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Abstract

Cortical auditory evoked potentials (CAEPs) are believed to reflect the neural
discrimination and encoding of sound. These responses include obligatory
evoked potentials including the P1-N1-P2 complex. The P1-N1-P2 response that
occurs at the beginning of the stimulus presentation is called the onset response,
while the P1-N1-P2 response that occurs at the re-introduction of sound, such as
after a silent interval (gap) in noise stimulus, is called the auditory change
complex (ACC). Though the onset and the ACC responses are evoked by the
same auditory stimulus, the matter of whether they are mediated by the same
physiological mechanisms is met with inconsistency in the cortical auditory
evoked response literature. The current trend is to refer to the responses as
different events, indicating a possible belief that the source generators are also
different. This retrospective study of 35 participants’ datasets tested the null
hypothesis that both the onset and ACC responses are generated from the same
neural location. Dipole source modelling was conducted on existing CAEP gap-
detection data to determine each response’s source generators. Results showed
dipoles for the ACC were significantly located more posteriorly (0.4+1 mm) than
dipoles for onset P1-N1-P2 response, thus rejecting the null hypothesis. These
unexpected results provide evidence that the transient onset and ACC responses
are likely undergoing differing underlying neural processes in response to
acoustic changes in the environment. These findings allow researchers to more

confidently refer to both the onset and ACC responses as different events,



thereby diminishing confusion and increasing accuracy of future discussions

about and clinical applications with CAEPs.



Lay Summary

Certain brain waves that are elicited by sound are called cortical auditory evoked
potentials (CAEPs). When a noise stimulus begins, the resulting CAEPs are
called the onset response. A silent interval, or gap, embedded in the noise
stimulus, produces similar CAEPs that mimic the onset called the acoustic
change complex (ACC). There is a lack of consistency in the CAEP literature,
referring to the onset and ACC as either the same or completely separate
responses. To clarify this confusion and further existing knowledge of CAEPs,
this thesis analyzed gap-detection data to determine the areas of the brain where
the onset and ACC responses occur. Findings show that the responses occur in
different parts of the brain. Researchers can now confidently refer to the
responses as different events and apply this knowledge in further studies as well

as in any clinical applications of CAEPs.



Preface

This master’s thesis is the original work of S. Cheema, completed under the
guidance and mentorship of A. T. Herdman. Usage of data collected by R. Angel
and A. T. Herdman at the University of British Columbia’s BRANE Lab as part of
a master’s thesis is described in Section 2: Methods, subsections 2.1 to 2.7. The
methods used to acquire the data received approval from the Behavioural
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00441). Analyses of the data for the current thesis were conducted by S.
Cheema and A. T. Herdman. Publications may be derived from this material at a

later date.
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1 Introduction

1.1  Cortical Auditory Evoked Potentials

Cortical auditory evoked potentials (CAEPSs) are responses arising in the auditory
cortex, elicited by acoustic stimuli (Davis & Onishi, 1969). They are believed to
reflect electrical neural activity responsible for the encoding of sound (Abeles &

Goldstein, 1972).

Literature has expounded on the viable clinical uses of CAEPs, which include
objective measurements of auditory threshold in both older children and adults
(Davis, 1965; Lightfoot, 2016), assessing the improvements in speech
processing through auditory training, (Alain et al., 2015; Martin et al., 2008;
Menning et al., 2000), measuring cortical plasticity and auditory encoding in
hearing impaired individuals (Billings et al., 2012), and identifying disorders such
as auditory neuropathy spectrum disorder (ANSD) and central auditory

processing disorder (CAPD) (Michaelewski et al., 2004; Picton, 2013).

These CAEP responses include the obligatory transient evoked potentials
consisting of three components: a small, positively deflected peak (P1), followed

by a negative trough (N1), and a second more prominent positive peak (P2)



(Davis, 1965; Davis & Onishi, 1969). The transient responses have fittingly been

termed the P1-N1-P2 complex.

1.2 Onset Response

An elicitation of the transient P1-N1-P2 response complex that occurs at the start
of a stimulus has traditionally been termed the onset response (Davis & Onishi,
1969; Hillyard & Picton, 1978; Naatanen & Picton, 1987; Pantev et al., 1996).
Each component’s peak occurs at specific timings between 50 to 200 ms from

stimulus (Davis, 1965).

1.3 ACC Response

An acoustic change within a stimulus also elicits a transient-like P1-N1-P2
evoked potential, which has been labeled the acoustic change complex (ACC)
(Martin & Boothroyd, 1999). An ACC can be evoked by a perceptible change in
any of the acoustic properties of an ongoing stimulus, such as intensity,
frequency, and phase. Most relevant to this thesis, is that an ACC can be evoked
by a silent period (i.e., gap) in a stimulus, which is a rapid decrease and increase

in intensity.



Figure 1.1
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Note. Adapted from “Speech Evoked Potentials: From the Laboratory to the
Clinic”, by B.A. Martin, K.L. Tremblay, and P. Korczak, 2008, Ear &

Hearing, 29(3), 285-313. Copyright 2008 by Lippincott Williams & Wilkins, Inc.

