

22 Hz) and gamma (22–40 Hz) in our study. The band power was calculated in Matlab using the 

‘bandpower’ function.  

We used both absolute and relative power to represent the estimated EEG power spectrum 

in our study. The former calculates the mean power in an EEG signal over a given frequency band 

as the absolute power of the signal for that frequency band by the integral of the EEG power 

spectral density over the frequency band. The latter calculates the ratio of the absolute power of 

an EEG signal for a given frequency band to the absolute power of the signal over all bands as the 

relative power of the signal for the frequency band. Both were calculated using Matlab’s 

‘bandpower’ function in the Signal Processing toolbox. The use of both absolute and relative 

power allows us to examine change in the total power of an EEG signal in a frequency band and 

in the proportion of the total power of an EEG signal in a frequency band relative to the total power 

over all the frequency bands, respectively.  

2.5 Statistical Analysis 

To evaluate the immediate neurophysiological changes after heading, we considered the 

changes in each of the four metrics (absolute power, relative power, magnitude squared coherence 

and imaginary coherence) between pre-heading and post-heading, between shams and hits, and 

between pre- and post-session resting state measurements respectively. Note that to control 

possible variation in absolute power due to different conditions of individual participants in our 
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experiment, we further scaled the difference in absolute power between pre-heading and post-

heading and between shams and hits by normalising it by the absolute power of pre-resting power 

for each individual. As we conducted several trials for each impact of loading direction and ball 

speed on a participant in our experiment, there were repeated observations of a metric over time 

for each impact on a participant.  For each of the four metrics, we calculated the average of the 

repeated observations of a metric for an impact on a participant and used it as an observation of 

the metric for the impact on the participant in the data for our study. 

For each of the four metrics, we first conducted a paired t-test with the null hypothesis of no 

change in a metric due to heading to determine whether there is evidence of a significant change 

in that metric between pre-heading and post-heading for each of the five frequency bands. The 

evidence from the paired t-test addressed the key research question on whether mild soccer head 

impacts result in immediate neurophysiological changes in the brain. 

We then conducted a F-test based on either two-way or three-way analysis of variance 

(ANOVA) with the first two factors or all the three factors representing header direction, ball 

speed, and electrode location respectively, to determine whether there is significant evidence that 

change in a metric due to heading is associated with the two or three factors for each of the five 

frequency bands. Note that the null hypothesis of the F-test for two- or three-way ANOVA is that 

the mean change in a metric due to heading is the same for all the factors against the alternative 

that the mean change in that metric due to heading is not the same for these factors. In addition, 

we conducted one-way ANOVA with each of the three factors separately to determine whether 

there is significant evidence that change in a metric due to heading varies over different levels of 

that factor. The null hypothesis of the F-test for one-way ANOVA is that the mean change due to 

heading is the same for all the levels of a factor with the alternative that the mean change due to 



20 

 

heading is not the same for all the levels of a factor. The evidence from the F-test of the three-way 

or one-way ANOVA addressed the other key research question on whether and how the immediate 

neurophysiological changes due to heading are affected by impact level and header direction. 

Furthermore, for each of the four metrics, we conducted a t-test with the null hypothesis of 

no difference in a metric between shams and impacts in the front loading and either soft or hard 

ball speed (henceforth referred to their angular velocities of 4 rad/s and 7 rad/s respectively) to 

determine whether there is significant evidence of difference in that metric between shams and 

impacts for each frequency band. Lastly, we conducted a paired t-test with the null hypothesis of 

no change in a metric between the pre-resting state and post-resting state to determine whether 

there is evidence of a significant change in that metric between the two resting states.    

In order to assess the statistical significance of the results, we have applied the Bonferroni 

correction to correct for the inflated Type 1 error due to having multiple comparisons.  
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Chapter 3: Post-Impact Changes in EEG Power 

EEG power spectral analysis has been applied to assess the brain activity changes weeks 

after head impacts (Barr, 2011). In this chapter, we present detailed analysis methods and results 

for the changes in EEG absolute and relative power after head impacts.  

3.1 Statistical Analysis of Power Data 

With the processed EEG data for our study, we first carried out statistical analysis of power 

data by conducting a paired t-test for overall change in absolute or relative power to evaluate the 

overall neurophysiological change due to heading for each frequency band. We then conducted 

two-way ANOVA with loading direction (F1) and impact level (F2) to analyze the association of 

the change in relative or absolute power due to heading with the two factors, which can be 

expressed by the regression of the change in relative or absolute power ( iy ) on the two factors as 

follows: 

       0 1 1, 2 2, .i i i iy F F           (4) 

Note that F1 represents three loading directions: front, left, and right and F2 two impact level: 4 

rad/s and 7 rad/s respectively.  In addition, we conducted one-way ANOVA with a single factor 

separately to analyze the relationship between the change in relative or absolute power and 

different levels of the factor. The statistical tests performed here has been summarized in Chapter 

2.5.  

For the statistical analysis of power data, we also addressed the issue of possible inflated 

Type I error in multiple analyses on the same data by performing the Bonferroni correction. The 

threshold based on the Bonferroni correction with 16 tests for power data was 0.0031, which 

controls the overall probability of Type I error for all the statistical inferences within 0.05.  
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3.2 Head Kinematic and EEG Results 

The low level impacts had a mean linear acceleration of 7g with a standard deviation of 1.4g, an 

angular velocity of 4.88 rad/s with a standard deviation of 1.27 rad/s and an angular acceleration 

of 928 rad/s2 with a standard deviation of 465 rad/s2. The high level impacts had a mean linear 

acceleration of 100G with a standard deviation of 1.9g, an angular velocity of 8.29 rad/s with a 

standard deviation of 1.87 rad/s and an angular acceleration of 1331 rad/s2 with a standard 

deviation of 938 rad/s2. 

In the EEG signal, as circled in Figure 3.1, there were visible spikes in the Fp1 and Fp2 

channels before ICA decomposition was applied, which were removed after ICA as shown in 

Figure 3.2. It is worth noting that while ICA decomposition was also applied to remove eye 

saccades in our study, such an effect of ICA decomposition was not easy to display in a time series 

plot. In addition, both Figures 3.1 and 3.2 did not display any noticeable pattern for presence of 

muscle artefacts in the EEG data. 
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Figure 3.1 The EEG data before applying ICA decomposition. 
 

 

Figure 3.2 The EEG after applying ICA decomposition
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As stated in Section 2.4, the EEG epochs with the kinematics and force were synchronized 

consistently before deriving the pre- and post-impact epochs in EEGLAB. The plots in Figure 3.3 

display an example of a high-level impact where the peak in the angular velocity is situated at time 

0 and the corresponding linear acceleration and processed EEG from the Fp2 electrode. 

 
Figure 3.3 Sample synchronized processed EEG, angular velocity magnitude and linear 
acceleration plot with the force peak in at time = 0. 
 

3.3 Absolute Power Results 

We first analyzed the change in absolute power between the post-heading and pre-heading 

and found that there were some observations that were beyond normal physiological ranges of 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Time (s)

0
10
20
30
40
50
60
70
80

Li
n 

A
cc

 (
m

/s
2 ) Lin Acc Magnitude

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Time (s)

0
1
2
3
4
5
6
7

A
ng

 V
el

o 
(r

ad
/s

) Rot Velocity Magnitude

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Time (s)

-600
-400
-200

0
200
400
600
800

V
ol

ta
ge

 (
uV

)

EEG



25 

 

EEG values, possibly due to static discharge, which is shown in Appendix B.  Since the maximum 

physiological amplitude of EEG signals which are observed from epileptic seizures can go up to 

1000 µV (Acharya et al. 2013), we excluded some of the extreme values in absolute power data 

that were derived from signals with an amplitude larger than 1000 µV. The boxplot of the trimmed 

data of change in absolute power from pre-heading to post-heading is presented in Figures 3.4 with 

the summary statistics of the trimmed data given in Appendix B. Overall, the data seem to be right 

skewed for all bands, i.e. skewed towards increases in absolute power. The change in the bands 

range from -109.2 to 399.9, and the average change in absolute power is 9.76 for Delta, 1.20 for 

Theta, 0.98 for Alpha, 6.62 for Beta, 0.99 for Gamma and 5.52 for the Total band. 

 
Figure 3.4 Boxplot of change in absolute power from pre-heading to post-heading 
 

We reported the results of the paired t-test for overall change in absolute power in Figure 

3.5.  As shown in Figure 3.5, there was significant evidence of increases in the absolute power 
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after heading for all the bands but theta as the p-value of the test was less than the threshold based 

on the Bonferroni correction for all the bands.  

 
Figure 3.5 Bar graphs of average change in absolute power from pre-heading to post-heading 
Note: * stands for the p-value of the paired t-test less than the threshold based on the Bonferroni correction. 
  

We also examined the association of the change in absolute power due to heading with the 

two factors of loading direction and impact level and reported the results of the two-way ANOVA 

in Table 3.1. The change in absolute power is significantly associated with the two factors in all 

the bands but delta based on the Bonferroni correction threshold. More specifically, the largest 

change in absolute power was 18.517, 15.106, and 12.619 in theta, beta and gamma bands, 

respectively, for left loading and impact level of 7 rad/s, and 11.226 and 325.719 in alpha and total 

bands respectively for right loading and impact level of 7 rad/s. The details of pre- and post-

heading statistics with these two factors for absolute power are included in Appendix A.2. 
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Table 3.1 Regression analysis of absolute power with loading direction and speed 
Factor Frequency Band 

Delta Theta Alpha Beta Gamma Total 
Intercept 52.865 -4.902 -2.460 -1.472 2.203 48.599
f1 (left) 79.067 6.754 5.697 *7.216 ∙5.198 98.829
f1 (right) ∙141.021 3.295 ∙6.005 3.017 -0.119 ∙152.043
f2 (7 rad/s) ∙96.371 *16.665 *7.681 *9.362 *5.418 ∙125.077
Adjusted R2 0.010 0.021 0.013 0.030 0.020 0.014
P-value of F-test ∙0.0071 *0.0000 *0.0023 *0.0000 *0.0001 *0.0014

Note: ꞏ,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 

 

In addition, we reported the one-way ANOVA with single factor in Table 3.2. First, the 

change in absolute power significantly varied for different loading directions only in delta, gamma, 

and total bands. More specifically, the estimated average change in absolute power was 3.104, 

9.864, and 16.316 in delta, 0.594, 1.890, and 1.572 in gamma, and 0.898, 1.716, and 4.124 in total, 

respectively, for front, left, and right loading directions.  

