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Auditory sensory gating (ASG) is the ability in individuals to suppress incoming
irrelevant sensory input, indexed by evoked response to paired auditory stimuli. ASG
is impaired in psychopathology such as schizophrenia, in which it has been proposed
as putative endophenotype. This study aims to characterise electrophysiological
properties of the phenomenon using MEG in time and frequency domains as well as
to localise putative networks involved in the process at both sensor and source level.
We also investigated the relationship between ASG measures and personality
profiles in healthy participants in the light of its candidate endophenotype role in
psychiatric disorders. Auditory evoked magnetic fields were recorded in twenty seven
healthy participants by P50 ‘paired-click’ paradigm presented in pairs (conditioning
stimulus S1- testing stimulus S2) at 80dB, separated by 250msec with inter trial
interval of 7-10 seconds. Gating ratio in healthy adults ranged from 0.5 to 0.8
suggesting dimensional nature of P50 ASG. The brain regions active during this
process were bilateral superior temporal gyrus (STG) and bilateral inferior frontal
gyrus (IFG); activation was significantly stronger in IFG during S2 as compared to S1
(at p<0.05). Measures of effective connectivity between these regions using DCM
modelling revealed the role of frontal cortex in modulating ASG as suggested by
intracranial studies, indicating major role of inhibitory interneuron connections.
Findings from this study identified a unique event-related oscillatory pattern for P50
ASG with alpha (STG)-beta (IFG) desynchronization and increase in cortical
oscillatory gamma power (IFG) during S2 condition as compared to S1. These
findings show that the main generator for P50 response is within temporal lobe and
that inhibitory interneurons and gamma oscillations in the frontal cortex contributes
substantially towards sensory gating. Our findings also show that ASG is a predictor
of personality profiles (introvert vs extrovert dimension).

Keywords: P50 ERP, sensory gating, Magnetoencephalography, connectivity, neural
oscillations



Dedication:

“I dedicate my thesis to the loving memories of my dad S. Kulbir Singh Virk, without
his love, support and blessings | wouldn’t have reached this far..”



Acknowledgments

With the blessing of Almighty, | have accomplished this piece of work. | would like to
express my special appreciation and thanks to my supervisor Professor Stefano Seri,
for his tremendous support and guidance throughout the course of my studies. | am

very fortunate to have had the opportunity to witness his way of work and leadership.

I would like to thank Professor Joel B. Talcott, my co-supervisor, Dr. Caroline Witton
(MEG Director) and fellow colleagues at Aston Brain Centre for their encouragement

and support throughout the course work.

My family has always been a source of love, support, and help, this accomplishment
would not have been possible without them. A big thanks to everyone in my family,

and | would like to tell them that | love them very much.

I would like to finish by acknowledging a person who triggered many wonderful
beginnings in my life, including my way towards a PhD. He was, and continues to be
my guide, best friend, and my better half, Mohit Khosla.



Contents

Chapter L: INtrOAUCTION ... .uueiiiiiiiiiiiiieieiee bbbt eeeeseennennee 12
1.1 Event Related Brain Potentials (ERP) ......cccoooiiiiiiiiiiii e, 12
1.2 P50/M50 as a measure of auditory SENSOry gating ...............eeeveeevmemememnenennnnns 17

1.2.1 Sensory Gating: definition .........ccooiiiiiiiiic 17
1.2.2 Functional Neuroanatomy ...........cooveeiioiiiiiee e 19
1.2.3 Neurobiology Of ASG.......ccoiiiiiieii e e 21
1.2.4 Age dependency of P50 ASG......cccoooo i 23
1.2.5 Effects of behavioural states on P50 ASG (wakefulness, NREM & REM) 25
1.2.6 P50 ASG in healthy population...............ciiieiiiieeiicee e 25
1.2.7 Perturbation in Sensory gating: Clinical Applications................ccceeeeee. 29
1.2.8 Neuropsychological factors and SG..........cccceeviieiiiiiiiiiiin e, 31
1.3 AIMS OF thE PrOJECT ...ttt ennenenneees 33

Chapter 2: General MethOdS .........cooiiiiiiiiicce e 34
2.1 Ethical CoNSIAEIatioNS .......cccoeeeeeeeeeeee e 34
2.2 PaArtiCIPANTS ... 34
2.3 BENAVIOUIal MEASUIES ......ccoiiiiiiiiiiiie et 36

2.3.1 Achenbach system of empirically based assessment............ccccccceeeeeenn. 36
2.3.2 Social interaction anxiety SCale.............ciieiiiiieiiiiee e 37
2.3.3 Adolescent/Adult Sensory profile ... 37
2.4 Paradigm DESION ......coviiiiiii it 38
2.4.1 AUAITONY tASK ...coeviiiiiiiiiiiiiiiieeeeeeeeee e 38
2.4.2 Affective modulation of P50 ASG .......ccooiiiiiiiiiiiiieieeeeee e 41
2.5 MEG recording Of P50 r€SPONSE ......ccceeeeieeeeeeeeeeeeee e 41
2.6 SCrEENING MEBASUIES ... 43
2.7 PIOCEAUIE ...ttt e e e e et e e e e e e e eeeees 45
2.8 Data ACUISTEION ... 46
2.9 Data ANAIYSIS.. .o 47

Chapter 3: Characterization of the P50 ASG network in healthy participants........... 49

S.L INETOTUCTION ...ttt e e e e e e eeeeas 49
3.1.1 Measurement of the P50 Response: methods and pitfalls. ...................... 49
3.1.2 Cortical Source Localisation and the P50 ASG network ..............ccccvveeeee 51
3.1.3 Neural oscillatory patterns during P50 ASG.........ccccooiiiiiiiiiiiiiiiiiieeeeeeeeenns 53
R 700 0 L o o RSP 55

B JZ20 V11 i To T (o] 0o Y20 55
I N - T [ox] o= o | £ PPN 55



3.2.2 AUAITOrY SHMUIUS ....eeeiiiiiiiiiiiiiiiii e 55

3.2.3 MEG data collection and proCeduUre............cccovvvuiiiiiiiieeeeeeeiiiiieee e e e e eeeeanns 56
3.2.4 DAtA ANGIYSIS ....eeeeeiiiiiiiiiieieiiieiieeee e 56
LB RESUILS .. 68
3.3.1 FINdINGS iN SENSOI SPACE.......uuuuuiiiiiiiiiiiiiiiieiiiieeieeeeeeinneeseeneenenennnneeneenanee 68
3. DISCUSSION ...ttt e e e e e 81
3.4.1 Source 10CalISALION ..........uiiiiiiiii e 81
3.4.2 Neural OSCillatory Pattern............uuueuueuureiiiiiiiiiiiiiiiiiiiienienienieeeeeeneeeeeeeeenees 82
3.4.3 Possible Limitations of Auditory Stimulus and Analysis Method............... 82
Chapter 4: Investigation of P50 ASG brain networks using MEG connectivity
IMEASUIES ...oeiiiiiiiiiiiiie ittt ettt ettt et ettt e et ettt e et ettt e et et et e et et e e e e e e e e e e e e eeeeees 84
4.1 INFOTUCTION ..o 84
4.1.1 A bit more detail 0N DCM. ......cccoiiiiiiiiiiiiie e 86
4.1.2 Different MOdelS Of DCM ........uuuuiuiiiiiiiiiiiiiiiiiiiiiiiieniineeneeeeeneeeenenneneneneenene 87
4.1.3 Bayesian iNfEreNCe........couuiiiii i e e 88
4.1 4 DCM VaAlIAILY ..vvvveiiieeeiieiiiiiee e e e e e e e et seeeeaeennnes 89
I | P 90
VN \V =1 1o o (o] [0 |V PP UURRPPPPRPIN 90
42.1 PArtICIPANTS ...ttt 90
4.2.2 AUAITOrY SHIMUIUS ....ccoiiiiiiiicee e e e e e e e e e eeanes 91
4.2.3 DAtA ANGIYSIS ....eeeieiiiiiiiiiiiiiiiiiiiiieeiee bbb 91
.3 RESUILS ... 94
4.3.1 Findings at Individual LeVel ...............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiieiieeieees 94
4.3.2 Findings BEtWeeN SUDJECT........ccoiiiiiicii e 97
4.4 DISCUSSION ...t 97
Chapter 5: P50 ASG and Personality DIMENSIONS............uuuuuuuiiimriiiiiiiiiiiennieeiiinnnns 100
5. L INITOTUCTION ..t e e eeens 100
5.1.2 P50 ASG, behaviour and personality measures ..........ccccccvvvveveveveeeennnn. 101
ST I 3 o PP 103
5.2 MEtNOUOIOQY ... 103
N R = 4 1o o = o1 £ 103
5.2.2 Questionnaires adminisStered............ooouvviiiiiiieeeiiecee e 104
5.2.3 Data ANAIYSIS ..o e 106
LR I =] U £ 107
L I =Tt B 1= (o] o [P 115
5.4.1 Behavioural measures and P50 ASG ... 115