As shown in Figure 1.1, the ACC response has similar waveform morphology
and timing as compared to the transient onset responses (Billings et al., 2009;
Martin & Boothroyd, 2000; Martin et al., 2008). This leads to the impression that
the onset and ACC are possibly the same responses. After all, the onset

response can be considered an ACC response to a sudden increase in intensity.



An aim of this thesis was to investigate this possibility through source modelling

analyses.

In recent years, the ACC has been increasingly studied due to its potential
practical benefits in clinical assessment of auditory functions, specifically in terms
of speech discrimination (Martin & Boothroyd, 1999). The ACC amplitude has
been found to change proportionately to the magnitude of the acoustic change,
such that the larger a change in stimulus frequency, the larger the change in
ACC amplitude and morphology; just as what happens with the onset P1-N1-P2
complex. In their study, Kaukoranta et al. (1987) proved that the ACC could be
elicited in an ongoing speech stimulus when a consonant transitioned to a vowel.
To further demonstrate this, Martin & Boothroyd (2000) used a change in
synthetic vowels, from /u/ to /i/, in an ongoing stimulus to study the elicited ACC.
They found a shift in ACC amplitude after the spectral change in stimuli,
specifically the shift in frequency modification that occurred in the second
formant. Similarly, Ostroff et al. (1998), used the word “say” (/sei/) as their
stimulus to determine if CAEP changes would be evoked in reflection of the
acoustic shifts that arise during the transition of the fricative consonant /s/ to the
voiced vowel /ei/. The authors also found spectral and amplitude changes to the
ACC, and concluded that these shifts do indeed mirror acoustic changes in
speech. Ostroff et al. (1998) as well as Martin & Boothroyd (2000) argued that

the precision of discrimination produced by the ACC that were elicited by minute
4



spectral changes in speech stimuli bode well for the clinical use of ACC

responses.

Additionally, the ACC shows acceptable agreement with behavioural measures
(Martin & Boothroyd, 2000), and has good test-retest reliability among individuals
with normal hearing as well as hearing aid and cochlear implant users (Friesen &
Tremblay, 2006; Tremblay et al., 2003, 2006). Furthermore, evoking the ACC is a
simple procedure, which yields good results even when listeners are passively
exposed to sound stimuli. In addition, adequate signal-to-noise ratio can be
achieved with relatively few presentations of stimuli (Kim, 2015; Martin et al.,
2008). Researchers have thus concluded that the ACC shows promise as a tool
for objective clinical application of auditory discrimination and speech perception
capacity (Kim, 2015; Martin & Boothroyd, 2000; Martin et al., 2008; Ostroff et al.,

1998).

1.4 Onset=ACC?

The similarity of the ACC to the onset response, however, raises the question: is
the ACC simply a transient onset response in disguise, occurring during a
change in a stimulus? If this is found to be true, it follows that the reverse must
also be true: the transient onset P1-N1-P2 response is essentially an ACC

response to a “change” from low-level acoustic noise to a higher intensity sound.



To answer the question of whether or not the onset and ACC responses are in
fact the same neurological events in the brain, this thesis proposes to investigate

and compare the neural sources of these two response complexes.

Though the onset and ACC responses are evoked by similar changes in the
acoustic stimulus, the matter of whether or not they are mediated by the same
physiological mechanisms is met with inconsistency in the CAEP literature. The
prevailing position is to refer to the responses as different events, indicating a
possible belief that the source generators are also different (Kim, 2015; Lightfoot,
2016; Martin et al., 2010; Martin & Boothroyd, 1999; Mathew et al., 2017;

Presacco & Middlebrooks, 2018).

Although the ACC is being increasingly explored for clinical use, research
devoted to the ACC’s underlying physiological mechanisms is limited. Most
studies determining the source generators of CAEPs mainly focus on onset and
offset responses (Hillyard & Picton, 1978; Pantev et al., 1996; Picton, 2010;
Takahashi et al., 2004). The literature is still mostly sparse with respect to
investigating the neural sources of the ACC responses and whether or not they

differ from the onset responses.

In their paper, Martin et al. (2008) noted the lack of clarity between the onset and

ACC responses but added that this differentiation may not affect the previously



outlined proposed clinical uses of the ACC response. However, it can be argued
that clarifying the differences, if any, of the onset and ACC responses may
provide further understanding of the function of CAEPs as well as add to our
existing knowledge of auditory processing, which can perhaps lead to more

efficient and accurate clinical usage of CAEPs.

1.4.1 Source Localization

Source localization using electroencephalography (EEG) has been used for more
than 80 years as a non-invasive technique to study the function of the brain.
CAEP responses are recorded from electrodes located on the scalp (Davis,
1965); these voltage potential measurements can be used to determine neural
sources underlying the responses (Grech et al., 2008; Hamalainen, 1992). Dipole
modelling has proven to provide accurate results (Ponton et al., 2002; Scherg,
1990; Scherg & Von Cramon, 1986) and studies have successfully used source
localization to compare onset and offset CAEPs in animal and human cortices

(Abeles & Goldstein, 1972; Pantev et al., 1996).

1.4.2 Gap-in-Noise Testing

CAEP gap-detection can be used to evaluate temporal resolution acuity. This
refers to the ability of the auditory system to detect changes (eg. frequency,
duration, phase) in stimuli over time. The central auditory nervous system relies

heavily on temporal resolution in terms of detecting and discriminating sound.