Second, the change in absolute power was significantly different for the two speeds of 4 rad/s 

and 7 rad/s in all bands except for the delta and total band. Particularly, the estimated average 

change in absolute power was -0.146 and 2.551 in theta, 0.054 and 1.902 in alpha, 0.303 and 2.394 

in gamma, and 0.590 and 1.381 in total, respectively, for the speeds of 4 rad/s and 7 rad/s. 
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Table 3.2 Regression analysis of absolute power with a single factor  
Factor Frequency Band 

Delta Theta Alpha Beta Gamma Total 
Factor 1 Loading Direction 

Intercept 3.104 0.811 0.344 0.551 0.415 1.957
f1(left) ∙6.760 0.471 1.069 ∙1.500 *1.238 ∙3.658
f1(right) *13.213 0.704 0.831 0.893 0.473 *7.034
Adjusted R2 0.015 -0.001 0.002 0.006 0.015 0.015
P-value of F-test *0.0003 0.7133 0.1500 ∙0.0251 *0.0003 *0.0004

 Factor 2 Ball Speed 
Intercept *7.558 -0.146 0.054 0.303 *0.590 *4.115
f2(7 rad/s) 4.407 *2.697 *1.848 *2.091 *0.791 2.810
Adjusted R2 0.002 0.015 0.016 0.022 0.009 0.003
P-value of F-test 0.1026 *0.0001 *0.0001 *0.0000 *0.0020 0.0535

Note: ꞏ,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 

 

Furthermore, we conducted a t-test to examine whether the change due to shams was 

different from the change due to heading in the frontal direction and displayed the test results in 

Figure 3.6. There was significant evidence that the change in absolute power for shams differed 

from the one due to heading with front loading direction and the impact level of 4 rad/s only in 

alpha and beta bands.  
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Figure 3.6 The average difference in the change of absolute power between shams and impacts  
Note: ●,* stand for the p-value of the t-test less than 0.05 and the threshold based on the Bonferroni 
correction respectively. 
 
3.4 Relative Power Results 

Like absolute power, we measured change in relative power as the difference of the post-

heading relative power minus the pre-heading relative power and presented the boxplot of the data 

in Figure 3.7 with the summary statistics of the data in Appendix B. While the change in relative 

power was skewed with various degrees for different frequency bands, all the data were in the 

range from -33.2% to 69.6%, and the average change in relative power is 6.7% for Delta, -2.2% 

for Theta, -2.7% for Alpha, -1.4% for Beta, and -1.4% for Gamma respectively. 
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Figure 3.7 Boxplot of change in relative power from pre-heading to post-heading 
 

As in absolute power, we reported the test results for overall change in relative power in 

Figure 3.8. As shown in Figure 3.8, there was significant evidence that relative power had an 

increase in delta and a decrease in the other four bands as the p-value of the test was less than the 

threshold based on the Bonferroni correction for all the bands. Moreover, the effect size of the 

change in delta was noticeably larger than in other bands.  
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Figure 3.8 The average change in relative power from pre-heading to post-heading. 
Note: * stands for the p-value of the paired t-test less than the threshold based on the Bonferroni correction. 

 
As in the analysis of absolute power, we reported the results of the two-way ANOVA for 

relative power in Table 3.3.  As showed in the last row in Table 3.3, the change in relative power 

was significantly associated with the two factors only in theta and gamma. More specifically, the 

largest (smallest) change in relative power was -0.7% (-3.7%) for front loading and impact level 

of 7 rad/s (right loading and impact level of 4 rad/s) in theta, and 0.5% (-3.3%) for right loading 

and impact level of 4 rad/s (front loading and impact level of 7 rad/s) in gamma respectively. The 

details of pre- and post-heading statistics with the two factors for relative power are in Appendix 

A.1. 
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Table 3.3 Regression analysis of relative power with loading direction and speed  
Factor Frequency Band 

 Delta Theta Alpha Beta Gamma 
Intercept *6.9% *-2.3% *-3.1% *-1.2% ∙-1.1%
f1(left) 0.0% -0.8% -0.2% -0.5% 0.7%
f1(right) -2.4% ∙-1.4% 0.8% 0.7% ∙1.6%
f2(7 rad/s) 1.2% *1.6% 0.5% -0.7% *-2.2%
Adjusted R2 0.002 0.014 0.001 0.008 0.025
P-value of F-test 0.1744 *0.0014 0.2976 ∙0.0181 *0.0000

Note: ꞏ,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 

 

Additionally, we reported the results of the one-way ANOVA with single factor in Table 

3.4. The p-value of F-test was less than the threshold based on the Bonferroni correction only in 

theta and gamma, there was significant evidence that the change in relative power varied over 

different impact levels only in theta and gamma. More specifically, the estimated average change 

in relative power was -3.0% and -1.4% in theta, -0.3% and -2.5% in gamma, for the impact levels 

of 4 rad/s and 7 rad/s respectively.  

Table 3.4 Regression analysis of relative power with a single factor 
Factor  Frequency Band 

Delta Theta Alpha Beta Gamma 
Factor 1 – Loading direction 

Intercept *7.5% *-1.5% *-2.9% *-1.5% *-2.1% 
f1(left) 0.0% -0.8% -0.2% -0.5% 0.7% 
f1(right) -2.4% ∙-1.4% 0.8% 0.7% ∙1.6% 
Adjusted R2 0.002 0.004 0.001 0.006 0.006 
P-value of F-test 0.1442 0.0650 0.2559 ∙0.0305 ∙0.0291 

 Factor 2 – Ball speed 
Intercept *6.1% *-3.0% *-2.9% *-1.1% -0.3% 
f2(7 rad/s) 1.2% *1.6% 0.5% -0.7% *-2.2% 
Adjusted R2 0.000 0.010 0.000 0.002 0.019 
P-value of F-test 0.2966 *0.0015 0.3274 0.0803 *0.0000 

Note: ꞏ,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 
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We further examined whether the change of relative power for shams was different from the 

change due to heading with front loading direction and the impact level of either 4 rad/s or 7 rad/s 

by conducting a t-test for each frequency band and reported the test results in Figure 3.9.  Hence, 

there was significant evidence that the difference in the change of relative power was different 

between shams and impacts only in theta, beta and gamma for front loading direction and the speed 

of 4 rad/s and in all the bands but delta for front loading direction and the speed of 7 rad/s 

respectively. More specifically, the average difference in the change of shams over hit was -4.8% 

in theta, 2.3% in beta, and 2.9% in gamma for front loading and the speed of 4 rad/s, and -5.6% in 

theta, -3.1% in alpha, 4.2% in beta, and 7.7% in gamma for front loading and the speed of 7 rad/s 

respectively. While the sign of the difference in the change between sham and hit were the same 

in all the frequency bands but delta, the size of the difference is larger for the speed of 7 rad/s than 

the speed of 4 rad/s.   

 
Figure 3.9 The average difference in the change of relative power between shams and impacts 
Note: ●,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 
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3.5 Discussion 

The findings of relative and absolute power from this study showed that we could detect 

immediate neurophysiological changes due to soccer headers with EEG, and found changes in 

power in the 2-second period post-heading. More specifically, as EEG power represents amount 

of activity in certain frequency bands of the EEG signal in the brain (Nunez and Srinivasan, 2005), 

the immediate neurophysiological change due to heading resulted in an increase in absolute power 

across all the five frequency bands, suggesting that heading could lead to a surge in amount of 

activity in the brain. For instance, the increase in power may be due to increased synchronization 

of the post-synaptic potentials in the brain, which was further evidenced by a higher increase in 

delta band than in the other bands (Kirschstein, 2009). When there is higher synchronization in the 

afferents, the amplitudes of the signal will sum together due to constructive interference. An 

explanation for this increase in power could be due to axonal stretching, which can first result in 

an increase in extracellular potassium due to damage to the neuron membrane, this would cause 

depolarization which subsequently leads to neurotransmitter release (Slobounov, 2016). This could 

contribute to an increase in the number of post-synaptic potentials that the post-synaptic cleft 

receives in the brain, leading to more summations of these potentials at the pyramidal cells in the 

brain. Usually axonal stretching would lead to apoptosis in severe cases, however, in these mild 

cases, it is likely that most of the neurons only had elastic deformations and reverted back to 

normal.  

Furthermore, our findings showed that in terms of absolute power, the immediate 

neurophysiological change due to heading depended on the two factors considered in the study for 

all the frequency bands. In particular, the change due to heading was significantly associated with 

the loading direction (F1) in gamma only, with either left or right loading directions having a larger 
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increase in absolute power than front loading direction in gamma (see Figure 3.10). The change 

due to heading was also significantly related to the impact level factor (F2) in alpha, beta and 

gamma bands with the impact level of 7 rad/s having a larger increase than the impact level of 

4 rad/s (see Figure 3.11). This supports the notion that an increase in head impact kinematic as 

well as side headers could lead to an increase in the neurophysiological change due to headers for 

soccer players.    

 

Figure 3.10 The average change in absolute power from pre-heading to post-heading for three 
loading directions. 
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Figure 3.11 The average change in absolute power from pre-heading to post-heading for 4 rad/s 
and 7 rad/s 
 

Our study found that the immediate neurophysiological change due to heading could also be 

captured by changes in the relative power post-heading, with a significant increase for delta and a 

significant decrease for the other four bands, indicating that the proportion of power in delta band 

dominated in the post-heading EEG signal. It is worth noting that our findings of increases in delta 

and decreases in alpha were also found in several previous brain injury studies, for example, in a 

study on post-concussion syndrome (PCS) by Korn et al. (2005), and a study on the breakdown of 

the blood-brain barrier following TBI by Tomkins et al. (2011). Our study further revealed that in 

terms of relative power, the change due to heading was related to the two factors only for theta, 

beta and gamma bands. More specifically, the change due to heading was related to F1 only for 

beta and gamma with a reduction in relative power for all the three loading directions and more 

for front and left loading directions than right loading direction (see Figure 3.12). This suggests 

that the change due to heading may be affected differently by the different directions of the soccer 
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ball placed on the head. The findings imply that soccer headers could affect player’s concentration 

and attentiveness as several studies in the literature showed that a reduction in beta waves, 

particularly at the top and front of the scalp, could be an indication of reduced concentration or 

attentiveness (e.g., Baumeister, 2008 and Buschman et al, 2012). 

The change due to heading was associated with F2 only in theta and gamma with a reduction 

for both frequency band but a larger reduction for the impact level of 4 rad/s in theta and the impact 

level of 7 rad/s for in gamma (see Figure 3.13). This suggests that an increase in soccer impact 

level could result in an increase in the ratio of theta over gamma frequency in EEG of soccer 

players due to heading. Studies have shown that theta-to-gamma relative power spectral density 

ratio is an important measure for predicting deficits such as working memory function changes, 

particularly caused by concussions related to sports (e.g., Poltavski et al., 2019).  

 
Figure 3.12 The average change in relative power from pre-heading to post-heading for three 
loading directions. 
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Figure 3.13 The average change in relative power from pre-heading to post-heading for 4 rad/s and 
7 rad/s 
 

Finally, our study found that the changes due shams were quite different from those due to 

heading in some frequency bands with higher differences between the effects of sham headers and 

actual hits in the 7 rad/s headers than the 4 rad/s headers. This provide further evidence that the 

changes in power due to heading differentiated from the immediate neurophysiological changes 

due to the anticipation of heading and that the higher the head kinematics, the more change in the 

proportions of the frequency bands. 