6



Chapter 6: Effect of Visual Emotional Stimuli on P50 ASG............uevviiiiiiiiiiiiiinnnnns 118

6.1 INrOTUCTION ...ttt e e e e e 118
6.1. 2 Spatial processing of face perception and facial expression................. 118
6.1.3 Temporal processing of face perception and facial expression.............. 120
6.1.3 Effect on visual and auditory processing...........ccuuvvvvveiiiiiiiiiieiiieiiieeeeneen. 122
G0 I AN o 122

LI\ = d o T (o] o o | S 123
6.2.1 PArTICIPANTS ...eeeiiiiiiiiiiiieeiee ettt 123
6.2.2 EXperimental DeSIGN ........couuiiiiiii i 123
6.2.3 Modifications of the paradigm: Nnew evidence ...........cccccvvvvveviiiiiiiiennnnn. 124
6.2.4 Data ANAIYSIS ...ocvvviiiii i e 124

B.3 RESUILS ... 125

6.4 DISCUSSION ...ceeeeeiiiiiitte et e e e ettt e e e e et e e e e e e e e e e e e e e e e s eeeeeeas 128

6.4.1 Future reCommENdatioNS ........ccoeeeieeeeeeeeee e 129

Chapter 7: General DISCUSSION........uuuuuuuieettitiiiieiieitaeeeieesieeeneeeesseeseeeseseseeereeesreeneees 130

7.1 KEY FINAINGS ...uuiiiiiiiieei e e e e 130

7.2 Limitations and Future RecommendationsS...........ccooovvieieeeiieieeeeeeeeeeeeeeeeee 133



List of abbreviations

AEP- Auditory Evoked Potential

AER- Auditory Evoked Response

ASEBA- Achenbach Empirically Based Assessment
ASG- Auditory Sensory Gating

ASP- Adolescent/Adult Sensory Profile
CAEP- Cortical Auditory Evoked Potential
DCM- Dynamic Casual Modelling

EEG- Electroencephalography

EP — Evoked Potential

ERP- Evoked Response Potential

GFP- Global Field Power

IFG- Inferior Frontal Gyrus

ISI- Inter Stimulus Interval

MEG — Magnetoencephalography

MRI- Magnetic Resonance Imaging

SIAS — Social Interaction Anxiety Scale
SNR- Signal-noise-ratio

SPM- Statistical Parametric Mapping
SQUID - superconducting quantum interferences devices
STG- Superior Temporal Gyrus

tSSS- Temporal Signal Space Separation

VEP- Visual Evoked Potential



List of Figures

Figure 1.1Represents Central Auditory Pathway in human beings. With permission
from Hill, M.A. (2014) Embryology Hearing - Neural Pathway. ..............cccccceeeeennn. 15

Figure 1.2 ERP components as a waveform showing different amplitude values for
each ERP response recorded. Adapted from "The Senses" by H.B. Barlow and J.D.
Mollon, Cambridge University Press (1982).........covveiiiiiiiiiiiii i 17

Figure 2.1 Flowchart displaying auditory stimulus delivery to MEG room. ............... 40
Figure 2.2 306- Channel Elekta Neuromag® TRIUX™ similar to the one available at
the Aston Brain Centre, Aston University, comprising of 102 magnetometers, and 204

o] =T 0T 0 T=] (= = TSP 43
Figure 2.3 Participant selection process for this study ............cccoeeeeiii, 44
Figure 3.1 Auditory stimulus design. S1 and S2 represent 3 ms duration square-wave
(0] 103 S 56
Figure 3.2 Flowchart of cortical extraction steps in BrainSuite. ...............ccoeeeeeeeeennn. 58
Figure 3.3 Represents surface and volume registration steps following steps in

Figure 3.4 Flowchart displaying analysis pipeline in Brainstorm & SPM12. ............. 61

Figure 3.5 Displays average P50 response for both S1 (A.) and S2 (B.) in an
individual participant. (y axis = Amplitude in femtoTesla, x axis = time in seconds;

green line marked GFP represents the Global Field Power).........cccccoovvievviiiiiiinnnnnn. 69
Figure 3.6 Global field power for each participant for the S1 and S2 conditions at

peak latency in the time Window 30-70 MS. ......cieiiiiiiiiiccie e e 70
Figure 3.7 Sensory gating index computed for each participant to identify the amount
of suppression during second StIMUIUS. ..........ccooooiiiiiiiiiiiiii e 70

Figure 3.8Time frequency plot for MEG2621 temporal channel. This map was
computed as result of t-test performed on this channel for both S1 and S2 between
all subjects. (y axis= frequency 8- 90 Hz, x axis = time in seconds; the colour bar on
the right side of the graph represents t-values, with red indicating frequency bin and
time point with higher t-value however increase or decrease was reflected by positive
or negative sign of t value which was extracted from t-test output file using Matlab).73
Figure 3.9 wMNE (imposed on individual MRI coronal view) areas of activation in
individual participant at their peak latency amplitude during S1(STG) and S2(IFG)
condition (colour bar represents strength of source activation, red = strong, blue =

Figure 3.10 Shows source activation across participants during S1 and S2 (STG
during S1 represented with orange arrows; IFG during S2 represented with green
arrows (color bar represents strength of source acitvation) ............cccceeeeeeiiiiiiiinnnnnn. 75
Figure 3.11 shows source activation during S1 and S2 (represented with arrows).
Stronger activation in temporal region for S1 can be seen (red area) whereas
activation is stronger in frontal region for S2.............ooiiiiiii i, 77
Figure 3.12 Represents average AUC for all participants in dominant temporal
(STG) and frontal scout(IFG) (region of interest) in each frequency band (8-12 Hz
alpha; 13-29Hz beta & 30-90Hz gamma) during S1 and S2. ..............eevvvveiiiiiinnnnnnns 78
Figure 3.13 Paired t-test output between 18 subjects for each scout A. RSTG, B.
LSTG, C. RIFG, and D. LIFG. ( where y axis = frequency 8-90 Hz, x axis =time in
seconds, colour bar on the right side of each graph represents the t-value at any
given time point and frequency bin, where red represents higher t-value, these t-



values were extracted from the output file using Matlab approximate range of t values

e 0 (0 0 S 80
Figure 4.1 Shows the composition of neurons in the three layers and illustrates
bottom up (red), top down (green) and lateral (orange) connections. ...................... 88

