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Abstract
The primary aim of this thesis was to provide new insights into temporal processing
within the visual system, for younger and older neurotypical populations, and in those
with neurodevelopmental disorders (NDD). The two major afferent pathways have
different response sensitivities to contrast and temporal frequency; the faster conducting
magnocellular (M) pathway is more sensitive to higher temporal frequencies and lower
contrast visual input, whereas the slower conducting parvocellular (P) pathway prefers
low temporal frequency and high contrast visual input. Temporal processing within the M
and P pathways was estimated using established psychophysical and electrophysiological
measures. Temporally analysed K2.1 and K2.2 kernel components of multifocal visual
evoked potentials (mfVEP) were used to estimate the amplitudes and latencies of
responses associated with the M and P pathways respectively. Psychophysical measures
of flicker fusion thresholds for sinusoidally modulating achromatic lights were used to
estimate temporal functioning in the M-pathway. The experiments presented within this
thesis produced several key findings. The finding that flicker fusion thresholds at low
contrast (modulation depth) are positively correlated with the M-driven kernel amplitude
ratio (K1:K21) provides evidence for an association between the limits of temporal
behaviour and the efficiency of M-pathway. This research has also shown that K1 kernels
were relatively unaffected in populations with anomalous perception, whereas the second
order kernels were prone to markedly large latency increases. With age, post maturation,
predominantly mfVEP M response latency were affected, with little change in P
responses. In an investigation into mfVEP in clinically diagnosed autism spectrum
disorder (ASD) and intellectual disability, it was shown that second order latency at low
contrast tend to be greater than in age-matched neurotypical controls. Furthermore,
participants with NDD including ASD and dyslexia were show to have lower flicker

xiv
fusion thresholds than age and non-verbal intelligence matched neurotypical controls.
These NDD behavioural and physiological results suggest that reduced temporal
efficiency in the M pathway is a potential common deficit across these disorders. Singular
to ASD, the mfVEP also provided evidence of less efficient M pathway and more
efficient P pathway using the amplitude ratio measures, this change in temporal
sensitivities provides a novel explanation for the local over global preference in ASD
perception. In conclusion, mfVEPs and flicker fusion thresholds offer reliable tools for
future investigations of M and P temporal functioning in typical and atypical populations.
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Introduction
Fast temporal processing by the visual system is critical for discrimination of
rapidly presented sequential stimuli and tracking rapid motion (Derrington & Lennie,
1984; Merigan, 1980; Merigan, Pasternak, & Zehl, 1981). However, the neural
mechanisms that encode temporal information and limit an individuals’ threshold of
temporal perception are poorly understood.
In the early 1990s, Sutter attempted to resolve the mechanisms of temporal
analysis in the non-linear responses of the retina by incorporating Wiener Kernel analysis
in the design of multifocal electroretinography (ERG). In 1997, Klistorner and Crewther 2
utilized nonlinear analysis of a multifocal visual stimulus to separate the contributions of
the larger magnocellular (M) and relatively smaller parvocellular (P) retinal ganglion
cells and their respective subcortical pathways to the multifocal Visual Evoked Potentials
(mfVEP) in primary visual cortex. Thus, the aim of this research and thesis has been to
extend our current understanding of M and P processing in terms of response variance in
visual temporal processing from both a physiological and behavioural viewpoint by
examining results within and across the lifespan of various populations. To this end,
predominantly psychophysical measures of flicker fusion thresholds and physiological
recordings of mfVEP have been used.
Of the two-major subcortical visual pathways, temporal function of the faster
conducting M-pathway, has long been considered to play an important role in the
established motion processing defects observed in a number of neurodevelopmental
disorders (NDD) (Braddick, Atkinson, & Wattam-Bell, 2003; Dakin & Frith, 2005;
Laycock, Crewther, & Crewther, 2007). Deficient M pathway processing could lead to
slower activation of attention and eye movements, affecting motion processing in this
subset of NDDs. However, at present the research has not been able to demonstrate M
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pathways’ role in NDD perception. Thus, in this thesis temporal processing by M and P
pathways has been examined in neurotypical young and older adults, and children and
adolescents with diagnosed Autism Spectrum Disorders (ASD) with and without
Intellectually Disability (ID). This is considered in the Introduction, concentrating on
temporal processing, NDDs, visual processing behaviour, M and P characteristics,
temporal processing, the mfVEP and the concept of Neural Efficiency as a correlate of
temporal processing.