As demonstrated in Newson and Tiagarajan (2019), it is worth noting that characteristic 

patterns of power change within specific frequency bands may have different interpretations in 

terms of brain impairments and are not necessarily unique to any one impairment but show 

substantial overlap across impairments as well as variability within impairment. As such, one 

should take caution when interpreting changes in specific frequency bands and linking it to one 

neurologic or neurophysiological deficit in isolation.  
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Chapter 4: Post-Impact Changes in EEG Coherence 

4.1 Functional Connectivity through Coherence Analysis 

In this study, we carried out coherence analysis with two measures of coherence with EEG 

data, namely magnitude squared coherence and imaginary coherence, for the analysis of controlled 

headers on brain’s functional connectivity. Specifically, we considered the changes in magnitude 

squared coherence and imaginary coherence from pre-heading to post-heading and examined 

whether and how the immediate neurophysiological changes due to heading were associated with 

brain’s functional connectivity.  

As there are 19 electrodes used in our study, the total number of possible pairs of electrodes 

is 171. However, in our study, we followed the two-compartmental model of EEG coherence 

proposed by Thatcher et al. (1986) and considered only the coherences of the well-established 

pairs related to cortico-cortical associations for the analysis of the brain’s functional connectivity. 

By analyzing coherence for these pairs, we were able to evaluate whether the changes in coherence 

were mostly related to the impairment of short axonal fibers or long axonal fibers and specific 

electrodes. More specifically, as in Locatelli et al. (1998), we classified the coherence pairs 

considered in our study into eight groups, namely, 1. local anterior, 2. local posterior, 3. far 

coherence, 4. prefrontal to frontal and central, 5. occipital to parietal and central, 6. prefrontal to 

parietal, 7. frontal to occipital, and 8. prefrontal to occipital, with each group including pairs of 

electrodes as listed in Table 4.1 and visualized in Figure 4.1.  Note that groups 1, 2, 4, and 5 are 

related to the short axonal fibers, and groups 3, 6, 7, and 8 to long axonal fibers. Note also that this 

classification was applied to both magnitude-squared coherence and imaginary coherence in our 

study. 
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Table 4.1 Classification of 19 electrodes according to their locations on a scalp map  
Coherence group Pairs of electrodes 
1. local anterior Fp1-F7, Fp2-F8, F7-C3, F4-C4, C4-F8 
2. local posterior T5-C3, T5-O1, C3-P3, C4-P4, C4-T6, T6-O2 
3. far coherence Fp1-T5, Fp2-T6, F7-T5, F7-P3, F7-O1, T5-F3, F3-P3, F4-P4, 

P4-F8, F8-T6, F8-O2 
4. prefrontal to frontal and central  Fp1-F3, Fp1-C3, Fp2-F4, Fp2-C4 
5. occipital to parietal and central  C3-O1, P3-O1, C4-O2, P4-O4 
6. prefrontal to parietal Fp1-F3, Fp1-C3, Fp2-F4, Fp2-C4 
7. frontal to occipital F3-O1, P4-O2 
8. prefrontal to occipital Fp1-O1, Fp2-O2 

 
 

 
Figure 4.1 Classification of coherence groups on the scalp map  

In the analysis of coherence data, for the effects of soccer headers on brain connectivity for 

each participant, we computed the two coherence measures of each pair of two electrodes and 

displayed the coherences at each electrode in a scalp map in which each circle shows the location 

of an electrode and the coherences of this electrode with the other 18 electrodes. For example, 

Figure 4.2 is such scalp map for magnitude squared coherence in alpha band for a participant in 

our experiment. Each small circle in Figure 4.2 represents the location of an electrode on the scalp 

of this participant and the color of the circle for the change in the magnitude squared coherence of 
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the electrode with the other 18 electrodes from pre-heading to post-heading in alpha band. 

Particularly, according to the color of circles as shown in Figure 4.2, for this participant, the 

magnitude squared coherences with other electrodes increased for electrodes O1 and O2 and 

decreased for electrode Fp1. 

 

 
Figure 4.2 Change in magnitude squared coherence from pre-heading to post-heading in alpha 
band for one participant for a 4 rad/s frontal impact 
 

4.2 Statistical Analysis of Coherence Data 

With the use of the same processed EEG data as in for the power analysis in Chapter 3, we 

employed the same statistical method for coherence data. Particularly, we first conducted a paired 

t-test for each band to determine whether the overall change in either magnitude squared coherence 

or imaginary coherence due heading was significant. Furthermore, we conducted three-way 

ANOVA with loading direction (F1), impact level (F2), and electrode group (F3) to analyze the 



42 

 

association of the change in either of the two coherence measures with the three factors, which can 

be expressed by the regression of the change in coherence ( iy ) on the three factors as follows:  

0 1 1, 2 2, 3 3, .i i i i iy F F F             (5) 

Note that F1 and F2 are the same as in the analysis of power data and F3 has eight different levels 

for the coherence groups defined in Table 4.1.  Moreover, we conducted one-way ANOVA with 

single factor to examine the association of the change in each of the two coherence measures with 

different levels of the factor. The statistical tests performed here has been summarized in Chapter 

2.5.  

Note that for the statistical analysis of coherence data, we also addressed the issue of possible 

inflated Type I error in multiple analyses on the same data by performing the Bonferroni 

correction. The threshold based on the Bonferroni correction with 32 tests for coherence data was 

0.0016, which controls the overall probability of Type I error for all the statistical inferences within 

0.05.  

4.3 Magnitude Squared Coherence Results 

As in the analysis of relative and absolute power, we analyzed the change in brain’s 

functional connectivity between the post-heading and pre-heading in terms of the two coherence 

measures: magnitude squared coherence and imaginary coherence. For the data of magnitude 

squared coherence from our experiment, we calculated the difference in coherence between post-

heading and pre-heading and displayed the boxplot of the data in Figure 4.3 with the summary 

statistics given in Appendix B. As shown in Figures 4.3, the changes in magnitude squared 

coherence are mostly symmetrically distributed and centred around zero change, except theta, 

whose mean change showed a slight decrease. 
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Figure 4.3 Boxplot of change in magnitude squared coherence from pre-heading to post-heading 
 
 

We reported the results of the paired t-test for overall change in coherence in Figure 4.4. As 

displayed in Figure 4.4, there was significant evidence that the overall coherence on average 

decreased after heading for theta.  
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Figure 4.4 The average change in magnitude squared coherence from pre-heading to post-heading. 
Note: ●,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 
 
 The three-way ANOVA results for coherence are shown in Table 4.3. As the p-value of the 

F-test was less than the threshold based on the Bonferroni correction in all the five frequency 

bands, there was significant evidence that the change in magnitude squared coherence due to 

heading was associated with the three factors in all the bands. More specifically, the theta band 

had a larger effect size in both side headers but a smaller effect size in the 7 rad/s header. The right 

headers also had a larger effect size in the delta and alpha bands. Electrode group 3 had a smaller 

effect size in the delta band compared to the others. The details of pre- and post-heading statistics 

with the three factors for magnitude squared coherence are in Appendix A.3. 

Table 4.2 Regression analysis of magnitude squared coherence with loading direction, speed and 
electrode group 
Factor Frequency Band 

Delta Theta Alpha Beta Gamma 
Intercept -0.003 -0.011 ∙0.023 0.003 0.000
f1(left) ∙-0.023 *-0.026 ∙-0.017 0.002 ∙-0.012
f1(right) *-0.028 *-0.029 *-0.029 0.002 ∙0.010
f2(7 rad/s) -0.002 *0.023 -0.007 -0.002 -0.004
f3(2) 0.012 -0.007 -0.014 -0.008 -0.009
f3(3) *0.040 ∙0.019 0.014 0.011 0.001
f3(4) -0.010 ∙-0.024 ∙-0.022 ∙-0.017 -0.006
f3(5) 0.005 -0.009 -0.005 0.011 0.004
f3(6) 0.014 -0.007 -0.017 ∙-0.020 -0.005
f3(7) 0.028 0.019 ∙0.028 ∙0.022 0.005
f3(8) 0.018 0.002 -0.002 -0.001 0.008
Adjusted R2 0.014 0.047 0.028 0.014 0.012
P-value of F-test *0.0002 *0.0000 *0.0000 *0.0002 *0.0005

Note: ꞏ,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 

 

Furthermore, we reported the results of the one-way ANOVA with single factor for 

magnitude squared coherence in Table 4.3. Specifically, first, the changes due to loading direction 
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in the theta, alpha and gamma band were significant. Particularly, among theta, alpha and gamma 

bands, the largest increase occurred for front loading in alpha, and the largest decrease occurred 

for right loading in theta respectively (see Figure 4.5). 

 

  
Figure 4.5 The average change in magnitude squared coherence from pre-heading to post-heading 
for three loading directions. 

 

The change in magnitude squared coherence significantly differed for the impact levels of 4 

rad/s and 7 rad/s only in theta. The estimated average change in magnitude squared coherence for 

theta band was -0.027 for the impact level of 4 rad/s and -0.004 for the impact level of 7 rad/s 

respectively. The changes due to electrode groups were significant in the theta, alpha and beta 

bands.  
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Table 4.3 Regression analysis of magnitude squared coherence with a single factor  
Factor Frequency Band 

Delta Theta Alpha Beta Gamma 
Factor 1 – Loading direction 

Intercept ∙0.013 0.003 *0.019 0.004 -0.003 
f1(left) ∙-0.023 *-0.026 ∙-0.017 0.002 ∙-0.012 
f1(right) ∙-0.028 *-0.030 *-0.029 0.002 ∙0.010 
Adjusted R2 0.005 0.017 0.012 -0.001 0.012 
P-value of F-test ∙0.0043 *0.0000 *0.0000 0.8834 *0.0000 

 Factor 2 – Ball speed 
Intercept -0.003 *-0.027 ∙0.007 ∙0.006 -0.001 
f2(hard) -0.001 *0.023 -0.006 -0.002 -0.005 
Adjusted R2 -0.001 0.013 0.000 0.000 0.000 
P-value of F-test  0.8615 *0.0000 0.2171 0.6317 0.2133 

 Factor 3 – Electrode group 
Intercept  ∙-0.021 ∙-0.018 0.005 0.004 -0.003 
f3(2)  0.012 -0.007 -0.014 -0.008 -0.009 
f3(3)  *0.040 ∙0.019 0.014 0.011 0.001 
f3(4)  -0.010 ∙-0.024 ∙-0.022 ∙-0.017 -0.006 
f3(5)  0.005 -0.009 -0.005 0.011 0.004 
f3(6)  0.014 -0.007 -0.017 ∙-0.020 -0.005 
f3(7)  0.028 0.019 ∙0.028 ∙0.022 0.005 
f3(8)  0.018 0.002 -0.002 -0.001 0.008 
Adjusted R2 0.009 0.017 0.015 0.015 0.000 
P-value of F-test ∙0.0016 *0.0000 *0.0000 *0.0000 0.3998 

Note: ꞏ,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 

 

We also investigated whether the change in magnitude squared coherence due to shams was 

different from the change due to heading with front loading direction and either 4 rad/s or 7 rad/s 

and reported the test results in Figure 4.6. There was significant evidence that the difference in the 

change of magnitude squared coherence was different between shams and impacts in the front 

loading direction and the impact level of 4 rad/s in all the frequency bands but delta and the front 

loading direction and the impact level of 7 rad/s only in delta and theta respectively.  
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Figure 4.6 The average difference in the change of magnitude squared coherence between shams 
and impacts. 
Note: ●,* stand for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 

 

4.4 Imaginary Coherence Results 

For the data of the change in imaginary coherence, we presented its boxplots Figures 4.7 

with its summary statistics given in Appendix B.  As shown in figure 4.7, the change in imaginary 

coherence is mostly symmetrically distribution and centred around 0 change for each frequency 

band.   
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Figure 4.7 Boxplot of change in imaginary coherence from pre-heading to post-heading 
 

We reported the results of the paired t-test for overall change in imaginary coherence in 

Figure 4.8. There were no significant differences between the pre-impact and post-impact 

imaginary coherence.  
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Figure 4.8 The average change in imaginary coherence between pre-heading and post-heading. 
Note: ● stands for the p-value of the t-test less than 0.05. 