Research, including previous results from UBC’s BRANE Lab, has shown that
ACC responses occur to gaps (silent intervals) embedded in noise bursts (Angel,
2016; Lister et al., 2007; Martin & Boothroyd, 1999). Using gaps embedded
within a stimulus, effectively changes the auditory signal by means of silence and
results in another P1-N1-P2 response, the ACC. Furthermore, because gaps in
noise do not present any other acoustical change in stimulus properties (e.g.
frequency) that might add to generating extra perceptually or cognitively evoked
potentials, gaps can be effective in generating ACCs that might mimic the onset

responses.

Additionally, it can be thought that presenting a stimulus immediately following a
gap is akin to presenting a stimulus after a longer interval between stimuli. In
other words, a gap is just a very short inter-stimulus interval, thus, it is
reasonable to posit that the ACC to the gap might simply be the onset response

to the start of the next stimulus following the gap.

1.5 Purpose

This thesis proposes to test the null hypothesis that these differently labeled
CAEPs — onset and ACC responses — are generated from the same neural
location. The resulting evidence, whether the responses are the same event or
truly different phenomena, will supply useful data in clarifying CAEPS (in

particular, the ACC) in all future discussions, furthering the understanding of



central auditory processing functions, and the application of clinical evaluations

of such functions.



2 Methods

2.1 Data Collection

Using the retrospective design, this study acquired existing CAEP gap-detection
data collected within the BRANE Lab at UBC. The data was collected for a
previous study whose methods were approved by the Behavioural Research

Ethics Board at the University of British Columbia (Angel, 2016).

2.2 Participants

All 47 participants (31 female, 16 males; ages 18 to 40 years) who engaged in
the original study granted informed consent and reported a history of normal
hearing, clear of otitis media. They reported no cognitive, neurological, learning,
communication, or perceptual problems. No injuries to the head nor ototoxic
drugs were reported. All procedures were conducted at UBC’s BRANE Lab.

Participants were given an honorarium for their involvement.

The original study’s data consisted of 47 sets of EEG information in two
conditions, active (behavioural) and passive (objective). The resulting active
condition data was comprised of 36 complete sets of EEG information, while
passive condition data was collected from all 47 participants. Of the 47 passive

datasets initially included in this thesis, 11 were excluded because three datasets

10



were collected as pilot recordings and eight datasets contained elevated levels of
blink artefacts and EEG noise (see methods section 2.8 below). The current

study included 35 participants’ passive-condition datasets.

2.3 Procedure

As explained in Angel (2016), procedures consisted of audiometric testing to
confirm normal auditory function, behavioural gap-detection trials to obtain active
response data for the purposes of the original study, and objective gap-detection
trials where passive response CAEP information was recorded. The following

sections describe each procedure in greater detail.

24 Audiometric Testing

A hearing screening was performed on every participant. Normal hearing status
was screened for using pure-tone air conduction via E-A-RTONE 3A insert
earphones in a soundproof room and determined by a criterion of equal to or less
than 20 dB hearing sensitivity at 500 to 4000 Hz in both ears. Tests for middle-
ear function included otoscopy and immittance testing, using the typical
tympanometric probe tone of 226 Hz. All participants were found to have typical

hearing sensitivity and middle-ear function.

11



2.5 Behavioural (Active) Gap Detection Trials

Angel (2016) used behavioural gap-detection testing to confirm participants’
temporal integration was within normal limits; normal was defined as < 20 ms for
gap-in-noise tests. This data was used in the present study only to confirm typical

temporal resolution of the participants’ hearing sensitivity. .

2.6 EEG Recording

Every participant’'s EEG data was recorded via BioSemi’s ActiView2 system and
included their CAEP information from each trial. A sampling rate of 1024 Hz was
used on the EEG signal and a band-pass filter was applied, with a minimum of
0.16 Hz and a maximum set at 208 Hz. The raw data was saved in BioSemi data

format (.bdf) on UBC’s BRANE Lab computer system.

Testing took place in a sound booth where participants wore a BioSemi electrode
cap with a 64-channel expanded 10/20 layout with the addition of two electrodes
placed on the mastoids. A cap was selected to match each individual's head size
using measurements based on their Fz, Pz, T8, T9, as well as nasion and ion
positions. Two common electrodes, called the common-mode signal (CMS) and
driven-right leg (DRL) that were located close to CP2 and CPz, served as a
reference for each of the 64 channels. Horizontal and vertical electrooculography

(EOG) were collected to capture eye blinks and movements. The EOG

12



electrodes were placed close to the outer canthi of both eyes, as well as on the

supraorbital and infraorbital margins of the left eye.

2.7  Stimuli

A custom Matrix Laboratory (MATLAB) program, developed by the Mathworks
Corporation, generated stimuli, which had a complete duration of 1000 ms, with a
broadband noise burst occurring for the first 500 ms. A silent gap was presented
at 500 ms post-stimulus onset, with a duration of either 0, 2, 4, 6, 8, 10, 12, 14,
16, 18, or 20 ms. Each gap duration was presented a total of 100 times per
participant in a randomized order to prevent bias. The gap was always followed
by a broadband noise burst lasting until the 1000 ms post-stimulus onset mark.
Thus, the trailing noise was shorter in duration as the gap duration increased.
This ensured consistency of stimulation duration in each trial and did not provide
a duration cue for participants when they performed the active task of detecting
gaps in noise (data not used in this thesis). The stimulus onset asynchrony was
also randomized to be between 1850 and 2150 ms in order to reduce slow

steady state responses such as the contingent negative variation (Picton, 2010).