Temporal processing
Variance in temporal processing is affected by both internal and external factors.
Research into flicker fusion - a behavioural measure of temporal perception threshold indicates that external parameters such as viewing distance, stimulus size, intensity,
luminance and colour will affect the resulting threshold (Brenton, 1989). Individual
differences in the speed of temporal processing within neurotypical populations is also
attributable to anatomical and physiological changes anywhere from the optics of the eye
to visual cortex (Mauk & Buonomano, 2004; Mora, Segovia, & del Arco, 2007; Owsley,
2011).
In the typical population, temporal processing is affected by age (Crewther,
Crewther, Klistorner, & Kiely, 1999; Owsley, 2011), with behavioural research showing
that perceptual thresholds of flicker fusion, show a U-shaped relationship with age
increasing during childhood peaking around 16 years and then gradually decreasing there
after (Kim & Mayer, 1994; McFarland, Warren, & Karis, 1958; Tyler, 1989). Achromatic
flicker fusion is a clinical measure of temporal processing designed to assess when an
observer can no longer discriminate rapidly presented alternating stimuli as discrete
events and rather sees the presentation as continuous. In adult ageing,
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electrophysiological measures, show increases in latency for visual afferent input to reach
the primary visual cortex (V1) that is seen as a function of temporal decline associated
with adult ageing (Celesia, Kaufman, & Cone, 1987; Emmerson-Hanover, Shearer, Creel,
& Dustman, 1994; Porciatti, Burr, Morrone, & Fiorentini, 1992; Sokol & Moskowitz,
1981; Tobimatsu, Kurita-Tashima, Nakayama-Hiromatsu, Akazawa, & Kato, 1993).
Furthermore, meta-analysis shows that temporal processing speed is slower in individuals
with lower intelligence (Grudnik & Kranzler, 2001).
In primary visual cortex, the temporal response of the visual system is nonlinear.
However, to date, cortical evoked nonlinear responses have received comparatively little
attention in the visual literature. Thus, this thesis aims to investigate how VEP nonlinear
responses recorded from cortex vary within and across the lifespan.

Overview of M and P pathways
This thesis focuses on how the separate inputs from the two major subcortical
pathways – the M and P pathways, contribute to the temporal response. The primate
literature, has shown that the large Parasol type retinal ganglion cells (the magnocellular
or M-cells) give rise to the fast-conducting M pathway while the slower conducting P
pathway arises from the smaller Midget ganglion cells (the parvocellular or P-cells)
(Derrington & Lennie, 1984; Maunsell, Nealey, & DePriest, 1990). Layers 1 and 2 of the
lateral geniculate nucleus (LGN) mainly consist of M-cells that project to layer 4Ca of
primary visual cortex V1 while layers 3 to 6 of the LGN mainly consist of P-cells that
project to layer 4Cb of V1. The less-well understood third cell class in the LGN - the
konicellular (K) cells will not be discussed in detail here, given that while K cells are just
as numerous as M cells (Hendry & Reid, 2000), these K-cells, are heterogeneous in
response, and do not have an unequivocal signature in human V1 processing (Hendry &
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Reid, 2000; Pietersen, Cheong, Solomon, Tailby, & Martin, 2014; White, Solomon, &
Martin, 2001; Xu et al., 2001). Figure 1 shows an overview of visual processing and
Table 1 presents a summary of relevant functional and structural background of M and P
visual pathways.

Figure 1. Diagram of the M and P parallel pathways from retina through to primary
visual cortex. Image from: Barrett K. E (2016)
LGN lesion research in monkeys has demonstrated that V1 response to higher
temporal frequency stimuli is reliant on an intact M pathway (Schiller, Logothetis, &
Charles, 1991). The primate literature also highlighted that M-cells can be physiologically
dissociated from P LGN cells with stimuli that have fast temporal frequency, low spatial
and low contrast stimulation (Derrington & Lennie, 1984; Merigan, Katz, & Maunsell,
1991; Merigan & Maunsell, 1990; Schiller, Logothetis, & Charles, 1990; Schiller et al.,
1991). Behavioural and physiological research demonstrates that human and monkey
visual functions are remarkably similar (Curcio, Sloan, Packer, Hendrickson, & Kalina,
1987; Lee, Pokorny, Smith, Martin, & Valberg, 1990; Orban, Van Essen, & Vanduffel,
2004). However, isolating M and P function using non-invasive techniques in humans,
has proven difficult considering the amount of response overlap to any given stimulus
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(Derrington & Lennie, 1984; Nassi & Callaway, 2009). Thus, the aim of this thesis was to
utilize behavioural and physiological techniques such as low contrast achromatic flicker
fusion and the mfVEP that are better able to inform on temporal function of the M
pathway.
Table 1. Characteristics of Magnocellular and Parvocellular pathways
Area
Retinal
ganglion cell
layer