 

Like magnitude squared coherence, we reported the results of the three-way ANOVA for 

imaginary coherence in Table 4.4. There were no significant changes in the imaginary coherence 

in any of the 3 factors.  The details of pre- and post-heading statistics with the three factors for 

imaginary coherence are in Appendix A.4.  
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Table 4.4 Regression analysis of imaginary coherence with loading direction, ball speed, and 
electrode group  
Factor Frequency Band 

Delta Theta Alpha Beta Gamma 
Intercept -0.008 0.004 0.010 -0.010 0.000
f1(left) ∙0.022 0.009 0.007 0.007 -0.003
f1(right) ∙0.025 0.006 -0.005 0.007 0.007
f2(hard) 0.011 -0.003 -0.008 ∙0.015 -0.003
f3(2) -0.014 0.002 -0.012 -0.001 -0.001
f3(3) -0.003 0.000 ∙-0.030 -0.010 0.011
f3(4) -0.002 -0.009 -0.006 0.020 0.014
f3(5) -0.008 0.024 -0.014 0.004 -0.008
f3(6) -0.010 -0.011 0.003 0.017 0.015
f3(7) 0.000 ∙0.047 -0.027 0.001 -0.018
f3(8) -0.008 0.013 -0.021 0.017 ∙0.023
Adjusted R2 0.000 0.001 0.002 0.006 0.009
P-value of F-test 0.4575 0.2894 0.2205 ∙0.0266 ∙0.0043

Note: ꞏ stands for the p-value of a test less than 0.05. 
 

We also reported the results of the one-way ANOVA for imaginary coherence in Table 4.5. 

Again, there were no significant changes among the individual factors.  
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Table 4.5 Regression analysis of imaginary coherence with a single factor 
Factor Frequency Band 

Delta Theta Alpha Beta Gamma 
Factor 1 – Loading direction 

Intercept -0.008 0.007 -0.011 -0.001 0.003
f1(left) ∙0.022 0.009 0.007 0.007 -0.003
f1(right) ∙0.025 0.006 -0.005 0.007 0.007
Adjusted R2 0.003 -0.001 0.000 0.000 0.001
P-value of F-test ∙0.0319 0.6397 0.4656 0.5133 0.1738

 Factor 2 – Ball speed 
Intercept 0.002 ∙0.013 -0.006 -0.004 ∙0.006
f2(hard) 0.011 -0.003 -0.008 ∙0.015 -0.003
Adjusted R2 0.000 -0.001 0.000 0.003 0.000
P-value of F-test 0.2130 0.6908 0.2744 ∙0.0091 0.4709

 Factor 3 – Electrode group 
Intercept 0.013 0.007 0.006 0.002 -0.001
f3(2) -0.014 0.002 -0.012 -0.001 -0.001
f3(3) -0.003 0.000 ∙-0.030 -0.010 0.011
f3(4) -0.002 -0.009 -0.006 0.020 0.014
f3(5) -0.008 0.024 -0.014 0.004 -0.008
f3(6) -0.010 -0.011 0.003 0.017 0.015
f3(7) 0.000 ∙0.047 -0.027 0.001 -0.018
f3(8) -0.008 0.013 -0.021 0.017 ∙0.023
Adjusted R2 -0.003 0.002 0.002 0.003 0.008
P-value of F-test  0.9897 0.1434 0.1742 0.0999  ∙0.0029

Note: ∙ stands for the p-value of a test less than 0.05.  

Similarly, we also investigated whether the change in imaginary coherence due to shams was 

different from the change due to heading with front loading direction and either 4 rad/s or 7 rad/s 

by conducting a t-test for each frequency band and reported the test results in Figure 4.9. There 

was significant evidence that the difference in the change of imaginary coherence was different 

between shams and impacts in the front loading direction and the impact level of 4 rad/s only in 

alpha and gamma, and the front loading direction and the impact level of 7 rad/s in the theta and 
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alpha bands respectively. The sign of the difference was the same for the two speeds in all the 

bands.  

 

 
Figure 4.9 The average difference in the change of imaginary coherence between shams and 
impacts 
Note: ●,* stand for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 

 

4.5 Discussion 

In addition to the power changes, we also found statistically significant coherence changes 

in EEG in the 2-second period post-heading. More specifically, our study found that the immediate 

neurophysiological change due to heading could be measured by overall change in magnitude 

squared coherence from pre-heading to post-heading with a significant decrease in theta and a 

significant increase in beta respectively. As change in coherence between two electrodes on scalp 

could be interpreted as change in interaction of the underlying neuronal regions, the findings 
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suggest that soccer headers may affect overall interaction between the underlying neuronal regions 

with a decrease in theta and an increase in beta respectively. Decreases in the theta coherence was 

also observed in patients with Alzheimer Disease according to a study (Besthorn, 1994). Besthorn 

interpreted the decrease in the theta coherence as widespread cerebral degenerations as it pertains 

to Alzheimer Disease, this would then lead to fewer neuronal connections. Perhaps a much milder 

and temporary version of decreased connectivity may have occurred upon receiving the head 

impact.  

More importantly, in terms of magnitude squared coherence, the change due to heading was 

significantly associated with the three factors for all the five frequency bands. As shown in Figure 

4.5, it suggested that different loading directions could have different effects on brain’s functional 

connectivity. The change due to heading was significantly related to F3 in all the bands except 

gamma, with alpha band having much larger increases in magnitude squared coherence than the 

other three bands for all the coherence groups, particularly the frontal to occipital coherence group 

(see Figure 4.11).  The results show that for all the bands except beta, the largest increases in 

coherence occurred in the long axonal groups and the decreases in coherence occurred in the 

anterior short axonal fibers. This suggests the need for further investigating whether soccer headers 

may reduce brain’s functional connectivity particularly at the anterior part of the scalp that hit by 

the ball in our experiment.  
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Figure 4.10 The average change in magnitude squared coherence from pre-heading to post-heading 
for 4 rad/s and 7 rad/s. 
 

 
 

 
Figure 4.11 The average change in magnitude squared coherence from pre-heading to post-heading 
for eight coherence groups. 
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Our study found no significant evidence of immediate neurophysiological changes in the 

imaginary coherence due to heading . This contrasts with the findings in the magnitude-squared 

coherence in terms of the functional connectivity. This discrepancy could be due to imaginary 

coherence measures ignoring a portion of interaction in the real component, which could lead to 

less reliable localizations of interactions compared to the magnitude-squared coherence 

(Guggisberg, 2011). Moreover, there is also evidence that if the real component is relatively much 

large, imaginary coherence can fail to detect even strong interactions (Bornot, 2018).  

 
Finally, our study found that the changes in coherence due to shams were significantly 

different from those due to heading for most of the frequency bands. This provide further evidence 

that the changes in coherence due to heading differentiated from the immediate neurophysiological 

changes due to the anticipation of heading. 
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Chapter 5: EEG Recovery and Neuropsychological Evaluation 

Subconcussive head impacts are largely unexamined and are not expected to lead to 

observable symptoms (Bailes et al. ,2013, Talavage, 2013). This lack of observable symptoms for 

sub-concussive impacts may be due to a quick recovery in the neurophysiological changes after 

these impacts. Hence, in this study, we were interested in evaluating how quickly the immediate 

neurophysiological changes due to heading could recover after each header by analyzing the EEG 

changes over different post-impact epoch lengths. Additionally, we examined whether multiple 

headers performed in succession could have any cumulative and lasting changes. As such, we 

focused on the effects of receiving multiple headers in terms of neurophysiological changes and 

cognitive changes. 

5.1 Post Impact Recovery 

To evaluate whether the participants recover from these simulated headers, we first 

examined whether immediate neurophysiological changes due to heading during the trials 

diminished over time. For this purpose, we compared the changes in the absolute and relative 

power over the 2-second and 5-second post-impact epochs. Figure 5.1 displays the average change 

in absolute power using the 2-second epochs (orange bar) and 5-second epochs (blue bar) 

respectively together with the difference of the 5-second epoch change over the 2-second epoch 

change (grey bar). As shown in Figure 5.1, while absolute power increased after heading for both 

the 2-second and 5-second epochs in each frequency band, the size of increase was less when using 

the 5-second epoch than the 2-second epoch in each frequency band.  In addition, we showed that 

change in absolute power in the 5-second epoch was significantly less than the 2-second epoch 

across all the bands based on a t-test. This result suggests that the participants could recover from 

the controlled headers quickly as the effects of the header diminished over time. 
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Figure 5.1 The average change in absolute power from pre-heading to post-heading for 2-second 
and 5-second epochs. 
Note: * stands for the p-value of the t-test less than 0.05.  

 

Similarly, Figure 5.2 displays the average change in relative power from pre-heading to post-

heading for 2-second epoch (orange bar) and 5-second epoch (blue bar) respectively together with 

the difference of the 5-second epoch over the 2-second epoch (grey bar). Clearly, the sign of the 

change in relative power was the same for both the 2-second and 5-second epochs in each 

frequency band, but the size of the change differed. Moreover, we showed that the change for the 

5-second epoch was significantly less than that for the 2-second epoch for the relative power with 

the use of a t-test; this provided evidence that the effects of the header diminished over time. 

Hence, the findings based on both absolute and relative power show that the recovery from 

controlled headers of the participants in our experiment was quick with no significant evidence of 

adverse consequences for the participants due to the experiment.  

* *

*

*
*

*

0.00

0.50

1.00

1.50

2.00

2.50
Delta Theta Alpha Beta Gamma Total

C
h

an
g

e
 in

 a
b

so
lu

te
 p

o
w

e
r

Frequency Band

2s 5s



58 

 

  
Figure 5.2 The average change in relative power from pre-heading to post-heading for 2-second and 
5-second epochs. 
Note: ● stands for the p-value of the t-test less than 0.05.  