Figure 4.2 Represents three models: forward (left), forward-backward (middle) and
backward model (right) computed for each individual with MNI coordinates for the
four sources. Input refers to the bilateral auditory stimulus; red arrows indicate
forward and green arrow backward CONNECHIONS. .............uuuuimiiiimiiiiiiiiiiiiiieiieiiiiennens 92
Figure 4.3 lllustration of features available in DCM for ERP model (SPM, 2012)..... 93
Figure 4.4 Input level in one subject with respect to predicted input (PPM) for LSTG
=TT S I RS 94
Figure 4.5 Histograms represent the posterior probability for each model from BMS
results. (model 1= forward, 2= forward-backward, 3 = backward)...............ccceeveenn. 95
Figure 4.6 Shows trial specific effect in forward model for S1 and backward model for
S2 in the individual subject from FIigure 4.5 .............uuuiiiiiiiiiiiiiiiiiiiieiiiieeeeieeeeeees 96
Figure 4.7 lllustrates posterior probability and log evidence for three models between
twenty subjects for each condition S1 and S2 (Model 1= Feed forward, 2= Feed

forward-backward, 3= Feed backward). ............ccccccummmimimiiiiiiiis 97
Figure 5.1 Dunn’s Model of Sensory Processing (1997). .....cccooveeiiiiiiiiiiiiiieeeeeeeeins 105
Figure 5.2 Graph represents distribution of anxiety/depression t-score on ASR
syndrome scale across all partiCipants. ........cccooeeeeiiiiiiiiiii e 109
Figure 5.3 Graph represents distribution of t-score on somatic complaints measure
on ASR syndrome scale across all partiCipants. ..................eeeeeeeeeiieeiiiiiiie. 110
Figure 5.4 Graph represents distribution of t-score on internalizing problems across
AUl PAITICIPANTS. ...ttt 110
Figure 5.5 Graph represents distribution of ADHD t-score on ASR DSM oriented
scale across all PartiCIPANTS..........cii i e 111
Figure 5.6 SIAS scores across all participants with red line indicating cut off for social
phobia and green line suggesting social anxiety...........ccccoceeeeiieeeiiiiiiiiciee e, 112

Figure 5.7 Mean value of 15 participants in each sensory processing pattern; each
mean value falls in similar to most people range as seen in the green rectangular
box. (Symbol representation: (++) much more than most people, (+) more than
most people, (=) similar to most people, (-) less than most people, (--) much less than

[0 L=T0] o] = TSR PURRPPPPPRPIN 113
Figure 6.1Temporal processing of emotional facial expressions and its neural
networks taken from AdoIphs (2002). ........coooviiiiiiiiiiiiiii 121
Figure 6.2 Stimulus design for the emotional face study. A face stimulus is followed
by the paired-click auditory stimulus (ITI- 7-10s, ISI-95ms-1S). ........cccceiivieeerrennnn. 124

10



List of Tables

Table 1.1 Identifies different ERP characteristics and their source generators. ....... 16
Table 1.2 Studies describing source localisation during P50 suppression
PRENOMENON. ..ottt 20

Table 1.3 P50 sensory gating studies in control groups as cited in review paper
(Patterson et al., 2008) (*nr-not reported, dB-decibels, SPL-Sound pressure level,
HL-hearing level, SL- SoUNd IEVEI) ........coi i 29
Table 3.1 Supra-threshold channels identified in SPM 12 from two sample t-test on
epoched image file (both conditions) for each participant. Channel number,

significance level and latency of the ERP. ..., 71
Table 3.2 Represents MNI co-ordinates of sources active during S1 and S2 condition
ON grand MEAN AVEIAQE. ....c.ceeieiiiiiiee e e e e e et eettiiaa e e e e e e e ee et e e e eaeeeeeatt s s e eeeesesssranannes 76

Table 5.1 Description of Sensory Processing Models (Brown & Dunn, 2002)........ 106
Table 5.2 Kendall's Tau correlation between ASG and Anxiety depression scores on

ASE B A. 107
Table 5.3 Kendall's Tau correlation between ASG and Somatic Complaint scores on
ASE B A. . 108
Table 5.4 Kendall's Tau correlation between ASG and Internalizing Problem scores
Lo NS A R 108
Table 5.5 Correlation between ASG and SIAS scores in 19 participants. .............. 111
Table 5.6 Shows correlation between ASG and sensory processing patterns ....... 114
Table 6.1 Descriptive statistics across all participants Global Field Power S1 and S2
LT g=T= Tex o I X0 T 1110 o TN 127

11



Chapter 1: Introduction

1.1 Event Related Brain Potentials (ERP)

Event-related potentials (ERPS) are a series of very small voltage changes in
brain electrical activity generated in the brain structures in response to specific
events or stimuli (Blackwood & Muir, 1990). These phenomena are thought to reflect
the summed activity of postsynaptic potentials produced when a large number of
similarly oriented cortical pyramidal neurons (in the order of thousands or millions)
fire in synchrony while processing information (Peterson et al., 1995). Physiologically
ERPs can be defined as the post-synaptic neuronal activity occurring synchronously
in active group of neurons. The ERP waveforms can be recorded when an individual
is exposed to a range of sensory and cognitive stimuli or performs motor tasks and
reflect the response of brain structures to experimental manipulations (Bartholow &
Amodio, 2009). ERPs have traditionally been recorded using
Electroencephalography (EEG), where EEG signal consists of a superposition of
phasic signals on background noise, and signal is time locked to the event. Relative
to background brain activity, evoked potentials are of lower amplitude, making the
identification of single trial EPs technically challenging. To overcome this problem of
low signal to noise ratio, a series of identical stimuli are presented to the participant
and consecutive responses are averaged; this procedure progressively reduces
random background activity and increases signal- to- noise ratio (de Bruin et al.,
2003). This averaging technique is applied based on the assumption that ERP
waveform is phase-locked, maintaining the same polarity each time the event is
repeated. Recently, generative models of EPs have been proposed, amongst these
the two competing models, the additive model and phase-reset model are discussed

below.
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According to the classical evoked model, ERPs reflect transitory time and
phase-locked responses to a stimulus or event (Luck, 2005). This model is based on
the additive voltage theory, which suggests that cortical neurons become excited
post stimulus presentation. As a result, cortical cells respond to external stimulation
by increasing or decreasing their firing rates producing as output the evoked potential
(Brosch and Schreiner, 1997, 2000). Based on Lopes de Siva’s and Katznelson’s
work, it has been suggested that EP characteristics and variability can be explained
by to the non-linearity of the neural networks processing the sensory input and that
these networks receive both sensory and non-sensory related input simultaneously
(Jansen et al., 1993). This hypothesis was further confirmed in a visual evoked
potential (VEP) study by Jansen et al., (1995), who suggested that VEPs occurred as
result of gradual activation of excitatory intra-cortical connections rather than due to
direct thalamic input. These findings were consistent with those of previous studies
conducted on cats (Douglas et al., 1989) and humans (Jansen et al., 1993).
However, Sayers, Beagley & Henshall (see Burgess, 2012 for review) challenged the
evoked model as it fails to provide a reasonable explanation on the characteristic
shape of ERPs and argued that if ERPs are generated by evoked signals
superimposed on the continuous EEG, then the power during post stimulus period
should be higher than in pre stimulus time window. After testing this hypothesis, it
was suggested that there was no increase in post stimulus period as predicted based
on additive model and this led to the proposal that ERP responses emerge from

phase reorganisation of the ongoing activity (Sayers et al., 1998).