The stimuli were sent via an Interacoustics audiometer and calibrated using a
sound level meter, SoundPro™ to a 60 dB SPL baseline to peak. Stimuli were
delivered to a participant’s left ear through E-A-RTONE 3A insert earphone, while

a foam plug occluded the right ear to minimize air-conducted sound crossover.
13



While sound crossover to the right ear might have still occurred via bone
conduction, it would be at very low levels considering most adults have 0-15 dB
interaural attenuation via bone conduction (Katz et al., 2015; Nolan & Lyon,
1981; Stenfelt, 2012). Participants were specifically instructed to ignore the

stimuli as they remained awake, watching a muted movie with subtitles.

2.8 CAEP Data Analysis

To test this study’s hypothesis, the raw EEG data was loaded in the Brain
Electrical Source Analysis (BESA®) software program (BESA GmbH company).
Preprocessing steps were performed for the following: artefact correction,

rejection, filtering, and averaging. These are described below.

2.8.1 EEG Preprocessing

Artefact correction was applied to the entire EEG information of each
participant’s data to remove EOG noise interference due to participant eye blinks,
eye movements, muscle artefacts, and unwanted high amplitude EEG changes
that might result from intermittent electrode impedance changes. Horizontal
Electrooculogram (HEOG) artefact limit was set at 150 yV while Vertical
Electrooculogram (VEOG) artefact limit was set at 250 pV for the program to find,
isolate, and correct eye blink artefacts. After a visual scan of each dataset to
ensure the majority of eye blinks were removed and observations were logged,

the data was prepared to be parsed into trials for averaging.
14



Within BESA’s paradigm viewer, artefact rejection was run with a band-pass filter
of 0.10 Hz with a slope of 6 dB per octave to 30 Hz with a slope of 24 dB per
octave to remove artefacts in waveforms caused by equipment and patient
fatigue, in addition to eye blinks. The artefact rejection amplitude method was
used and set at a criterion of £+100 pV, meaning any event-related potential
(ERP) trial with an amplitude over 100 pV from -200 to 1000 ms were rejected.
An ERP trial was defined as an epoch of -500 to 1500 ms time locked to the

onset of each stimulus noise burst.

Conditions with gaps < 10 ms had varying morphologies across participants as
the gap duration got closer to their behavioural gap-detection thresholds. ERPs
for conditions with 10 to 20 ms gap durations had remarkably similar
morphologies because they were suprathreshold with respect to the participant’s
gap-detection threshold. To improve signal-to-noise ratio (SNR), ERPs to gaps
of 10 to 20 ms were averaged together. An a priori SNR criterion was set at = 4.
An additional criterion was set such that the total number of trials had to be
greater than 40 trials per condition. This was set as a lower limit for obtaining an
adequate SNR for CAEPs (Billings et al., 2009; Picton, 2010). BESA’s paradigm
automatically counted and displayed the number of trials. Only one dataset was
found to have a total number below the criterion of 40 trials and was excluded

from analysis. The mean number of trials included in each of the remaining 35

15



participants’ averaged ERP waveforms was 437191 trials. The ERP data were
then averaged across trials to generate averaged evoked responses where
CAEPs can be observed. ERP trials were band-pass filtered between 1.6 Hz
(6dB per octave) and 20 Hz (24dB per octave) for each dataset and baselined
between -250 to 0 ms. As the N1, P2 responses have a frequency around 4 to 6
Hz, a minimum of -250 ms is required to visualize the pre-stimulus interval and
determine whether or not a waveform has been influenced by accompanying
noise. The pre-event epoch was set at 250 ms and the post-event epoch was set
at 1500 ms to ensure both the onset and ACC responses were visible for source

analysis.

2.9 Dipole Source Analysis
Dipole source modelling was performed, independently, for the onset and ACC
responses within the same dataset. This process was carried out for each of the

35 datasets as follows.

Before dipoles were placed and fitted, a fit interval of 175 ms was selected a
priori to encompass the onset and ACC responses based on the typical P1-N1-
P2 latencies (Martin & Boothroyd, 2000; Naatanen & Picton, 1987; Picton, 2010;
Picton et al., 1992). The P1 peak response typically occurs at 70 ms after the
stimulus onset, while the N1 and P2 peak responses occur around 100 and 200

ms, respectively, post-stimulus onset (Davis, 1965; Davis & Onishi, 1969). As
16



such, the onset fit interval was set from 50 to 225 ms for the onset responses
and between 550 to 725 ms for the ACC fit interval because the gaps

consistently occurred at 500 ms after stimulus onset.