 

5.2 Post Session Recovery 

For this study, we have also investigated whether there is any evidence of neurocognitive 

changes after all of the controlled head impacts. For this purpose, we conducted a neurocognitive 
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the reverse order of the list. As such, the maximum total score is 5 for the orientation section, 10 

and 5 for the two parts of the memory section, and 5 for the concentration section respectively.     

For the assessment of participant recovery after all the trials, we computed the accuracy rate 

for an individual participant, defined as the total score of a section over the maximum total score 

for that section, for each of the three sections for the test conducted either before or after all the 

trials.  

The average accuracy for the three different sections of the test before and after the trials are 

displayed by blue and orange bars respectively in Figure 5.3 where “O” is for the orientation 

section, “M1” and “M2” for the two parts of the immediate memory section, and “C” for the 

concentration section respectively.  Clearly, the average accuracy before the trials did not exceed 

the average successful rate after the trials for all the sections. It should be noted that the SCAT-5 

is not intended to diagnose concussion. Regardless, the results of this test provides evidence that 

there were no significant neurocognitive changes after the experiment.  

 

Figure 5.3 The average accuracy for the three sections of the concussion test after all the trials 
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In addition, we compared the difference in each of the four metrics between the two 5-minute 

resting states before and after trials separately by conducting a paired t-test with the null hypothesis 

of no difference in the metric and reported the results in Figures 5.4-5.7. There was no significant 

evidence of the change between the resting-states for either absolute or relative power. The 

findings suggested that the immediate power change due to heading may not have lasting or 

cumulative effects after the experiment. This result may explain why the EEG investigation on the 

effects of heading by Tysvaer et al. (1989) resulted in almost normal EEG recordings for the soccer 

players with concussion history in their study.   

 Furthermore, there was evidence of the change between the resting-states for both 

magnitude-squared and imaginary coherence in some of the bands. Specifically, the magnitude-

squared coherence had an overall decrease from the pre to post resting-states while the imaginary 

coherence only had a significant decrease in the beta band. This finding was slightly different to 

those observed in the post-impact changes in magnitude-squared coherence. Perhaps the baseline 

coherence level has decreased overall during the experiments. The findings implied that the 

changes in the functional connectivity due to multiple consecutive heading may last longer than 

the changes in power. 
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Figure 5.4 The average difference in absolute power between post and pre resting states. 
 

 

Figure 5.5 The average difference in relative power between pre-resting and post-resting states. 
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Figure 5.6 The average difference in magnitude squared coherence between pre- and post-resting 
states. 
Note: ●,* stands for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 
 

 

Figure 5.7 The average difference in imaginary coherence between post- and pre-resting states. 
Note: ●,* stand for the p-value of a test less than 0.05 and the threshold based on the Bonferroni correction 
respectively. 
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Chapter 6: Conclusions 

In this study, we designed and conducted a novel experiment to examine the immediate 

effects of controlled soccer headers by measuring EEG signals continuously during mild soccer 

headers. Through the experiment, we were able to determine whether the immediate effects of a 

mild soccer header on the brain can be detected with the use of EEG, and if these effects are 

affected by heading direction and ball speed. In this study, we observed immediate, transient 

changes in EEG signals lasting for seconds after mild soccer headers, indicating that the immediate 

effects of a mild soccer header on the brain could be detected with the use of EEG. More 

specifically, there was evidence of changes in both power and coherence due to heading based on 

the recorded EEG signals. For instance, there were an increase in absolute power due to heading 

across all the frequency bands and a decrease in magnitude squared coherence after the impact for 

theta band. We also found evidence that changes due to heading varied for different loading 

directions and ball speed, suggesting that the immediate effects of mild soccer header could be 

affected by ball direction and speed. Particularly, both ball direction and speed affected the changes 

in absolute power due to heading for all the bands but delta and the changes in magnitude squared 

coherence due to heading for the all bands respectively. Furthermore, for some of the frequency 

bands, changes in power were larger for side headers than for frontal headers and larger for high 

ball speed than for low ball speed. In addition, we found evidence of differences in the changes of 

EEG signals between sham headers and actual headers for some frequency bands in terms of each 

of the four metrics used in the study. Lastly, we found no evidence of changes in power between 

pre- and post-resting sessions, but some evidence of a decrease in coherence for some frequency 

bands after the trials.  
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To the best of our knowledge, our study was the first attempt of examining EEG signals in 

humans immediately after controlled soccer headers. Our findings indicated that potential transient 

effects of mild soccer headers could be measured sensitively and quantitatively with the use of 

EEG. Particularly, our findings on the ball speed with larger change in power for higher ball speed 

was consistent with the hypothesis that higher head kinematics, leading to higher brain 

deformations, are expected to result in greater neurophysiological changes. It is worth noting that 

some of the changes in power and coherence from our study resembled characteristic patterns 

found in previous studies on brain impairments in the literature. As such, more severe headers than 

those simulated in our experiments are anticipated to lead to greater but similar patterns of 

neurophysiological changes, and could potentially explain brain impairments resulting from these 

impacts. While our study was an exploratory analysis on the immediate effects of soccer headers 

with the use of EEG, our findings could serve as a stepping-stone in the efforts of investigating 

effects of various head impacts in sports. 

Our study had several limitations. Firstly, the sample size in terms of number of participants 

in the experiment was small, which may limit our findings to being extrapolated widely. Secondly, 

the controlled headers performed in this study may not fully replicate on-field soccer headers. 

Specifically, in our experiment, the effective mass of the pendulum was much higher than the 

soccer ball, and the impact level of the headers and the location of the impact on the head were 

controlled. Consequently, there may be differences in impact dynamics between the controlled and 

on-field soccer headers. Thirdly, we have used a relatively sparse electrode setup which limited 

out coherence analysis and in-depth source localization analysis. Lastly, we are unable to analyze 

the EEG changes that occurred during the impact due to high levels of noise at the point of contact, 



65 

 

hence this thesis focuses on the data obtained when the head remained still immediately after the 

impact. 

Our exploratory study has indicated the feasibility of using EEG to measure immediate 

effects of soccer headers. It has suggested at least two possible directions for future research in the 

field. One is to conduct more similar experiments with different designs and a larger number of 

participants to obtain more data on head impacts in sports. This includes the use of different EEG 

devices like wearable EEG and different types of participants.  With cumulated information from 

this type of research, it may eventually lead to further development of screening technologies for 

head impact-related brain changes in clinical practice.  The other direction is to explore how to use 

other biomedical imaging techniques together with EEG to analyze head impacts in sports. The 

aim of such research is to address whether and how head impacts in sports like soccer headers 

affect the structure and neurons in the brain, which may lead to better understanding on head 

impacts in sports. 
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Appendix A: Pre- and Post-Heading Statistics with Loading Direction and 

Speed  

Pre- and Post-Heading Statistics with Loading Direction and Speed for Relative Power 

(P-value is for t-test with hull hypothesis of mean of post-heading over pre-heading equal to zero.) 

Statistics Soft Speed Hard Speed 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

Delta 

Mean (pre-heading) 0.466 0.453 0.515 0.437 0.499 0.510 

Mean(post-heading) 0.523 0.532 0.561 0.530 0.569 0.565 

Mean(after-before) 0.057 0.079 0.046 0.093 0.071 0.055 

P-value 0.000 0.000 0.000 0.000 0.000 0.000 

Theta 

Mean (pre-heading) 0.180 0.167 0.185 0.152 0.163 0.177 

Mean(post-heading) 0.161 0.129 0.152 0.141 0.156 0.152 

Mean(after-before) -0.019 -0.038 -0.034 -0.011 -0.007 -0.024 

P-value 0.021 0.000 0.000 0.079 0.133 0.000 

Alpha 

Mean (pre-heading) 0.172 0.173 0.156 0.154 0.141 0.128 

Mean(post-heading) 0.133 0.138 0.142 0.135 0.115 0.101 

Mean(after-before) -0.039 -0.035 -0.014 -0.019 -0.026 -0.027 

P-value 0.000 0.000 0.065 0.002 0.000 0.000 

Beta 

Mean (pre-heading) 0.124 0.127 0.113 0.146 0.124 0.117 

Mean(post-heading) 0.119 0.111 0.102 0.121 0.100 0.113 

Mean(after-before) -0.005 -0.016 -0.011 -0.025 -0.024 -0.004 

P-value 0.218 0.000 0.003 0.000 0.000 0.347 

Gamma 

Mean (pre-heading) 0.153 0.179 0.131 0.198 0.165 0.165 

Mean(post-heading) 0.155 0.168 0.130 0.153 0.146 0.155 

Mean(after-before) 0.003 -0.011 0.000 -0.046 -0.019 -0.010 

P-value 0.679 0.115 0.943 0.000 0.005 0.065 
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Pre- and Post-Heading Statistics with Loading Direction and Speed for Absolute Power 

(P-value is for t-test with hull hypothesis of mean of post-heading over pre-heading equal to zero.) 

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

Delta 

Mean (pre-heading) 1.332 1.455 1.570 1.020 1.995 2.388 

Mean(post-heading) 2.091 18.613 6.327 6.468 4.564 30.264 

Mean(after-before) 0.759 17.158 4.757 5.448 2.569 27.875 

P-value 0.098 0.000 0.002 0.005 0.035 0.000 

Theta 

Mean (pre-heading) 1.714 2.541 1.731 1.404 3.295 4.084 

Mean(post-heading) 1.343 2.129 2.077 3.396 6.270 6.769 

Mean(after-before) -0.371 -0.412 0.345 1.992 2.976 2.684 

P-value 0.052 0.118 0.065 0.010 0.001 0.124 

Alpha 

Mean (pre-heading) 1.662 3.104 2.239 2.342 2.439 2.842 

Mean(post-heading) 1.454 3.127 2.586 3.238 5.243 4.845 

Mean(after-before) -0.208 0.022 0.347 0.897 2.804 2.003 

P-value 0.089 0.964 0.051 0.134 0.000 0.033 

Beta 

Mean (pre-heading) 1.562 2.682 2.151 2.221 2.027 2.741 

Mean(post-heading) 1.442 3.558 2.303 3.442 5.252 5.476 

Mean(after-before) -0.120 0.876 0.152 1.221 3.225 2.735 

P-value 0.355 0.000 0.360 0.000 0.000 0.011 

Gamma 

Mean (pre-heading) 1.553 2.742 1.457 2.196 2.250 2.750 

Mean(post-heading) 1.338 4.334 1.849 3.241 3.964 4.134 

Mean(after-before) -0.214 1.592 0.392 1.045 1.714 1.384 

P-value 0.214 0.000 0.000 0.000 0.000 0.005 

Total 

Mean (pre-heading) 1.208 1.775 1.396 1.072 1.810 2.178 

Mean(post-heading) 1.559 11.111 4.055 4.634 3.703 17.500 

Mean(after-before) 0.351 9.336 2.659 3.562 1.893 15.322 

P-value 0.205 0.000 0.003 0.004 0.009 0.000 
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Pre- and Post-Heading Statistics with Loading Direction, Speed and Electrode Group for 

Magnitude Squared Coherence 

(P-value is for t-test with hull hypothesis of mean of post-heading over pre-heading equal to zero.) 