The phase reset model suggests that on-going brain activity (oscillations)
undergoes a phase reset and that this in turn generates the evoked response to a
given stimulus (Sayers et al., 1974; Basar 1999; Penny et al., 2002; Jansen et al.,
2003; David et al., 2005). Due to the random distribution of phase in the on-going
EEG activity, the summations of its signal will tend to zero, as positive and negative
peaks will cancel out. In the phase alignment model, external stimulus are thought to
cause oscillations and shifts in phase in a way that positive and negative peaks will
tend to align. Under these conditions, these peaks will be summed up to form ERP
response. Studies supporting this model have found a link between magnitude of
ERP components and the power in EEG pre stimulus window (Burgess, 2012).
However, Makinen et al., (2005) conducted a study to understand the relationship
between auditory ERPs and continuous brain activity using MEG; and concluded that
ERP generation is independent of ongoing brain activity. This supposition can be

supported after considering limitations of phase reset model, which suggests that
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instead of a localised source, peaks and troughs of ERP response occur due to
phase alignment of neural oscillations occurring across large area of the cortex, and
are mere artefacts of this phase-reorganisation. On the contrary, the evoked model
proposes that it is the increase in the activity of a localised area that generates ERP
response; this is supported by ERP source localisation findings in literature. It is
possible that both the evoked and phase reset models contribute to EP generation,
and these are solely different aspects of a single process (Burgess, 2012). Presently,
there is no unique model which explains the ERP generation although several
studies have consistently reported that phase reset of neural oscillations play a
critical role in ERP generation (Basar, 1999a, Makeig et el., 2002, Barry et al., 2003;
Yeung et al., 2004).

Based on the properties of the generative stimulus, ERPs can be divided in
two categories: Exogenous and Endogenous. The early waves (components)
peaking within the first 100 milliseconds (ms) after stimulus presentation are termed
‘sensory’ or ‘exogenous’ as they depend largely on the physical properties of the
stimulus. In contrast, ERPs generated at longer latency after stimulus presentation
reflect how the subject evaluates the stimulus and are referred to as ‘cognitive’ or
‘endogenous’, as they indicate later stages of information processing (Burkard et al.,
2007). Depending on the modality of stimulus presentation ERPs can be also
categorised as visual, auditory or somatosensory. In this thesis focus is laid upon
auditory evoked potentials (AEPS), i.e. responses produced after the exposure to
auditory stimuli. An auditory evoked response (AER) is an activity (a response) within
the auditory system (which encompasses the ear, the auditory nerve and auditory
processing regions of brain) that is generated in response to the presentation of
sounds. Stimuli may range from clicks to tones or speech sounds. The sounds are
normally presented to a person via some type of acoustic transducer (device to
convert electrical energy into sound /acoustic energy) such as earphones (Hall,
1992).

Early studies of Auditory Evoked Responses have delineated the activation of
ascending pathways shown in Figure 1.1 . Presentation of an auditory stimulus to the
external ear passes through the middle ear that transforms air-borne sounds into
pressure waves in the fluid compartments of the cochlea. The structural and
functional properties of the middle ear cavity can influence the way the signal
reaches the cochlea both in terms of energy and frequency (spectral) content. The
signal then travels to the primary afferent neuron innervated in the cochlear inner hair

cells of the cochlea that transmits the information to the central auditory system. The
14



role of cochlea is to transduce complex sound waves into neural activity in the
auditory nerve (Raph & Altschuler, 2003). Signal is then transmitted to the VIII
(auditory) cranial nerve, and then to auditory brain stem followed by thalamus and
auditory cortex (Calhoun, 2008; Musiek & Oxholm, 2000). This anatomo-functional

pathway and its putative neural generators are summarised in Table 1.1.

Aston University

lustration removed for copyright restrictions

Figure 1.1 Represents Central Auditory Pathway in human beings. With permission from Hill,
M.A. (2014) Embryology Hearing - Neural Pathway.
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Fifteen distinct components have been identified in the scalp recorded

averaged evoked potentials following the presentation of an auditory stimulus. There

are different brain structures (generators) involved in the process of EP production.

These will be discussed below with each referring to the latency and type of AEP. As

seen in Figurel.1l while a sound travels through different regions from ear to brain, it

produces different evoked responses during this pathway. This complex waveform

with the associated components is presented in Table 1.1

Types of ERP Components Latency Generators
Early latency [-VI 1-8 ms Cochlea and auditory
brain stem
Middle latency | No, Po,Na ,Pa, | 8-50 ms Thalamus, auditory
A\ cortex
Long latency Py, Ny, P2, N2 50 -300 ms Primary Auditory cortex,

and frontal cortex

Table 1.1 Identifies different ERP characteristics and their source generators.
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Aston University

lustration removed for copyright restrictions

Figure 1.2 ERP components as a waveform showing different amplitude values for each ERP
response recorded. Adapted from "The Senses" by H.B. Barlow and J.D. Mollon, Cambridge
University Press (1982).

Compared to measures, ERPs reflect the direct neural output of a given
process and are therefore less prone to interpretational bias. This property also
allows investigating processes that do not require conscious elaboration; this is
particularly valuable in participants who are either unwilling or unable to provide overt
report of their perceptual or cognitive experience. Their exquisite temporal resolution
is also critical to deconvolve the behaviour of complex neural networks in response to
external stimuli.

In the auditory domain the most frequently investigated ERP components
include the P1/P50, the N1/N100, P2/P200 and the P300. One of the common ERP
measures P50 has already been studied extensively in literature yet it is not well

understood and is investigated further as part of this thesis.

1.2 P50/M50 as a measure of auditory sensory gating

1.2.1 Sensory Gating: definition

Sensory gating is the neural process of filtering out irrelevant sensory input at
central nervous system level, preventing unnecessary sensory information from
reaching higher level brain processing and ensures normal information processing
(Braff & Geyer, 1990). It has been considered as central to the nervous system’s
ability to modulate responses to incoming stimuli (Adler et al., 1998). Two known
aspects of sensory gating are: gating out and gating in. Gating out refers to the

brain’s ability to terminate response or to significantly reduce the magnitude of an
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individual response to incoming irrelevant stimuli. Gating in, is described as the re-
respond to the novel stimulus or an alteration in ongoing stimuli (Boutros, Zouridakis
& Overall, 1991). There are at least two stages essential for sensory input: a stimulus
identification stage followed by a stimulus evaluation stage (Freedman et al., 1991). It
has been proposed that a neural memory trace is produced by the first incoming
stimulus and that this has a persistent effect in higher neural circuits. When a
subsequent stimulus is presented at a relatively short time interval from the first, it is
compared with that memory trace and if it contains no new information the response
is inhibited (Cromwell et al., 2008). Sensory gating can be observed in most sensory
modality including visual, somatosensory and auditory. As mentioned earlier for this
study emphasis is laid upon gating within auditory system which is discussed below
in detail.

Auditory Sensory gating stimuli considered as irrelevant are “filtered out” in
the early stages of auditory neural processing. The middle latency AEP obtained
around 50 ms post stimulus presentation known as P50 and referred to as M50 when
magnetic field responses are recorded, is the most frequently used response to
measure of auditory sensory gating (both P50/M50 are used interchangeably
throughout the thesis). The most widely used experimental paradigm is the traditional
“paired-click” in which the presentation of a brief broad-band sound (conditioning
click ‘C’ or S1) elicits a reduction in amplitude of the response to a second stimulus
(test click ‘T’ or S2) if the latter presented within a few hundred milliseconds of the
former (Wehr & Zador, 2005). This phenomenon occurs at cortical level (Miller et al.,
2002) and has been hypothesized to act as protective mechanism for the restricted
capacities of higher-order stages of auditory information processing (Korzyukov et
al., 2007). Suppression of the P50 response in a paired click paradigm is usually
measured by a ratio obtained by dividing peak—to-peak amplitude of the P50
component of second click by that of first click. This ratio is referred to as the T/C
ratio (Freedman et al., 1987). Lower T/C ratio reflects stronger attenuation of
irrelevant input and thus more efficient gating. Auditory sensory gating is used as a
probe to investigate neural processes in healthy and pathological conditions.
Impaired sensory gating would reflect failure to inhibit influx of irrelevant or distracting
information. This could lead to perceptual or attention deficits due to processing
inappropriate stimuli (Davies et al., 2009). Previous studies have reported, about
60% -80 % suppression for the P50 amplitude to second click as compared to the

amplitude of the first one (Clementz et al, 1998).
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1.2.2 Functional neuroanatomy