Dipole modelling was performed by first placing two vector dipoles at the eye
locations in order to fit any residual eye-movement related artefacts that might
have been subthreshold and missed during artefact rejection. Following this,
dipoles were manually placed, one in each hemisphere, in the approximate
location of auditory cortices on the supratemporal plane using BESA'’s 2D source
imaging head model. According to the literature, the N1 response is generated
within in the auditory cortex, specifically in Heschl’'s gyrus, while P2 likely occurs
within the posterior planum temporale (Crowley & Colrain, 2004; Lightfoot, 2016;
Martin et al., 2008; Naatanen & Picton, 1987). For this study, the entire P1-N1-P2
complex was fitted to capture global location differences between onset and ACC

generators.

Because the data consisted of monotic (left ear) stimulation only and CAEPs
tend to have a contralateral bias (Ross et al., 2005; Wolpaw & Penry, 1977),
symmetrically constrained dipoles across hemispheres were used rather than
unconstrained dipoles. Generally, there are more contralateral fibres than
ipsilateral in the human auditory cortex, thus we would expect to see more

contralateral cortical activity. However, individuals may have developed more

17



ipsilateral fibres and therefore lack strong contralateral auditory activity. The use
of non-symmetrical dipoles would fail to account for this and skew the dipole

locations or obscure the overall results.

Vector dipoles were used in analysis as, unlike scalar dipoles that collect
information from one direction in the cortex, vector dipoles include activation
information from horizontal and vertical locations in the auditory cortex, including
the curved sulcus within Heschl’s gyrus, a likely secondary source location of the
N1 cortical response. Using vector dipole modelling of CAEP responses is a well-
documented procedure and provides accurate results (Ponton et al., 2002;

Scherg, 1990; Scherg & Von Cramon, 1986).

The vector dipole location information was extracted from BESA representing the
left and right hemispheres in X, Y, Z coordinates, referring to each of the three
spatial locations. The direction represented by X is medial-lateral, Y is anterior-
posterior, and Z is inferior-superior. Henceforth, a dipole is referred to as a single
location, one representing the left hemisphere, the other the right hemisphere.
Analysis was conducted on one hemisphere (the right side) because the dipoles

were symmetrical.

Once the dipoles were manually placed within the auditory cortices, the BESA

spatiotemporal modelling was run to automatically fit the source dipoles within
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the chosen 175 ms fit window. After checking BESA’s 3D MRI display, the
resulting solution was accepted only if the final dipole placement remained within
or nearby (within 25 mm) the auditory cortex and the solution’s residual variance
(RV) met the specified a priori criterion of < 5%. The RV is the total error
percentage of the source fitted solution, which is the variance between the
recorded scalp ERP data and the forward-projected source modelled ERP data.
Thus, the forward projected ERP data from the fitted dipoles should account for

at least 95% of recorded ERP data at the scalp electrodes.

The dipole solutions of each condition were saved as .bsa files after source
localization was successfully completed. The data was also saved as a montage
(.mtg) file signal-space projected into this montage to generate the source
waveforms. These source waveforms were then exported as a multiplexed (.mul)
formatted file to be uploaded and read by a custom MATLAB program for
visualization. The source waveforms were not analyzed in this thesis but they
were visually evaluated to confirm that the source modelling procedures resulted
in generating expected source waveform morphologies consistent with P1-N1-P2

ERP components.

210 Statistical Analysis
The dipole location and source waveform data were imported into MATLAB from

BESA using a custom-developed program. MATLAB was used to amalgamate
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and analyze the information into a grand average of both onset and ACC
response conditions. Because the dipoles were symmetric across hemispheres,
only the right hemispheric dipole locations were compared between the two
conditions. To test the null hypothesis that the generators of the onset and ACC
responses are the same, a paired t-test was conducted using the MATLAB

“ttest.m” function. An a priori alpha criterion was set at a = .05 for significance.
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3 Results

3.1  Statistical Results

As depicted in Table 3.1, the results of the t-test showed a significant difference
in the dipoles’ Y locations between the onset and ACC responses (M = 0.4, SD =
1.0), {(34) = 2.3, p = .027). The ACC response dipoles are more posteriorly
located as compared to the onset response dipoles. Therefore, the null
hypothesis that stated that the onset and ACC CAEPs are generated from the

same location was rejected.
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Table 3.1

Results of t-test and Descriptive Statistics

Dipole Onset ACC Onset v. ACC t daf p

Directions

M* SD n M* SD n M* SD n

X 50 09 35 49 09 35 0.1 08 35 0.96 34 .343

Y 0.2 09 35 -0.2 1.0 35 04 1.0 35 231 34 .027*

Z 1.4 09 35 1.2 0.7 35 0.5 0.7 35 1.24 34 225

Note. Results are for grand average onset and ACC response dipole locations.
@Mean (M) is measured in millimeters (mm).

*p<.05.
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Figure 3.1
Grand Average Waveform Morphology with Topographies
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for onset, ACC, and offset responses are depicted. Pink arrows were manually
placed on the figure to graphically illustrate the posterior-to-anterior tilt in the

topography and they do not represent the true dipole locations and orientations.
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The topography in Figure 3.1 shows the grand average onset, ACC, and offset
responses. Similar polarization patterns are depicted for all three N1 and P2
responses. The original grand average sensor waveforms also show similar
morphology between the onset and ACC CAEP responses. However, the peak of
the ACC N1 response appears to have shifted frontally, as visually depicted by
the pink arrows. The offset response was included here to demonstrate the tilt
back to the original (onset) dipole orientation. This frontal tilt, found only in the
ACC N1 generators, may be due to another, additional neural source, perhaps
located in a gyrus that is positioned more posterior in reference to the onset N1
generators. Additionally, this ACC N1 source may be located in a gyrus in the
planum temporale, which has a more anterior-posterior tilt as compared to the
onset N1, which is typically found to be located on top of Heschl’'s gyrus and tilts

in a more vertical direction.