Delta 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.668 0.655 0.649 0.564 0.617 0.607 

Mean(post-heading) 0.645 0.659 0.590 0.568 0.568 0.612 

Mean(after-before) -0.024 0.004 -0.060 0.003 -0.049 0.005 

P-value 0.356 0.847 0.006 0.892 0.038 0.855 

 F3(2) 
  
  
  

Mean (pre-heading) 0.703 0.660 0.658 0.633 0.633 0.721 

Mean(post-heading) 0.718 0.658 0.647 0.642 0.601 0.691 

Mean(after-before) 0.014 -0.002 -0.011 0.009 -0.033 -0.030 

P-value 0.401 0.922 0.569 0.643 0.274 0.201 

 F3(3) 
  
  
  

Mean (pre-heading) 0.473 0.440 0.419 0.385 0.371 0.448 

Mean(post-heading) 0.485 0.468 0.434 0.434 0.378 0.454 

Mean(after-before) 0.012 0.028 0.015 0.049 0.007 0.006 

P-value 0.392 0.026 0.305 0.002 0.673 0.799 

 F3(4) 
  
  
  

Mean (pre-heading) 0.533 0.509 0.444 0.384 0.486 0.490 

Mean(post-heading) 0.496 0.515 0.334 0.414 0.410 0.497 

Mean(after-before) -0.037 0.006 -0.110 0.029 -0.075 0.008 

P-value 0.295 0.842 0.000 0.479 0.018 0.802 

   Mean (pre-heading) 0.631 0.523 0.544 0.577 0.569 0.669 

F3(5) Mean(post-heading) 0.658 0.543 0.533 0.565 0.499 0.618 

 Mean(after-before) 0.027 0.020 -0.011 -0.012 -0.070 -0.050 

 P-value 0.243 0.420 0.588 0.694 0.033 0.186 

 Mean (pre-heading) 0.483 0.462 0.382 0.348 0.380 0.418 

F3(6) Mean(post-heading) 0.473 0.438 0.340 0.382 0.354 0.448 

 Mean(after-before) -0.010 -0.024 -0.042 0.034 -0.026 0.030 

 P-value 0.823 0.543 0.254 0.456 0.432 0.508 

 Mean (pre-heading) 0.481 0.335 0.346 0.387 0.418 0.496 

F3(7) Mean(post-heading) 0.520 0.362 0.339 0.454 0.354 0.477 

 Mean(after-before) 0.039 0.027 -0.007 0.067 -0.064 -0.019 

 P-value 0.365 0.370 0.835 0.144 0.040 0.784 

 Mean (pre-heading) 0.486 0.375 0.315 0.329 0.289 0.339 

F3(8) Mean(post-heading) 0.472 0.377 0.308 0.337 0.274 0.349 

 Mean(after-before) -0.014 0.002 -0.007 0.007 -0.015 0.011 

 P-value 0.717 0.966 0.792 0.773 0.553 0.851 
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Theta 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.656 0.633 0.633 0.538 0.599 0.581 

Mean(post-heading) 0.647 0.602 0.579 0.572 0.554 0.581 

Mean(after-before) -0.009 -0.031 -0.054 0.033 -0.045 0.000 

P-value 0.443 0.002 0.000 0.046 0.004 0.977 

 F3(2) 
  
  
  

Mean (pre-heading) 0.687 0.596 0.659 0.587 0.590 0.679 

Mean(post-heading) 0.653 0.593 0.606 0.601 0.536 0.658 

Mean(after-before) -0.033 -0.002 -0.053 0.014 -0.053 -0.021 

P-value 0.006 0.877 0.000 0.371 0.004 0.263 

 F3(3) 
  
  
  

Mean (pre-heading) 0.430 0.385 0.406 0.322 0.310 0.383 

Mean(post-heading) 0.419 0.369 0.381 0.378 0.315 0.380 

Mean(after-before) -0.011 -0.016 -0.025 0.056 0.005 -0.003 

P-value 0.162 0.080 0.003 0.000 0.564 0.826 

 F3(4) 
  
  
  

Mean (pre-heading) 0.466 0.489 0.394 0.353 0.464 0.465 

Mean(post-heading) 0.445 0.435 0.316 0.343 0.399 0.446 

Mean(after-before) -0.021 -0.054 -0.078 -0.010 -0.065 -0.018 

P-value 0.229 0.001 0.000 0.597 0.000 0.273 

   Mean (pre-heading) 0.612 0.457 0.536 0.527 0.493 0.618 

F3(5) Mean(post-heading) 0.587 0.480 0.480 0.515 0.420 0.600 

 Mean(after-before) -0.026 0.023 -0.056 -0.012 -0.073 -0.018 

 P-value 0.084 0.155 0.001 0.543 0.002 0.514 

 Mean (pre-heading) 0.463 0.426 0.375 0.354 0.324 0.389 

F3(6) Mean(post-heading) 0.432 0.383 0.323 0.335 0.328 0.385 

 Mean(after-before) -0.031 -0.043 -0.052 -0.018 0.004 -0.004 

 P-value 0.206 0.039 0.001 0.496 0.888 0.841 

 Mean (pre-heading) 0.412 0.275 0.318 0.278 0.296 0.426 

F3(7) Mean(post-heading) 0.407 0.270 0.300 0.340 0.279 0.412 

 Mean(after-before) -0.006 -0.005 -0.018 0.062 -0.016 -0.014 

 P-value 0.711 0.858 0.315 0.023 0.375 0.727 

 Mean (pre-heading) 0.447 0.339 0.313 0.334 0.220 0.283 

F3(8) Mean(post-heading) 0.417 0.302 0.275 0.315 0.235 0.305 

 Mean(after-before) -0.031 -0.036 -0.039 -0.019 0.014 0.023 

 P-value 0.229 0.182 0.019 0.417 0.415 0.333 
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Alpha 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.654 0.611 0.615 0.541 0.553 0.525 

Mean(post-heading) 0.642 0.600 0.612 0.586 0.552 0.534 

Mean(after-before) -0.012 -0.011 -0.002 0.045 -0.001 0.009 

P-value 0.352 0.448 0.871 0.009 0.928 0.542 

 F3(2) 
  
  
  

Mean (pre-heading) 0.638 0.553 0.589 0.575 0.565 0.635 

Mean(post-heading) 0.634 0.570 0.571 0.583 0.531 0.608 

Mean(after-before) -0.004 0.016 -0.019 0.009 -0.034 -0.026 

P-value 0.769 0.304 0.198 0.585 0.034 0.099 

 F3(3) 
  
  
  

Mean (pre-heading) 0.393 0.344 0.364 0.329 0.292 0.340 

Mean(post-heading) 0.397 0.373 0.375 0.391 0.311 0.321 

Mean(after-before) 0.004 0.029 0.011 0.061 0.019 -0.019 

P-value 0.686 0.003 0.343 0.000 0.057 0.036 

 F3(4) 
  
  
  

Mean (pre-heading) 0.435 0.457 0.379 0.356 0.433 0.449 

Mean(post-heading) 0.424 0.437 0.366 0.380 0.391 0.402 

Mean(after-before) -0.011 -0.019 -0.013 0.024 -0.042 -0.048 

P-value 0.473 0.174 0.498 0.274 0.088 0.001 

   Mean (pre-heading) 0.561 0.419 0.456 0.520 0.494 0.558 

F3(5) Mean(post-heading) 0.590 0.473 0.454 0.521 0.415 0.548 

 Mean(after-before) 0.030 0.054 -0.002 0.001 -0.078 -0.010 

 P-value 0.098 0.003 0.900 0.966 0.001 0.508 

 Mean (pre-heading) 0.432 0.394 0.364 0.379 0.319 0.393 

F3(6) Mean(post-heading) 0.412 0.412 0.329 0.393 0.309 0.350 

 Mean(after-before) -0.020 0.018 -0.035 0.014 -0.010 -0.043 

 P-value 0.332 0.336 0.040 0.611 0.776 0.081 

 Mean (pre-heading) 0.345 0.231 0.259 0.265 0.274 0.367 

F3(7) Mean(post-heading) 0.400 0.293 0.313 0.339 0.254 0.329 

 Mean(after-before) 0.055 0.062 0.054 0.074 -0.020 -0.039 

 P-value 0.016 0.032 0.049 0.019 0.420 0.117 

 Mean (pre-heading) 0.399 0.320 0.262 0.364 0.234 0.296 

F3(8) Mean(post-heading) 0.409 0.318 0.290 0.379 0.247 0.242 

 Mean(after-before) 0.010 -0.003 0.028 0.014 0.013 -0.053 

 P-value 0.529 0.900 0.246 0.655 0.689 0.022 
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Beta 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.616 0.564 0.560 0.525 0.535 0.507 

Mean(post-heading) 0.594 0.575 0.560 0.553 0.531 0.518 

Mean(after-before) -0.022 0.010 0.000 0.028 -0.004 0.011 

P-value 0.080 0.251 0.997 0.087 0.796 0.372 

 F3(2) 
  
  
  

Mean (pre-heading) 0.623 0.555 0.540 0.568 0.544 0.615 

Mean(post-heading) 0.620 0.552 0.566 0.560 0.528 0.590 

Mean(after-before) -0.004 -0.003 0.027 -0.008 -0.016 -0.025 

P-value 0.694 0.746 0.030 0.572 0.211 0.062 

 F3(3) 
  
  
  

Mean (pre-heading) 0.391 0.327 0.315 0.328 0.297 0.313 

Mean(post-heading) 0.378 0.351 0.346 0.362 0.314 0.304 

Mean(after-before) -0.013 0.024 0.031 0.034 0.017 -0.009 

P-value 0.051 0.000 0.000 0.002 0.011 0.266 

 F3(4) 
  
  
  

Mean (pre-heading) 0.429 0.389 0.328 0.311 0.394 0.383 

Mean(post-heading) 0.377 0.395 0.308 0.349 0.372 0.352 

Mean(after-before) -0.052 0.005 -0.020 0.039 -0.022 -0.031 

P-value 0.009 0.590 0.079 0.038 0.351 0.017 

   Mean (pre-heading) 0.561 0.428 0.417 0.510 0.455 0.544 

F3(5) Mean(post-heading) 0.578 0.450 0.466 0.521 0.442 0.547 

 Mean(after-before) 0.017 0.022 0.049 0.011 -0.013 0.004 

 P-value 0.174 0.068 0.001 0.638 0.314 0.856 

 Mean (pre-heading) 0.415 0.355 0.317 0.332 0.338 0.330 

F3(6) Mean(post-heading) 0.344 0.376 0.285 0.358 0.314 0.315 

 Mean(after-before) -0.071 0.021 -0.032 0.026 -0.025 -0.015 

 P-value 0.002 0.169 0.060 0.222 0.229 0.359 

 Mean (pre-heading) 0.372 0.247 0.239 0.294 0.263 0.341 

F3(7) Mean(post-heading) 0.385 0.281 0.301 0.337 0.272 0.332 

 Mean(after-before) 0.012 0.034 0.063 0.043 0.009 -0.009 

 P-value 0.571 0.055 0.006 0.195 0.578 0.669 

 Mean (pre-heading) 0.375 0.298 0.227 0.317 0.248 0.248 

F3(8) Mean(post-heading) 0.353 0.305 0.253 0.342 0.248 0.226 

 Mean(after-before) -0.022 0.007 0.026 0.025 0.001 -0.021 

 P-value 0.292 0.703 0.031 0.163 0.975 0.261 
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Gamma 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.588 0.564 0.525 0.526 0.527 0.512 