P50 ASG has been traditionally measured brain electrical activity with the
EEG, and the initial findings largely emerged from single-trial analysis (Clementz et
al., 1997; Edwards et al., 2009; Trautner et al., 2006). Single-trial analysis is a
technique that considers variance only within subjects (Pernet et al., 2011). More
recently, contribution to the delineation of potential sources involved in P50 ASG has
been obtained from intracranial recordings in patients with drug-resistant epilepsy
evaluated for surgical restive treatment (Wilson et al., 1984; Korzyukov et al, 2009;
Trautner et al., 2006) and from studies of the animal analogue of the human P50
(Adler et al, 1998; Luntz-Lebyman et al, 1992). Intracranial studies have significant
advantages related to the proximity of the recording electrodes to the putative neural
structures responsible for ASG, but suffer from reduced spatial sampling. Little is
known about the functional neuroanatomy of ASG at whole-brain level; in this
endeavour, non-invasive neuroimaging techniques are ideally placed to characterise
the complexity of neural networks involved. In the Table 1.2 below a brief synopsis of

the sources that have been suggested to be involved in P50 ASG is presented.
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Authors, yrs Brain Regions

Reite et al., 1988 Bilateral temporal sources (Primary

auditory cortex, Heschl’s gyrus)

Thoma etal., 2003 Both temporal (superior temporal

gyrus) and frontal regions.

Knott et al., 2009 Both temporal (superior temporal
gyus) and frontal regions (pre central

and post central)

Oranje et al., 2006 Bilateral temporal lobe source and

frontal source

Korzyukov et al., 2007 Bilateral temporal sources and frontal

cortical regions

Baketal., 2011 Hippocampus, primary somatosensory

cortex, insula and medial frontal gyrus

Table 1.2 Studies describing source localisation during P50 suppression phenomenon.

From the table above, it is evident that the temporal lobe (superior temporal
gyrus) plays a prominent role in the generation of the P50 response; the findings on
role of frontal cortex or hippocampus are not consistent and have only emerged more
recently. The role of hippocampus as suggested by animal studies has been
guestioned in few recent studies (Boutros et al., 2008 & Rosburg et al., 2008) and it
is not yet clear if hippocampus plays a significant role in the suppression
phenomena. Undoubtedly, intracranial studies are well suited to measure task related
neuronal activity and can provide substantial information about source localization.
However, these studies are performed in the context of pre-surgical evaluation of
patients with drug-resistant epilepsy predominantly from the temporal lobe, thus
raising concerns as to what extent these findings can be generalized to the healthy
population. Since it is unethical to perform such studies in healthy subjects, non-
invasive technigues such as MEG and EEG have the ideal temporal resolution to
understand functional neuroanatomy of P50 ASG. Most MEG studies so far based
their conclusions from sensor space analysis (Edgar et al., 2003; Huotilaine et al.,

1998; Makela et al., 1994) rather than investigating at source (brain) level. In this
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thesis, the initial focus is laid upon source (brain) level analysis to understand P50

ASG network in healthy population.

1.2.3 Neurobiology of ASG

In-vitro studies have suggested the cholinergic drive inhibits afferent input to
CA3 region of hippocampus and is responsible at molecular level of the gating
process. Researchers have tried to explain this phenomenon drawing inferences
from animal models (Leybman et al., 1992). It has been found that in animals,
suppression of evoked response is lost after lesion to the pathway from the septal
nuclei to the hippocampus (fimbria-fornix) which - amongst other tracts - also
contains the cholinergic afferents to the hippocampus (refer to Leybman et al., 1992).
Following this initial evidence, evoked responses in rats were examined after
administering a-bungarotoxin (Cholinergic antagonist) that blocks lower-affinity
nicotine receptors. It was found that this chemically blocked inhibitory gating of the
early evoked response P20-N40 (in rats), produces deficits similar to those observed
in schizophrenia patients (Luntz-Leybman et al., 1992). Miller and Freedman (1993)
suggested from these findings that cholinergic afferents might excite inhibitory
neurons resulting in the inhibition of the response of pyramidal neurons. It has been
postulated that patients with schizophrenia have decreased density of non-pyramidal
cells (GABAergic interneuron, which are considered to be inhibitory in nature)
particularly in anterior cingulate and pre frontal cortex. Post-synaptic GABAergic
inhibition has been hypothesized to play a role in the suppression of the sond
response (Leonard et al., 1996). However, due to the short-lasting nature of
GABAergic inhibition, which has been measured in animal studies and range
between 50 and 100 ms (Wehr & Zador, 2005), it is unlikely to fully explain the long
lasting suppression necessary to explain sensory gating when auditory stimuli are
presented with 500 ms ISI.

Another hypothesis which was formulated to understand mechanism of
sensory gating was tested using cholinergic a-7 nicotinic receptor (Adler et al., 1998;
Brinkmeyer et al., 2011). Studies suggest that nicotine binding receptors increase
level of dopamine in CNS, either by attaching nicotinic receptors on dopamine
neurons, releasing dopamine or by inhibiting monoamine oxidase which leads to
dopamine excitation in CNS (Cooper, Bloom & Roth, 1996). It was revealed in rodent
studies that nicotine agonists improve ASG by either reducing S2 response amplitude
or by increasing S1 amplitude (Stevens & Wear, 1997; Radeck et al., 2006). This
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notion was then tested in healthy participants (smokers), as well as in schizophrenia
group (Adler et al., 1993, 1998; Leonard et al., 2007; Brinkmeyer et al., 2011). It was
seen that P50 ASG in heavy smokers (healthy) diminished abnormally, while in
schizophrenia patients ASG improved significantly after heavy smoking however, the
effect only lasts for about thirty minutes. Therefore, it is significant to control for
smoking when recruiting participants for sensory gating studies as it can modulate
the response leading to erroneous inferences.

Evidence from studies in patients with schizophrenia demonstrated that P50
suppression deficits were mitigated by treatment with atypical antipsychotics as
compared to typical antipsychotics (Nagamoto et al., 1999; Adler et al., 2004). This
difference is likely to occur due to varied neurochemical composition of typical and
atypical antipsychotics. Clozapine, an atypical antipsychotic and agonist for serotonin
and dopamine has been classified as most effective in achieving normal level of P50
suppression in clinical population (Nagamoto et al., 1996, 1999). To gain better
understanding of pharmacological effects on neurophysiology more studies were
conducted to understand the role of neurochemicals such as noradrenaline and
serotonin during P50 ASG particularly in healthy participants. Hammer et al (2007),
studied the effect of Imipramine (which is a selective agent for both serotonin and
noradrenaline, 50gm administered orally, in healthy non-smoker males) and
observed P50 suppression disruption in healthy volunteers, supplying evidence for
involvement of both neurochemicals in ASG. Due to the lack of selectivity of the
agent it wasn’t clear if the disruption was due to noradrenergic or serotonin.
Therefore, to understand further which neurochemical had an effect or not another
study was conducted to look at effects of serotonin individually using escitalopram
(10mg dose given to healthy male participants), since it is a Selective Serotonin
Reuptake Inhibitor (SSRI) with most selective mode of action with no or little
Dopamine or noradrenaline binding and surprisingly it was observed that there was
no effect towards P50 ASG (Jensen et al., 2008). It was suggested that the dose
might have been too low to observe any significant effects, so two years later same
study was performed on healthy males, this time 15mg escitalopram was
administered in twenty healthy male participants. It was found that with higher
escitalopram dose P50 suppression reduced, suggesting that P50 sensory gating is
sensitive to rise in serotonergic activity (Oranje et al., 2010). This proposes the
possible reasons for P50 ASG modulation in depression and anxiety patients,
particularly one’s on high dose of anti-depressant drugs.