LGN

Characteristic
Cell types

Response
Contrast response
function

Similar spread across
retina but relatively more
frequent than midget
parvo cells in periphery1
Transient with fast
conduction (thick axons)1

Parvocellular (P)
Antagonisitc red/green Lcones and M-cones1 to
bipolars and then to
Midget RGC; some rod
input1
Most dense at fovea,
decreasing in density with
eccentricity2
Sustained with slow
conduction (thin axons)1

Rapid contrast gain till
about 40% and a degree
of saturation at mid-high
contrast4
10%3

Low contrast gain with
mostly no saturation
found in P cell4

Larger3

Smaller3

Temporal
frequency (TF)

TF Cut off - 45 Hz5

TF Cut off 30 Hz

Temporal
frequency

Lesion

frequencies up to 15Hz6

No change in frequency
response (1 - 26Hz)6
Lesion

Lesion

Reduction in contrast
sensitivity with increasing
spatial frequency6

Lesion

Afferent axons in
optic nerve input
to cortex
Receptive field
size

V1
(LGN lesion)

Magnocellular (M)
Input from bipolars with
combination of L and M
cones with rod input to
Parasol RGC1

Spatio-temporal
contrast

80%3

Small loss in contrast
sensitivity at higher
spatial frequencies6

1(Nassi & Callaway, 2009), 2(Curcio, Sloan, Kalina, & Hendrickson, 1990), 3(Schein &
de Monasterio, 1987) 4(Derrington & Lennie, 1984), 5(Hawken, Shapley, & Grosof,
1996), 6(Schiller et al., 1991)
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Temporal processing in neurodevelopmental disorders. Based on the observed
motion processing defects in a subset of NDDs it has long been suspected that these
disorders may have atypical temporal processing (Dakin & Frith, 2005; Laycock et al.,
2007; Van der Hallen, Evers, Brewaeys, Van den Noortgate, & Wagemans, 2015).
Multisensory theories in the literature suggesting a defect in the temporal integration
across sensory modalities (Hahn, Foxe & Molholm, 2014; Beker, Foxe & Molholm,
2018). Each NDD with atypical visual perception has unique visual processing theories
and literature associated with it, however in 2003, Braddick et al. was the first to make
the observation that motion processing defects were present in multiple NDDs including
ASD, dyslexia, Williams Syndrome, Intellectual Disability (ID) and Fragile X Syndrome.
Braddick et al. proposed that these NDDs have a common defect in visual dorsal stream
processing. Two reviews evaluating whether NDD performance on visual tasks provides
evidence of restricted impairment in dorsal stream function found strong support for most
of the disorders implicated (Grinter, Maybery, & Badcock, 2010; Atkinson, 2017). There
have been suggestions from a collection of independent labs including Braddick’s own,
that the common defect is most likely associated with the magnocellular pathway which
dominates input into the dorsal stream (Braddick et al., 2003; Dakin & Frith, 2005;
Laycock et al., 2007) however, the literature is yet to establish a specific magnocellular
defect in these NDDs.
In this thesis, there is a targeted investigation into possible atypical temporal
processing in ASD. Characterized by impairments in social interaction and
communication, and restricted, repetitive and stereotyped behaviours
(American Psychiatric Association, 2013), ASD is known for having a local, perceptually
biased processing style that often comes at the expense of normal global processing
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(Dakin & Frith, 2005; Happe & Frith, 2006; Mottron, Dawson, Soulieres, Hubert, &
Burack, 2006; Muth, Hönekopp, & Falter, 2014; Simmons et al., 2009). With reports for
atypical function in both M and P pathways in the ASD literature (Brown & Crewther,
2017; Fujita, Yamasaki, Kamio, Hirose, & Tobimatsu, 2011; Greenaway, Davis, &
Plaisted-Grant, 2013; Jemel, Mimeault, Saint-Amour, Hosein, & Mottron, 2010;
McCleery, Allman, Carver, & Dobkins, 2007), the dorsal stream hypothesis by itself is
insufficient in encapsulating all aspects of perceptual differences associated with ASD
(Grinter et al., 2010).
Thus, the studies within the first half of this thesis, investigating nonlinear M and
P temporal processing in young and older neurotypical populations, will play an
important role in the following studies of temporal function in NDD populations.