Mean(post-heading) 0.572 0.562 0.527 0.538 0.521 0.506 

Mean(after-before) -0.016 -0.002 0.002 0.013 -0.007 -0.005 

P-value 0.140 0.755 0.828 0.255 0.636 0.561 

 F3(2) 
  
  
  

Mean (pre-heading) 0.651 0.613 0.588 0.622 0.594 0.641 

Mean(post-heading) 0.642 0.604 0.589 0.593 0.565 0.644 

Mean(after-before) -0.009 -0.008 0.001 -0.028 -0.028 0.003 

P-value 0.369 0.385 0.931 0.058 0.017 0.847 

 F3(3) 
  
  
  

Mean (pre-heading) 0.420 0.373 0.337 0.373 0.355 0.344 

Mean(post-heading) 0.407 0.372 0.356 0.379 0.331 0.349 

Mean(after-before) -0.013 -0.001 0.019 0.006 -0.024 0.005 

P-value 0.051 0.801 0.017 0.427 0.006 0.576 

 F3(4) 
  
  
  

Mean (pre-heading) 0.406 0.401 0.284 0.292 0.390 0.372 

Mean(post-heading) 0.366 0.387 0.315 0.327 0.358 0.337 

Mean(after-before) -0.040 -0.014 0.031 0.035 -0.032 -0.035 

P-value 0.027 0.076 0.009 0.059 0.109 0.072 

   Mean (pre-heading) 0.594 0.508 0.476 0.548 0.511 0.572 

F3(5) Mean(post-heading) 0.601 0.492 0.491 0.555 0.491 0.588 

 Mean(after-before) 0.008 -0.016 0.015 0.007 -0.020 0.017 

 P-value 0.564 0.221 0.225 0.529 0.055 0.370 

 Mean (pre-heading) 0.392 0.357 0.246 0.299 0.355 0.327 

F3(6) Mean(post-heading) 0.357 0.343 0.288 0.331 0.317 0.291 

 Mean(after-before) -0.035 -0.014 0.042 0.033 -0.038 -0.036 

 P-value 0.152 0.330 0.002 0.110 0.210 0.183 

 Mean (pre-heading) 0.407 0.330 0.294 0.354 0.347 0.407 

F3(7) Mean(post-heading) 0.399 0.332 0.310 0.387 0.316 0.406 

 Mean(after-before) -0.008 0.002 0.016 0.033 -0.031 -0.001 

 P-value 0.758 0.888 0.397 0.027 0.051 0.949 

 Mean (pre-heading) 0.360 0.303 0.210 0.286 0.276 0.228 

F3(8) Mean(post-heading) 0.362 0.304 0.231 0.298 0.267 0.233 

 Mean(after-before) 0.002 0.000 0.021 0.012 -0.009 0.005 

 P-value 0.940 0.983 0.156 0.439 0.590 0.683 
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Pre- and Post- Heading Statistics with Loading Direction, Speed and Electrode Group for 

Magnitude Squared Coherence 

(P-value is for t-test with hull hypothesis of mean of post-heading over pre-heading equal to zero.) 

Delta 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.010 0.011 0.003 -0.012 -0.032 -0.010 

Mean(post-heading) 0.000 -0.004 0.016 -0.007 0.020 0.023 

Mean(after-before) -0.009 -0.015 0.012 0.005 0.052 0.033 

P-value 0.648 0.398 0.577 0.861 0.040 0.163 

 F3(2) 
  
  
  

Mean (pre-heading) -0.031 -0.042 -0.008 -0.008 -0.021 -0.006 

Mean(post-heading) -0.027 -0.030 -0.012 0.004 -0.028 -0.031 

Mean(after-before) 0.003 0.011 -0.005 0.012 -0.006 -0.026 

P-value 0.885 0.576 0.833 0.610 0.816 0.400 

 F3(3) 
  
  
  

Mean (pre-heading) 0.016 -0.024 -0.005 -0.016 -0.025 -0.030 

Mean(post-heading) -0.015 -0.017 -0.020 -0.006 0.014 0.023 

Mean(after-before) -0.031 0.006 -0.015 0.009 0.040 0.052 

P-value 0.092 0.681 0.410 0.657 0.094 0.013 

 F3(4) 
  
  
  

Mean (pre-heading) -0.058 -0.015 0.042 0.046 -0.040 -0.002 

Mean(post-heading) 0.018 0.006 0.046 -0.030 -0.050 0.051 

Mean(after-before) 0.076 0.021 0.004 -0.076 -0.011 0.053 

P-value 0.018 0.337 0.922 0.095 0.730 0.104 

   Mean (pre-heading) 0.020 -0.116 -0.059 0.010 -0.037 -0.039 

F3(5) Mean(post-heading) -0.027 -0.033 -0.046 -0.004 -0.066 -0.016 

 Mean(after-before) -0.048 0.083 0.013 -0.014 -0.028 0.024 

 P-value 0.038 0.009 0.687 0.550 0.401 0.453 

 Mean (pre-heading) -0.052 -0.020 0.015 0.009 -0.016 -0.031 

F3(6) Mean(post-heading) -0.013 -0.006 0.008 -0.034 -0.040 0.013 

 Mean(after-before) 0.039 0.014 -0.008 -0.043 -0.024 0.045 

 P-value 0.357 0.693 0.900 0.535 0.712 0.269 

 Mean (pre-heading) 0.060 -0.113 -0.063 -0.074 -0.032 -0.032 

F3(7) Mean(post-heading) -0.026 -0.049 -0.037 -0.027 -0.051 0.019 

 Mean(after-before) -0.087 0.064 0.026 0.046 -0.018 0.051 

 P-value 0.085 0.203 0.471 0.309 0.762 0.242 

 Mean (pre-heading) -0.029 -0.041 -0.065 -0.024 -0.060 -0.027 

F3(8) Mean(post-heading) -0.043 -0.054 -0.015 -0.046 -0.091 0.036 

 Mean(after-before) -0.014 -0.012 0.050 -0.022 -0.031 0.063 

 P-value 0.561 0.747 0.137 0.692 0.588 0.187 
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Theta 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.015 -0.006 0.004 -0.014 -0.015 0.002 

Mean(post-heading) 0.017 0.003 0.005 -0.009 0.000 0.012 

Mean(after-before) 0.002 0.009 0.001 0.005 0.015 0.011 

P-value 0.904 0.631 0.959 0.810 0.558 0.754 

 F3(2) 
  
  
  

Mean (pre-heading) -0.002 -0.043 -0.006 -0.023 -0.007 -0.010 

Mean(post-heading) 0.004 -0.032 -0.012 0.008 0.005 -0.013 

Mean(after-before) 0.006 0.011 -0.006 0.031 0.012 -0.003 

P-value 0.761 0.511 0.790 0.159 0.680 0.932 

 F3(3) 
  
  
  

Mean (pre-heading) -0.013 -0.030 0.021 0.027 0.019 0.010 

Mean(post-heading) 0.004 -0.016 0.033 0.003 0.014 0.044 

Mean(after-before) 0.017 0.014 0.012 -0.024 -0.004 0.034 

P-value 0.315 0.315 0.495 0.131 0.796 0.180 

 F3(4) 
  
  
  

Mean (pre-heading) -0.038 -0.013 0.078 0.060 -0.048 0.015 

Mean(post-heading) 0.080 0.022 -0.056 -0.026 -0.006 0.035 

Mean(after-before) 0.118 0.035 -0.135 -0.087 0.041 0.019 

P-value 0.000 0.160 0.000 0.000 0.201 0.691 

   Mean (pre-heading) -0.009 -0.074 -0.041 -0.034 -0.035 -0.012 

F3(5) Mean(post-heading) -0.030 -0.052 0.000 0.018 -0.010 0.065 

 Mean(after-before) -0.021 0.022 0.041 0.052 0.024 0.077 

 P-value 0.389 0.469 0.134 0.117 0.485 0.041 

 Mean (pre-heading) -0.039 0.011 0.089 0.055 -0.010 0.055 

F3(6) Mean(post-heading) 0.046 0.016 0.026 -0.044 0.025 0.074 

 Mean(after-before) 0.085 0.005 -0.064 -0.099 0.035 0.020 

 P-value 0.024 0.905 0.225 0.040 0.376 0.739 

 Mean (pre-heading) 0.004 -0.069 -0.068 -0.053 -0.036 0.011 

F3(7) Mean(post-heading) -0.012 -0.004 0.017 0.048 -0.025 0.089 

 Mean(after-before) -0.015 0.065 0.086 0.101 0.012 0.078 

 P-value 0.757 0.089 0.085 0.021 0.806 0.229 

 Mean (pre-heading) -0.061 -0.012 0.007 0.041 0.047 0.082 

F3(8) Mean(post-heading) 0.001 0.036 0.047 -0.048 0.044 0.149 

 Mean(after-before) 0.062 0.048 0.039 -0.089 -0.002 0.068 

 P-value 0.099 0.243 0.315 0.007 0.961 0.401 
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Alpha 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) -0.008 0.002 -0.014 0.009 0.005 0.027 

Mean(post-heading) 0.021 -0.015 0.010 0.015 -0.004 0.033 

Mean(after-before) 0.029 -0.017 0.024 0.006 -0.010 0.006 

P-value 0.099 0.378 0.303 0.798 0.657 0.799 

 F3(2) 
  
  
  

Mean (pre-heading) 0.001 -0.008 0.021 0.018 -0.003 0.003 

Mean(post-heading) 0.020 -0.028 -0.025 0.025 0.020 -0.020 

Mean(after-before) 0.019 -0.020 -0.046 0.007 0.024 -0.023 

P-value 0.226 0.355 0.003 0.733 0.342 0.263 

 F3(3) 
  
  
  

Mean (pre-heading) 0.006 0.012 0.051 0.043 0.006 0.037 

Mean(post-heading) 0.000 -0.007 0.021 -0.007 0.003 0.000 

Mean(after-before) -0.006 -0.019 -0.031 -0.051 -0.003 -0.037 

P-value 0.635 0.360 0.031 0.003 0.873 0.088 

 F3(4) 
  
  
  