In most P50 suppression studies, participants were asked to abstain from
exposure to caffeine prior to recording (Adler et al., 1994 ; Ghisolfi et al., 2006) due
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to its CNS effects that include adenosine block and increase in serotonin and
acetylcholine levels. The effect of this non-selective adenosine-receptor antagonist
on P50 gating in healthy adults was studied by Ghisolfi et al (2006). It was suggested
that high dose of caffeine (200gm-400gm) modulated P50 ASG in healthy
participants. Above mentioned pharmacological studies suggest that different
neurochemical pathways could modulate P50 suppression response, that could be a
potential biomarker for pharmaco-MEG studies.

1.2.4 Age dependency of P50 ASG

Infants

There is sparse evidence in the literature on P50 sensory gating in infancy. A
recent study investigating P50 ASG in infants and children up to four years of age
during active sleep (REM cycle) using paired click stimulus with 500 ms ISI (Ross et
al, 2013) determined that P50 sensory gating from in infancy. These findings indicate
that a follow up longitudinal study, might provide insight into association of P50
sensory gating to later psychiatric illness.

Young children and adolescents

According to Myles-Worsley et al (1996), P50 gating ratio remains stable over
childhood (7-9 years), early adolescence (10-14 years), late adolescence (15-19
years) and adulthood (20-29 and 30-39 years). Contrary to this, a more recent study
found that children in the age group 5-7 years show lower amplitude to the first click
and that this could be responsible for the reduced sensory gating when compared to
older children (Brinkman & Stauder, 2007). Findings from this study concluded that
sensory gating matures around age 8 years and it does vary in younger children
(below 8 years). Further studies investigated if alteration in physical properties of
stimulus would modulate gating response. The effect of ISI (250 ms, 500 ms and
1000 ms) was studies by Rasco et al. (2000). It was found that P50 gating was lower
in normal adolescents for ISI 250 ms, and not for 500 or 1000 ms compared to
adults, suggesting that age as well as stimulus properties could at least in part
account for the sensory gating differences seen between adults and

children/adolescents.
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Adults and older adults

It has been acknowledged that physiological aging affects the peripheral
auditory system which could influence auditory processing and make it challenging to
detect, localise or differentiate sounds. It is believed that these changes might affect
inhibitory neurotransmission of subcortical and cortical neurons altering sensory and
cognitive processing (Gmehlin et al., 2011). Quantitative MRI studies identified that
ageing is associated with cortical atrophy specifically in prefrontal cortex followed by
temporal lobe regions (Allen et al., 2005; Gonoi et al., 2010 & Ouda et al., 2014). A
comparative study between young (mean age 26 + 5years) and older adults (mean
age 7215 years) investigating P50 ASG (using click paradigm), failed to identify
significant differences in the amplitude suppression of P50 response due to age
differences (Gmehlin et al., 2011). It is not yet clear whether sensory gating is
preserved during physiological aging or not due to the paucity of specific studies
addressing this issue.
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1.2.5 Effects of behavioural states on P50 ASG (wakefulness, NREM & REM)

The literature on the effect of wakefulness or sleep (REM or N-REM) on ASG
is limited. Nonetheless, it is essential to determine influence of state on ASG
particularly in infants, who are mostly recorded while they are asleep as they get
stressed with minor disturbances such as application of electrodes etc. As described
earlier stress can increase adrenergic tone which can modulate ASG response in
infants (Ross et al., 2013). In a comparative study, P50 ASG was measured in
infants and young children (4 years old) during REM and NREM sleep cycle; it was
observed that sensory gating was stable and well developed during REM sleep, while
it was poor during NREM, which is supported by similar evidence from adult NREM
studies (Hunter et al., 2015). It was concluded that during NREM mechanisms
involved in ASG are functioning differently as there gating ratio is close to 1 indicating
lack of suppression to second stimulus. This could possibly be a result of existence
of adrenergic tone that persists during this stage as indicated by animal studies,
which also state that norepinephrine neurons of the locus coeruleus are tonically
active during NREM sleep, but become inactive during REM sleep (Kisley et al.,
2001; Siegel & Rogawski, 1988). These findings are supported by another study
which measured ASG during REM and NREM in infants three months old and later in
same participants at age 4 years. It was established that during REM sleep this
measure is stable and unaffected by age across early childhood; thus characterizing

P50 ASG as sleep-state dependent measure (Hunter et al., 2015).

Freedman & Kisley (2001) failed to identify in adult participants significant
differences in the P50 ASG between REM and NREM sleep. Kisley et al (2003)
extended this line of investigation to compare P50 ASG in healthy controls and
patients with Schizophrenia during wakefulness and REM sleep. As predicted there
were significant differences between two groups during both states. From these
results it can be stated that P50 ASG is likely to be determined by trait as it doesn’t
seem to depend on particular brain state.

1.2.6 P50 ASG in healthy population

Most P50 ASG studies in the literature have been conducted in small samples and

have a reduced power to detect minor effects and therefore to formulate definitive
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conclusions. To overcome this issue, Patterson et al (2008) conducted a meta-

analysis of studies available at the time. As can be seen in,

Table 1.3 the selection of studies for this review used different characteristics of the
stimulus (click intensity, click duration etc) which can allow to investigate the
consistency of these effects on the response within healthy cohort.
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Table 1.3 P50 sensory gating studies in control groups as cited in review paper (Patterson et al.,
2008) (*nr-not reported, dB-decibels, SPL-Sound pressure level, HL-hearing level, SL- Sound
level)

There is significant heterogeneity among these studies due to variability in
acquisition parameters and stimulus properties. Table 1.3 indicates that P50 ASG
ratio can have a wide variability in typically developing individuals. These differences
could be due to the variability in the physical properties of the stimuli used or the
technique applied to extract these responses; these two factors are discussed in
more detail in Chapter 2 and Chapter 3 respectively. For a dimensional measure
such as P50 ASG, it is important to know its reliability and heritability before
considering it as potential biomarker in neuropsychiatric research. To determine this
Lu et al (2007) conducted a test-retest reliability analysis of the P50 paired-click
auditory gating and found minimal within subject variability of S1 and S2 amplitudes
and gating ratio. Heritability of the indices of sensory gating were explored in twin
studies. Worsley et al. (1994) recorded both monozygotic and dizygotic twins to
identify genetic effects in ASG, and found significantly higher intra-class correlation in
monozygotic than in dizygotic twins, confirming the hypothesis of a genetic influence
on P50 ASG. Another twin study estimated heritability of the S1-S2 amplitudes and
gating ratio and reported substantial heritability for the amplitude of P50 response to

S1 while only modest heritability for gating ratio (Anokhin et al., 2007).