Similarly, comparing Cz and Fz waveform morphology, a difference can be seen
in the peak-to-peak amplitude of the ACC N1-P2 waveform but not in the peak-
to-peak amplitude of the onset N1-P2 (Fig. 3.1). The ACC N1 response has a
larger Fz deflection than its corresponding Cz waveform, unlike the onset N1
response, which shows nearly identical Fz and Cz waveform morphology. This
provides a further illustration of the difference between the onset and ACC

responses.
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Figure 3.2

Grand Average Source Generator Locations

O Onset
O ACC anterior
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Figure 3.2 visually depicts the source locations, revealing the posteriorly located
ACC response dipoles (squares) as compared to the onset (circles) response
dipoles. The small open circles and squares are the dipole locations for each
participant. The filled larger circles and squares with a black outline are the

grand-averaged source locations.
3.2 Effect Size

To confirm reliability of significant findings, the effect size was also calculated in

MATLAB for both eta-squared (n,?) and Cohen’s d (d) values.
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Table 3.2

Effect Size Benchmarks

Description of d Np?

Effect Size

Small d<0.2 e’ < 0.01
Moderate 02<d<0.8 0.01<n,°<0.14
Large d>0.8 ne> > 0.14

Note. Adapted from The 7 Steps of Data Analysis, by W.M. Bannon, 2013, p. 58.

Copyright 2013 by Stats Whisperer.

As shown in Table 3.2, a moderate effect size was found (n,? = 0.136, d = 0.391),
meaning that there is moderate evidence to support the claim that the onset and

ACC CAEPs are generated from significantly different locations within the brain.

3.3 Signal-to-Noise-Ratio

Literature has repeatedly shown that CAEP morphology is sensitive to SNR
(Billings et al., 2009; Kaplan-Neeman et al., 2006; Whiting et al., 1998) making
the SNR a good indicator of the reliability of EEG recordings (Picton, 2010). The

grand average SNR was calculated using MATLAB and a custom-developed
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program. SNR to baseline results were found to range between 4 to 19,
averaging 10+£3.42, which is well above this study’s a priori criterion of = 4,

signifying a high SNR and thus reliable CAEP interpretations and findings.
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4 Discussion

4.1 Results Interpretation

The purpose of this study was to test the null hypothesis that the onset and ACC
P1-N1-P2 complex responses were generated by the same neural dipoles. The
resulting evidence, however, rejected the null hypothesis. The ACC dipoles were

found to be located significantly posterior to the onset generator locations.

4.1.1 Evidence for a Posterior ACC Source Generator

One plausible explanation for the current study’s difference finding would be that
there are different neural sources for the onset and ACC dipoles that reflect
different auditory processing functions. For example, Jones et al. (1998) studied
the sensor waveforms of onset and ACC CAEP components obtained via
complex tone stimuli. They found that changes in stimuli evoked ACC N1 activity
that was distributed across the scalp posterior to the onset N1 response scalp
distribution. The authors attributed this difference to cortical spectral change
analyses that are conducted in the supratemporal plane, posterior to tone onset
spectral analyses. They speculate that the change in stimulus elicits cortical
activation in addition to those elicited by, and located posterior to, the onset

response.
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Though the literature on ACC source generators is limited, other researchers
have also speculated that the function of the ACC may differ from the onset
response (Martin & Boothroyd, 1999; Ostroff et al., 1998). Martin & Boothroyd
(2000) also concluded that the ACC responses elicited by spectral changes in
stimuli likely indicate that frequency coding is occurring within the cortex, which

may be different in function from the onset response.

As found in this study, the ACC and onset dipole locations differ significantly.
Although a dipole orientation analysis was not conducted for this thesis, the
anterior shift in the N1 response topographies is suggestive of an anterior tilt in
the ACC N1 dipole orientation. Further differences found in sensor waveform
morphology between Cz and Fz locations for the ACC N1 response that were
absent in the onset N1 response, suggest the likelihood of differing neurological
events occurring after an acoustic change, such as a gap. This evidence
indicates the two responses, onset and ACC, are different with respect to their

underlying neural origins.

4.1.2 Anterior ACC Source Generator

If the results from this study had shown that the ACC dipoles were anteriorly
located in reference to the onset dipoles, then this would have been consistent
with some previous literature. A plausible explanation for an anterior ACC

generator could have been due to the blending of the ACC with a preceding
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offset P1-N1-P2 complex. For example, in their study, Ross & Tremblay (2009)
compared CAEP component source generators of onset responses. They
confirmed that the underlying P2 source generator is located anteriorly to the N1

CAEP generator.