Mean (pre-heading) -0.064 -0.063 -0.082 0.017 -0.043 0.062 

Mean(post-heading) -0.052 -0.052 -0.002 -0.015 -0.024 -0.039 

Mean(after-before) 0.011 0.011 0.080 -0.033 0.019 -0.101 

P-value 0.651 0.593 0.016 0.318 0.486 0.008 

   Mean (pre-heading) 0.028 0.013 0.009 0.022 -0.005 -0.008 

F3(5) Mean(post-heading) 0.004 -0.031 0.031 -0.009 0.003 0.020 

 Mean(after-before) -0.024 -0.043 0.022 -0.031 0.009 0.028 

 P-value 0.274 0.138 0.213 0.248 0.806 0.266 

 Mean (pre-heading) -0.021 0.015 0.012 0.037 -0.011 0.094 

F3(6) Mean(post-heading) 0.013 0.040 0.039 0.014 0.073 -0.010 

 Mean(after-before) 0.034 0.025 0.027 -0.023 0.083 -0.104 

 P-value 0.174 0.644 0.508 0.552 0.027 0.038 

 Mean (pre-heading) 0.033 0.032 0.059 0.031 -0.004 -0.002 

F3(7) Mean(post-heading) 0.027 -0.036 0.033 0.016 -0.009 -0.008 

 Mean(after-before) -0.007 -0.068 -0.026 -0.015 -0.004 -0.006 

 P-value 0.827 0.100 0.477 0.763 0.931 0.908 

 Mean (pre-heading) -0.018 0.055 0.028 0.051 0.001 0.076 

F3(8) Mean(post-heading) -0.058 0.003 0.064 0.010 0.083 -0.005 

 Mean(after-before) -0.040 -0.052 0.037 -0.041 0.082 -0.082 

 P-value 0.288 0.365 0.306 0.226 0.101 0.129 
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Beta 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.001 -0.013 0.004 0.015 -0.017 -0.007 

Mean(post-heading) 0.005 -0.006 0.005 0.004 -0.007 -0.003 

Mean(after-before) 0.004 0.007 0.001 -0.011 0.010 0.004 

P-value 0.789 0.668 0.959 0.568 0.547 0.809 

 F3(2) 
  
  
  

Mean (pre-heading) 0.005 -0.007 0.013 -0.013 -0.012 0.005 

Mean(post-heading) 0.000 -0.017 0.011 0.002 -0.014 0.016 

Mean(after-before) -0.004 -0.009 -0.003 0.016 -0.002 0.011 

P-value 0.808 0.571 0.871 0.343 0.918 0.541 

 F3(3) 
  
  
  

Mean (pre-heading) 0.022 -0.004 0.014 -0.006 -0.014 -0.017 

Mean(post-heading) -0.013 -0.013 0.000 -0.006 -0.003 -0.013 

Mean(after-before) -0.035 -0.009 -0.014 0.000 0.011 0.004 

P-value 0.007 0.553 0.283 0.991 0.375 0.760 

 F3(4) 
  
  
  

Mean (pre-heading) -0.064 0.033 -0.064 0.013 0.003 -0.027 

Mean(post-heading) -0.040 -0.010 0.005 0.076 0.023 -0.032 

Mean(after-before) 0.024 -0.043 0.069 0.063 0.020 -0.005 

P-value 0.054 0.042 0.009 0.004 0.325 0.854 

   Mean (pre-heading) 0.028 -0.051 0.035 -0.048 -0.006 -0.011 

F3(5) Mean(post-heading) -0.020 -0.030 0.027 0.002 0.000 0.007 

 Mean(after-before) -0.048 0.022 -0.009 0.051 0.006 0.018 

 P-value 0.013 0.380 0.678 0.001 0.753 0.398 

 Mean (pre-heading) -0.022 -0.014 -0.034 0.052 0.003 -0.032 

F3(6) Mean(post-heading) -0.005 0.032 -0.001 0.064 -0.004 -0.018 

 Mean(after-before) 0.016 0.046 0.033 0.013 -0.006 0.014 

 P-value 0.602 0.126 0.382 0.773 0.808 0.752 

 Mean (pre-heading) 0.042 -0.071 0.042 -0.014 -0.024 -0.035 

F3(7) Mean(post-heading) 0.000 -0.046 0.033 -0.028 -0.024 0.033 

 Mean(after-before) -0.042 0.025 -0.009 -0.014 0.001 0.068 

 P-value 0.226 0.583 0.784 0.616 0.980 0.034 

 Mean (pre-heading) 0.020 -0.012 -0.027 -0.013 -0.022 -0.022 

F3(8) Mean(post-heading) -0.023 0.060 -0.019 0.030 0.028 -0.039 

 Mean(after-before) -0.042 0.072 0.008 0.043 0.050 -0.018 

 P-value 0.160 0.022 0.784 0.193 0.081 0.635 
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Gamma 

Electrode 
Location 
  

Statistics 4 rad/s 7 rad/s 

 
Front 
Loading 

Left 
Loading 

Right 
Loading 

Front 
Loading 

Left 
Loading 

Right 
Loading 

 F3(1) 
  
  
  

Mean (pre-heading) 0.008 -0.009 -0.002 0.006 -0.003 0.015 

Mean(post-heading) 0.004 0.015 0.002 -0.004 -0.012 0.004 

Mean(after-before) -0.003 0.024 0.004 -0.010 -0.009 -0.010 

P-value 0.706 0.007 0.796 0.452 0.568 0.457 

 F3(2) 
  
  
  

Mean (pre-heading) -0.012 -0.007 0.005 0.011 0.001 -0.005 

Mean(post-heading) -0.007 -0.007 0.010 0.002 -0.012 -0.002 

Mean(after-before) 0.005 -0.001 0.005 -0.009 -0.013 0.003 

P-value 0.535 0.944 0.595 0.496 0.299 0.787 

 F3(3) 
  
  
  

Mean (pre-heading) -0.009 -0.010 -0.011 -0.014 -0.006 -0.005 

Mean(post-heading) 0.008 -0.006 -0.001 0.001 -0.007 0.016 

Mean(after-before) 0.017 0.003 0.011 0.014 -0.001 0.021 

P-value 0.055 0.703 0.215 0.123 0.952 0.034 

 F3(4) 
  
  
  

Mean (pre-heading) -0.025 -0.045 -0.034 0.002 -0.034 -0.022 

Mean(post-heading) -0.002 -0.042 -0.041 -0.006 -0.001 0.014 

Mean(after-before) 0.023 0.003 -0.006 -0.007 0.033 0.035 

P-value 0.024 0.810 0.722 0.666 0.165 0.040 

   Mean (pre-heading) -0.014 -0.023 0.011 0.026 -0.007 -0.009 

F3(5) Mean(post-heading) -0.014 -0.026 0.013 -0.014 -0.022 -0.003 

 Mean(after-before) 0.000 -0.003 0.002 -0.040 -0.015 0.006 

 P-value 0.991 0.812 0.909 0.027 0.442 0.629 

 Mean (pre-heading) -0.008 -0.032 -0.028 -0.014 0.005 -0.034 

F3(6) Mean(post-heading) 0.019 -0.039 -0.029 0.000 0.019 0.011 

 Mean(after-before) 0.027 -0.007 -0.002 0.014 0.014 0.045 

 P-value 0.249 0.760 0.943 0.525 0.707 0.023 

 Mean (pre-heading) -0.013 -0.018 0.034 0.041 -0.013 -0.014 

F3(7) Mean(post-heading) -0.007 -0.013 0.001 -0.023 -0.056 0.010 

 Mean(after-before) 0.006 0.005 -0.032 -0.064 -0.043 0.024 

 P-value 0.711 0.818 0.347 0.040 0.112 0.149 

 Mean (pre-heading) -0.023 0.006 -0.032 -0.026 -0.005 -0.042 

F3(8) Mean(post-heading) 0.006 -0.024 -0.014 0.001 0.017 0.032 

 Mean(after-before) 0.030 -0.030 0.018 0.027 0.022 0.074 

 P-value 0.334 0.213 0.320 0.146 0.515 0.007 
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Appendix B: Summary Statistics of the Heading Data  

Table 6.1 Summary statistics of the whole data of change in absolute power from pre-heading to 
post-heading 

Statistics Frequency Band 

Delta Theta Alpha Beta Gamma Total 

Minimum -5205.774 -907.934 -64.687 -260.350 -25.425 -2803.275

1st Quartile -0.177 -0.250 -0.318 -0.959 -0.084 -0.132

Median 0.156 0.109 0.006 0.873 0.169 0.124

Mean -0.454 0.487 0.755 5.335 1.352 -0.849

3rd Quartile 1.259 0.719 0.707 4.823 1.337 1.063

Maximum 607.961 242.691 105.052 399.920 63.390 112.084

N 912 912 912 912 912 912

 
 

 
 
 
 
 
 
 
 
 
 

Figure 6.1 Boxplot of change in absolute power from pre-heading to post-heading for the whole 
data of absolute power 
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Table 6.2 Summary statistics of the trimmed data of change in absolute power from pre-heading to 
post-heading  

Statistics Frequency Band 

Delta Theta Alpha Beta Gamma Total 

Minimum -38.448 -29.979 -64.686 -109.220 -21.982 -22.346 

1st Quartile -0.104 -0.308 -0.347 -0.937 -0.078 -0.080 

Median 0.129 0.071 0.012 0.747 0.167 0.141 

Mean 9.761 1.202 0.977 6.620 0.985 5.520 

3rd Quartile 1.265 0.600 0.840 5.329 0.776 1.210 

Maximum 398.171 242.692 105.050 399.906 63.391 214.256 

N 912 912 912 912 912 912 

 
Table 6.3 Summary statistics of the data of change in relative power from pre-heading to post-
heading   
Statistics Frequency Band 

Delta Theta Alpha Beta Gamma 
Minimum -33.24% -26.18% -30.72% -30.64% -27.87%
1st Quartile -4.40% -6.24% -8.15% -4.37% -5.17%
Median 3.60% -1.23% -2.31% -0.51% -0.90%
Mean 6.69% -2.21% -2.67% -1.42% -1.38%
3rd Quartile 14.33% 2.98% 2.19% 2.25% 2.99%
Maximum 69.63% 17.61% 30.59% 15.88% 23.21%
N 912 912 912 912 912

 
Table 6.4 Summary statistics of magnitude squared coherence data  
Statistics Frequency Band 

Delta Theta Alpha Beta Gamma 
Minimum -0.619 -0.385 -0.330 -0.381 -0.320
1st Quartile -0.100 -0.075 -0.059 -0.048 -0.045
Median -0.007 -0.015 0.001 0.004 0.000
Mean -0.003 -0.016 0.004 0.005 -0.004
3rd Quartile 0.087 0.039 0.064 0.056 0.044
Maximum 0.603 0.385 0.435 0.353 0.350
N 1786 1786 1786 1786 1786
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Table 6.5 Summary statistics of imaginary coherence data 
Statistics Frequency Band 

Delta Theta Alpha Beta Gamma 
Minimum -0.770 -0.674 -0.596 -0.398 -0.338
1st Quartile -0.104 -0.094 -0.108 -0.079 -0.048
Median 0.005 0.009 -0.006 0.002 0.008
Mean 0.007 0.012 -0.010 0.003 0.004
3rd Quartile 0.123 0.120 0.094 0.087 0.060
Maximum 0.636 0.681 0.619 0.402 0.376

 