1.2.7 Perturbation in Sensory gating: Clinical Applications

Schizophrenia

“If he isn’t hallucinating, his hearing is different when he’s ill. One of the first
things we notice when he’s deteriorating is his heightened sense of hearing. He
cannot filter out anything. He hears the sound from the street, in the yard and in the
house, and they are all much louder than normal.”[Anonymous 1985, p.1 (quoted in
Freedman et al, 1987)].
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The P50 ASG to paired click stimuli has been extensively investigated in
schizophrenia and has been proposed as a candidate endophenotype (Hall et al.,
2006). Clementz et al. (1998) performed one of the first studies to measure
differences in the P50 suppression between 36 patients with schizophrenia and
healthy age-matched controls. Paired stimuli (double click) were presented with a
500 ms interval. The study found that patients with schizophrenia showed
significantly higher amplitude of the P50 component in response to the second
stimulus compared to healthy adults. This finding was widely replicated (Alder et al.,
1999; Freedman et al., 2000; Bramon et al., 2004) and the focus then shifted to
identifying if unaffected first degree relatives of patients with schizophrenia presented
similar features, in the quest for a candidate endophenotype. Clementz et al., (1998)
showed that patients with schizophrenia and their unaffected relatives present larger
responses to the second click compared to healthy controls, confirming the suitability
of this measure as a candidate endophenotype. However a review (Patterson et al.,
2008) highlighted that the due to large individual differences in P50 ASG measure
(i.e. Smith et al., 1994 & Boutros et al., 1991 b), stability specificity and consistency
of this measure needs to be further established before it can be proposed as
endophenotype. Yet, there is a still a significant gap in understanding of underlying
neural mechanism of P50 ASG and other unidentified variables some of which have
been addressed in this thesis.

Autism

The literature on P50 suppression in autism is controversial. One of the earlier
studies conducted on children aged 3- 8 years indicated that children with high
functioning autism show normal P50 suppression (Orekhova et al., 2008). This study
also suggested that sensory gating improved with age in typical and atypically
developing children. Following this, Davies et al. (2009) performed a study comparing
click paradigm outcome in three groups: healthy adults, typical children (5-12 years)
and children with sensory processing deficit (SPD). Adults showed significantly
higher gating than participants of the younger groups. SPD children group
demonstrated significantly less gating compared to typical children. Such findings
support the age-dependency of sensory gating maturation in typical children in
contradiction with evidence from other studies (Worsley et al., 1994 & Rasco et al.,

2000). It also indicates that if there is a maturational trajectory in children with SPD, it
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appears to be different than that of typically developing children (Davies et al., 2009).
P50 measure has been found impaired in as ASD patients, who have shown atypical
latencies in the early peaks that refer to generally less than 150 ms. Finally, the
controversy in classification of ASD reflects the challenge of a categorical

representation of this wide spectrum of behavioural repertoires.

ASG in other disorders

Following the established role of P50 suppression as a candidate biomarker
for schizophrenia, the double click paradigm was used to investigate if patients with
bipolar disorder presented similar deficits (Carbranes et al., 2012). Abnormalities in
auditory sensory gating were found in this patient group who present deficits in
inhibitory processes. A further study was performed in a group of patients with
treatment-resistant depression, and showed significant difference in ASG ratio
(S2/S1) and higher S2 amplitude compared to healthy controls (Wang et al., 2009).
P50 suppression deficits were also investigated in patients with Alzheimer’s disease,
prefrontal damage and with idiopathic epilepsies (Cancelli et al., 2006; Becker et al.,
2011). Zatorre et al. (2007) suggested that responses in the auditory cortex might be
influenced by sensory, or cognitive systems, and that the deficits should be
considered as an epiphenomenon of dysfunction of the connectivity in the gating
network.

Clinical studies have shown qualitative and quantitative differences in the
impairment in ASG across different conditions. For example, Grootens et al., (2008)
explored the SG ratio in borderline personality disorder (BPD), and found that BPD
group had intact sensory gating. Nonetheless, this group had stronger S1 response
that means higher response tendency, suggesting a different modulation than seen in
other clinical groups. Other studies (Fein et al., 1996; Thoma et al., 2006; Boutros et
al., 2002) have reported impaired ASG in subjects with alcohol abuse, substance
abuse, impulsivity. Nonetheless, there are no studies investigating the relationship
between P50 ASG and personality/behavioural measures such as avoidant
personality, aggressive behaviour, attention, withdrawal etc. within healthy population
(details in Chapter 5).

1.2.8 Neuropsychological factors and SG

Since sensory gating impairment has been shown to have a negative effect
on cognitive functioning due to overload of sensory information (Venables, 1964), it is
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essential to understand how P50 ASG might affect varied domains of
neuropsychological performance in clinical population. The association between P50
suppression and neurocognitive profiles in patients with schizophrenia was subject of
a meta-analysis (Potter et al., 2006). Cognitive tasks examined were:
attention/information processing, reasoning and problem solving, social cognition,
processing speed, verbal learning and memory, visual learning and memory and
working memory. It was identified that there is a significant correlation between P50
gating and measures of attention as well as working memory in schizophrenia
population. Studies investigating relationship between attention mechanisms and
P50 ASG, suggest pre-attentive properties of this phenomenon. However, there were
no studies performed to address relationship between P50 ASG and measures of
social cognition, thereby suggesting a gap in the literature. Furthermore there are no
studies so far looking at relationship between processing stimuli with emotional
valence and sensory gating.

Emotion processing is found to be impaired in clinical population discussed
above particularly in schizophrenia and autism spectrum disorder. In a recent study,
Thompson et al. (2012) examined differences in three groups of participants: First
Episode Psychosis (FEP), Ultra High Risk (UHR) for psychosis, and healthy controls
on three different tasks theory of mind, facial- vocal emotion recognition, and social
perception. Both FEP and UHR, performed worse as compared to controls. However,
there were no significant differences between UHR and FEP patient’s performance
on any of the tasks (Thompson et al., 2012). In a comparative fMRI study with ASD
(Ashwin et al., 2007), participants were asked to perform a button-press and identify
the affective valence of the presented stimuli (faces with high fear, low fear and
neutral faces). Brain activity in left amygdala and orbitofrontal cortex was higher in
healthy controls as compared to ASD patients, irrespective of 1Q levels, suggesting
that the difficulty in social interaction (Kenndy & Adolphs, 2012) accounted for most
of the effect. There is very limited literature scrutinizing any association between
above-mentioned measures.

There is no clear evidence to explain the clinical applicability of sensory
gating. In patients with schizophrenia it has been suggested that ASG impairment
might be one of the factors contributing towards auditory hallucinations (Alder et al.,
1998 & Hirano et al., 2010). In terms of poor auditory gating in healthy adults, Kisley
et al. (2004) proposed that this could be explained by their different sensory
processing ability in their environment. In the light of evidence of frontal lobe
contribution to ASG, it has been proposed that impaired gating ability could be due to
possible deficits in these structures. Nevertheless a better understanding of
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connectivity patterns between the auditory sensory brain and frontal lobe structures

might provide insight into functional significance of ASG.

1.3 Aims of the project

(1). To understand the electrophysiological indices of sensory gating (source
localization, neural oscillatory pattern and connectivity measures) using Magneto-
encephalography (MEG) in healthy adults

(2). To determine correlation between behavioural measures such as personality
types and ASG in healthy cohort

(3). To investigate whether emotional face processing could modulate ASG.

Brief summary of Chapters:

Chapter 1 — Introduced the framework for investigating P50 ASG and
outlined aims of the present study

Chapter 2 —Describes overview about participants, stimuli design, data collection and
data analysis.

Chapter 3 — Looks into electrophysiological indices of P50 ASG including source
localization and neural oscillatory patterns.

Chapter 4 — Identifies functional connectivity networks of ASG
Chapter 5- Investigates association between behavioural measures and ASG
Chapter 6 — Examines the effect of emotional processing on ASG

Chapter 7 - Summarizes main findings, their implications and discusses future work
motivated by this study, and concluding remarks.
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Chapter 2: General Methods

2.1 Ethical Considerations

The study was started after approval by Aston University Ethics Committee
(Ethics number 0412) was granted. The study adheres to the ethical principles for
medical research involving human subjects. The main ethically sensitive issues
included appropriate risk management, methods to obtain consent and data
protection. The Institutional Ethics Committee application first addressed risk control
and elimination issues related to MEG and MRI recordings. For this, an excel
document which outlined the total risk (calculated from frequency, probability and
severity of event) involved under abnormal conditions and emergency conditions for
both MEG and MRI separately were submitted. It was suggested that as long as
outlined procedures were followed use of these techniques should remain a low risk
activity. Specific screening forms, information sheet, consent form and an

advertisement letter were part of the submitted material as well.