Furthermore, Pantev et al. (1996) compared the source locations of each CAEP
component of the onset and offset responses. They found that the P2 source
generators for both onset and offset were indistinguishable, and positioned
anteriorly to the N1 onset and offset source generators, which were also

indistinguishable from one another.

Additionally, it has been shown that the amplitude of the P1 response, that
precedes the N1 response, though prominent amongst children, is often smaller
in adults due to cortical maturation (Martin et al., 2008; Shafer et al., 2015). As
such, researchers have sometimes found the elicitation of a P1 response at
onset and often a smaller amplitude or absent P1 response for the ACC and
offset (Jones et al., 1998; Martin & Boothroyd, 1999; Pantev et al., 1996).
Additionally, in their study, Pantev et al. (1996) found that the P1 component had
been elicited in nearly all of their participants only at onset, but not at offset, and
their source locations were indistinguishable from the N1 onset and offset

responses.
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Because a gap in a stimulus can be considered as two onset stimuli with a very
short inter-stimulus interval, P1-N1-P2 responses to gaps may simply be an
offset P1-N1-P2 response to the first stimulus overlapped by the succeeding
onset P1-N1-P2 response to the second stimulus. There may also be an ACC
component within this complex. Thus, a stimulus with an embedded gap will have
five components: 1) an onset response to the start of the first stimulus, 2) an
offset response to the stop of the first stimulus, 3) an ACC to a change detection,
4) an onset response to the start of the second stimulus, and 5) another offset
response at the stop of the second stimulus. Because the ACC complex may
occur directly after the first offset response (herein referred to as offset), source
generators of both complexes are likely overlapping. Evidence for a true
intervening ACC component comes from Jones et al. (1998), who found larger
P2 amplitudes in the ACC as compared to the onset P2 amplitudes in gap-
detection stimuli with gap durations of less than 200 ms. A significant increase in
ACC P2 amplitude was found with gap durations lasting 40 ms or less, which the

authors attributed to the overlap of offset; potentials with the ACC.

Applying this information to the current study, it could be argued that the ACC
dipole locations, elicited at gap durations between 10 to 20 ms, overlap with the
offsets response generators. As such, the combined ACC P1 will be a weaker
response than the combined ACC P2 component (located anterior to P1) as

compared to the onset P1 and P2 dipoles. This could result in the appearance of
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the collective ACC P1-N1-P2 complex to have generators located anterior to the
onset CAEP complex generators. However, evidence from this thesis found the
opposite, whereby ACC generators were more posteriorly located than the onset

responses.

While this reasoning may have merit, analysis of the offset; response was not
conducted for this study, though it would be prudent to pursue further studies
comparing the ACC and offset; response source locations to further clarify
differences and similarities in generators, as well as any overlap that may be

occurring.

Another conceivable explanation as to why the ACC CAEP source locations
would more likely be found significantly in the anterior direction relative to the
onset CAEP sources would be attentional effects. Attention, especially directed
towards changes in stimuli, has been shown to activate a central source within
the anterior-singulate cortex (Nieuwenhuis et al., 2003). Cozzi (2017) also found
that an N2b response, activated in the anterior-singulate cortex, is elicited by
attention to and expectation of a change in stimulus. As such, the ACC
responses, elicited by changes in an ongoing stimulus, would likely be affected

more than the onset response dipoles (Martin et al., 1999).
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Simultaneous activation of an additional source anterior to the presumed
generators of the ACC P1-N1-P2 complex, absent during onset response, could
essentially pull the ACC dipoles forward in relation to the onset dipoles, resulting

in a significant difference finding in the anterior direction.

However, as only passive-task data was used for this study, attentional effects
cannot be factored into these results. Furthermore, the previously discussed
offsety P2 component locations and amplitudes as well as attentional effects
cannot explain this study’s posterior location finding of the ACC P1-N1-P2

complex generators.

4.2 Clinical Implications

Literature has treated the onset and ACC CAEP responses as either
interchangeable or separate. In the present study’s case of a rejected null
hypothesis, researchers may more confidently interpret ACC responses as being
different than the onset P1-N1-P2 responses or as having supplementary neural
processing. The current study’s findings add to the collective knowledge of
CAEPs, especially in terms of the ACC response. This addition can potentially
bolster reliability and accuracy in the future clinical use of this type of
electrophysiological testing. Such testing includes the objective measurements of
auditory thresholds (Davis, 1965; Lightfoot, 2016), identifying impairments in

temporal processing disorder (Picton, 2010, 2013), and assessing and regulating
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treatment of speech processing in hearing aid and cochlear implant users (Martin
et al., 2008; Menning et al., 2000; Tremblay et al., 2009). Although, the findings
from this study indicate that the ACC is different from the onset CAEP responses,
it doesn’t identify "what” this difference is. Future research is warranted to
investigate “what” is the additional activity or shifting neural resource for ACC

responses.

4.3 Limitations and Future Research

There are a few limitations to this study, which if addressed in future studies may
lead to a better understanding of the underlying mechanisms involved in more
posteriorly located ACC dipole generators. The following sections expand on

these areas.