On the day of the recording participants were further briefed on the
procedures and given opportunity to raise any questions or concerns. Following this,
written consent was sought prior to testing. Participants were informed of their right
to withdraw from the study at any point in the study and were reassured that their
withdrawal would not affect them in any way. They were also informed that according
to the Data Protection Act, information would be kept sure and confidential. The
participants’ screening forms for MEG and MRI and behavioural data were kept in
separate lockers in a room in the Aston Brain Centre that can be accessed only by
authorized person. Unlike screening forms, behavioural data did not contain any
personal information for participant. These forms were identified with the participant
number to ensure confidentiality. Once collected, MEG and MRI data was transferred
to sure computers in the MEG analysis lab and access was possible only to the
researcher. Filenames were coded using participant number to ensure confidentiality.

Oral and written debriefing was given after each session and procedure.

2.2 Participants

Between January 2013 and October 2014, thirty-four healthy volunteers (17
males and 17 females) aged 18 - 59 years were recruited for the study. The study

investigated P50 ASG in healthy adults aged between 18 and 59 years. This
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particular age interval was chosen due to the restrictive age criteria set by the
behavioural assessment Achenbach System of Empirically Based Assessment
(ASEBA), for which standardised scales are available. Participants included students
under the Aston University Psychology Programme Experiment Credit Scheme, staff
members and individuals who had signed-up to the Aston Research Centre for
Healthy Ageing volunteer database (ARCHA) and agreed to be contacted. Although
members in ARCHA database are individuals above 80 years of age, it was specified
in the letter that any interested family members or friends in the required age group
(18-59) were welcome to contact the researcher. The recruitment took place through
three different networks: advertisement in in the University newsletter “Aston
Aspects”, intranet notification on SONA (Research Participation System) and invite
letters to members of ARCHA database.

Inclusion Criteria

e Age range between 18 and 59 years

¢ Normal hearing (assessed prior to the MEG study with tonal
audiometry at 1 KHz)

e Scores based on Web Screening Questionnaire for common mental
disorders (WSQ){See Appendix 1, WSQ cut-off scores: Depression:
Q125 & Q2=1; GAD: Q3=22; Panic: Q4 =1; Panic with Ago Q4 21 &
Q5=1; Ago:Q5=1; Specific phobia: Q6 or Q7=1; Social phobia: Q8=1
& Q9=1; PTSD: Q10=1 or Q11=1; OCD: Q1221;Alcohol
Abuse/Dependence : Q1322 & Q1423 ; Suicide : Q15=3 (exclusion)}

Exclusion Criteria

e Personal or history of psychiatric or neurological disorders identified
using a screening questionnaire presented to all participants prior to
the recruitment.

o History of abuse of alcohol or other substances including smoking: this
information was obtained by web screening form and validated using
the Achenbach system of empirically based assessment

e Being unfit to have MRI or MEG examination. These conditions
included the presence of metallic implants, or any other foreign
metallic object in their body; this was validated using MRI and MEG

screening form
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Furthermore, participants were asked to abstain from caffeinated drinks for 24
hours prior to the recording day, as caffeine has been reported to have an effect on
ASG (Alder et al., 1998). After the screening procedure 4 participants were excluded
from the study (one was on anti-depressants, one had a diagnosis of dyslexia, two

had impaired hearing threshold on tonal audiogram).

2.3 Behavioural measures

Behavioural profiles were assessed using three questionnaire-based scales.
The Achenbach system of empirically based assessment (ASEBA) (Achenbach &
Rescorla, 2003) and the social interaction anxiety scale (SIAS) (Mattick & Clarke,
1998) were used to evaluate personality profiles. The adult sensory processing
profile (ASP) questionnaire (Brown & Dunn, 2002) was used to identify whether
atypical sensory processing patterns were present and their potential effects on
functional performance. The psychometric properties of these measures are

discussed in detail below.

2.3.1 Achenbach system of empirically based assessment

ASEBA is a powerful tool to assess competencies, strengths, adaptive
functioning, and behavioural, emotional, and social problems in children, adults and
older adults. The adult self-report (ASR) questionnaire, which forms part of the
ASEBA assessment has been designed to measure adaptive functioning, empirically
based syndromes (aggressive behaviour, rule-breaking behaviour, anxiety,
depression, attention problem), substance use, internalizing and externalizing in age
group 18-59 years (See Appendix 3) (Achenbach & Rescorla, 2003). The scales vary
based on age and gender differences (there are four scales used when interpreting
scores: women in age group 18-35 and 35-59 and men in the age group 18-35 and
35 -59) with healthy individuals presenting standardized t scores <60, scores
between 60-80 representing the borderline range and scores higher than 80
identifying the clinical pathological range (See Appendix 4) (Achenbach & Rescorla,

2003). Data acquired from ASEBA forms was entered in the ADM automatic scoring
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software that computed raw as well as t-scores. These were then exported into an
Excel spread sheet to allow statistical analysis. Reliability and validity of the tool was
assessed in a national survey (Achenbach & Rescorla, 2003) that showed one week
test—retest reliability between 0.8 and 0.9. Internal consistency for ASR was high as
well with high alpha coefficient of 0.83 for empirically based problems and 0.78 for

DSM oriented scale.

2.3.2 Social interaction anxiety scale

Designed by Mattick & Clarke (1998), SIAS is an easy to administer
instrument to assess the anxiety experienced by people in social interaction
situations. The scale consists of 20 statements and responses are scored between 0
and 4, where 0 suggests not at all characteristic or true and 4 indicate extremely true
or characteristic of the participant (See Appendix 2). Mattick & Clarke (1998),
assessed internal consistency and reliability of their scale, and found that SIAS
showed high Cronbach’s alpha for internal consistency (ranging between 0.88to
0.94). Test-retest reliability was reported to be significantly high as well 0.92. Due to
its high proficiency, this scale it has been translated and used in other languages as
well; for example, Spanish population (community based) (Olivares et al., 2002) and

Dutch population including both healthy as well as clinical cohort (Beurs et al., 2014).

2.3.3 Adolescent/Adult sensory profile

ASP is designed to measure any association between sensory processing
patterns and its effects in daily functional performance. Unlike other assessments,
this test asks questions regarding how a person generally responds to sensations
(trait), as opposed to how he or she responds at any given time (state). This enables
the instrument to capture the more stable and enduring sensory processing
preferences of an individual, providing greater understanding about why individuals
engage in particular behaviours and why they prefer certain environments more than
others (Brown & Dunn, 2002). The assessment consists of 60 statements; with

responses ‘1’ being never and ‘5’almost always (See Appendix, 5). The questionnaire
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is divided in sections based on whether questions relate to taste/smell, movement,
visual, touch, activity level and auditory domain. Scoring is based on Dunn’s model of
Sensory Processing (1997a): sensation avoiding, sensation seeking, low registration
and sensory sensitivity. The first one refers to individuals who are usually bothered
by sensory stimuli so they tend to engage in sensation avoiding behaviour. Second
guadrant is opposite in the sense this refers to people who create additional stimuli or
look for surroundings that provide sensory stimuli in order to meet their neurological
thresholds. Low registration as the term suggests indicates population, which either
misses or takes longer to respond to stimuli. Low neurological thresholds that cause
people to respond readily to sensory stimuli are categorized under sensory
sensitivity. The possible scores are classified into five categories: much less than
most people, less than most people, similar to most people, more than most people
and much more than most people. The test has been standardized on English
population and includes age-specific cut-off scores (11-17 years, 18-64 years & 65+).
The cut-off scores do not indica