4.3.1 Component Comparisons

The present study compared the generator locations of the onset and ACC P1-
N1-P2 complexes as a combined whole. Because each component within the
complex has been found to be generated from slightly different cortical locations
along the superior temporal gyrus, it would be prudent to repeat the comparative
source analysis for each individual component. This would aid in determining
more precisely which component of the onset and ACC responses is responsible

for such a localization difference.
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4.3.2 lll-Posed Problem

Dipole source modelling has an inherent ill-posed problem, a mathematics term
referring to the availability of multiple solutions for a given problem. In other
words, the pattern created by the original EEG data, meant to represent overall
electrical activity of cortical neurons, may have multiple dipole arrangements, or
solutions (Grech et al., 2008). Albeit, dipole source modelling has been able to
accurately localize CAEPs. For example, Pantev et al. (1996) used dipole
modelling strategies, similar to those used in this study, to successfully locate
generators of the onset, offset, and sustained responses in human brains.
Furthermore, Verkindt et al. (1995) used several dipole source modelling
approaches in their study of tonotopic arrangements in the cortex. They
concluded that source modelling is an efficient way to detect CAEP generators.
However, to overcome the associated ill-posed problem, they suggested applying
a priori knowledge of auditory cortical physiology as well as a rough

understanding of targeted generator functions, as was carried out for this thesis.

4.3.3 Magnetoencephalography

While EEG reveals the sum of neuronal electric energy at the scalp,
magnetoencephalography (MEG) obtains the resulting magnetic energy
produced by the same electrical currents. Because EEG is measured on the
scalp, distortion can occur via reduced conductivity from brain tissue, cortical

fluid, or the skull itself, whereas magnetic fields recorded in MEG are largely
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unimpeded (Godey et al, 2001; Wikswo et al., 1993). It may be reasonable to
suggest MEG recordings, with comparatively improved SNR, may provide better
localization than EEG. For example, in his review of auditory temporal facets
measured using CAEPs, Picton (2013) included studies using MEG recordings.
The author noted that MEG measures of auditory cortical activity are more

accurate than EEG recordings.

Furthermore, Godey et al. (2001) used both MEG and EEG measures on the
same patients to localize P2 generators. They found that both measures
localized P2 in the planum temporale while MEG was able to further locate an

additional generator in Area 22 that EEG recordings had missed.

However, it is important to note that EEG offers valuable information in source
localization. While both measurements excel at detecting tangentially oriented
dipoles, EEG recordings were found to be better than MEG at detecting radially
oriented dipoles (Hamalainen, 1992; Shahin et al., 2007). As some auditory
processes activate the lateral superior temporal gyrus as well as the superior
temporal sulcus, modelling with radial as well as tangential sources is necessary
(Picton et al., 1999; Virtanen et al., 1998). Additionally, one study even found
minor differences between EEG and MEG measurements, in terms of source

localization (D. Cohen et al., 1990).
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Because of the benefits of both types of recordings, authors have often
recommended combining EEG and MEG recordings to obtain further information
about CAEP components (Crowley & Colrain, 2003; Hamalainen, 1992; Neukirch
et al., 2002; Shahin et al., 2007; ; Wikswo et al., 1993). Applying the same
suggestion here, it would be worthwhile to conduct this study again, this time
employing MEG measurements to obtain further information and clarification of

the posterior location of the ACC responses in relation to the onset responses.

4.3.4 WEIRD Sample

In their comprehensive analysis, Henrich et al. (2010) found that humans vary in
considerable ways including perception, memory, cognitive reasoning, beliefs in
fairness, understanding of cooperation, and genetic intelligence. They further
found that a person’s upbringing, language, socio-economic status, cultural
background, and country of residence, among other things, greatly contribute to

these factors.

The authors recommended that researchers avoid past mistakes in which the
participants were mainly (or, in many cases, only) from Western, educated,
industrialized, rich, and democratic (WEIRD) countries. They found that people
from WEIRD societies are the least representative of human beings and that

using solely WEIRD samples will thus diminish external validity.
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Though the authors emphasized behavioural differences in their review, they
showed evidence of cognitive differences as well, which can lead to the
assumption that cortical pathways and activity may also be different between
WEIRD and non-WEIRD participants. This has also been demonstrated by
D’Angiulli et al. (2008), who studied brain ERP differences in children with lower-
versus higher socio-economic status (SES). The authors found evidence of
differing neural mechanisms employed in children from lower-SES as compared
to children from higher-SES. Their findings support the claim that factors like

SES can affect developing neural processes.

Because the data for the present study was acquired without accompanying
identifying sample features, these potentially crucial factors remain unknown. It
is, however, presumed that the participants are members of a WEIRD society as
they were recruited in British Columbia for testing that took place on the campus
of the University of British Columbia. Because of this, external validity of this
study’s findings is limited and future studies should avoid this shortcoming by

ensuring the sample is representative of the world’s population.

4.4 Conclusion
Literature includes investigations of each separate CAEP component source
locations and comparisons of the onset and offset response generators, while the

ACC response generators have largely been ignored. The hypothesis of this
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study was that the generator locations for the onset and ACC CAEPs were the
same. This null hypothesis was rejected based on the obtained results, thus the
neural generators for the onset and ACC CAEPs are different. The resulting
significant difference between the two response locations moves us one step
closer to understanding the neural computational resources involved in auditory

perception of transient changes in acoustic signals.
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