Measures of temporal function
To advance our understanding of temporal processing, a combination of
achromatic flicker fusion and mfVEP paradigms were employed in different populations,
throughout the thesis. Evidence regarding the suitability of these techniques for informing
on the individual temporal function of the major M and P subcortical pathways is
provided below, followed by the main aims of this thesis.

Flicker fusion frequency is the threshold at which the rate of two rapidly
alternating stimuli become indistinguishable from a constant steady light source. Flicker
fusion thresholds have been used clinically to measure the temporal capacity of the visual
system (Brenton, Thompson, & Maxner, 1989). The temporal processing capacity as
measured in humans is reported to be in the range 35 to 60 Hz for achromatic flicker
fusion threshold (de Lange Dzn, 1954; Hecht & Shlaer, 1936) depending on luminance

Chapter One

25

temporal contrast (depth of modulation). The colour fusion from red/green isoluminant
flicker occurs at much lower frequencies 10hz -15hz (Wisowaty, 1981). The differences
between achromatic and red/green colour thresholds accurately reflect the differences in
M and P temporal functions as demonstrated in single cell primate research at V1
(Schiller et al., 1990, 1991). For an illustration of the flicker fusion stimulus apparatus
used in this thesis see Figure 2.

Multifocal Visually Evoked Potentials (mfVEPs) are utilized to physiologically
examine the separate nonlinear contributions of the two major subcortical visual
pathways, (M and P), projecting to V1. Binary pseudorandom stimulation following msequences lend themselves to Wiener kernel analysis – a technique that was pioneered by
Sutter and the VERIS system for examination of the multifocal ERG (Sutter, 1992).
Description of the Wiener kernel analysis and the extraction method of the first (K1) and
second (K2.1 and K2.2) order kernel responses can be found in the method sections of
experimental chapters 2, 3 or 5. These mfVEP were recorded using stimuli of two
different temporal luminance contrasts (24% and 96%) on the basis of Klistorner et al
(1997) investigation into contrast that identified temporally separate contributions of M
and P pathways. In different second order slices, two contrast driven response changes
can be found in amplitude in K2.1N70-P100 and K2.2N110-P185 that resembled contrast
response sensitivity of macaque M and P ganglion cells respectively (Derrington &
Lennie, 1984; E. Kaplan & Shapley, 1982) (Lee et al., 1990). Hence, the K2.1 first slice
peak amplitude has high contrast gain and saturates at high contrast, while the K2.2
second slice has lower contrast gain and does not saturate. The K2.2 also shows a longer
latency than K2.1 by approximately 25ms in the occipital mfVEP (Jackson et al., 2013;
Klistorner, Crewther, & Crewther, 1997; Sutherland & Crewther, 2010). Thus, mfVEP
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can be considered a theoretically useful measure of visual temporal function, that can be
used to dissociate separate nonlinear contributions of M and P response.
This thesis aims to determine how subcortical M and P pathway functions, relate
to an individuals’ temporal threshold of perception using flicker fusion thresholds as a
behavioural measure and mfVEP as a physiological measure. Individual variation in these
measures was tracked across the lifespan. Such objective information from these different
experimental techniques will be helpful in interpreting the perceptual anomalies observed
in NDDs.

Figure 2. Illustration of the flicker fusion stimulus apparatus. The task was run using
VPixx software run on a Macintosh laptop computer. Flicker frequency output was
smoothly modulated using a DATAPixx Interface-box. Four isolated LEDs were enclosed
in a box connected to DATAPixx. Light guides conveyed the light to the wooden display
where the flicker was viewed by the participants.

Neural efficiency as a correlate of temporal processing
Neural efficiency is a term that has been used historically to describe the level of
applied effort required by the brain to complete a task and the speed with which it can be
done (Haier et al., 1992). In the context of temporal processing research, neural efficiency
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is connected to factors contributing to the speed of visual processing which requires rapid
capture, encoding and recovery of individual events occurring in quick succession (Mauk
& Buonomano, 2004). Hence, an efficient system needs to be able to both rapidly respond
and then rapidly recover in order to be response ready for the next event (Sutter, 1992).
Temporal efficiency is central to motion perception which requires rapid updating in the
system to visually track motion.
The idea of measurable temporal efficiency in mfVEP has been developed by
Crewther and colleagues (Bauer et al., 2011; Jackson et al., 2013; Sutherland & Crewther,
2010). Temporal inefficiency in the multifocal Wiener kernels should be evident in larger
second order amplitude responses (with the second order response to flash stimuli
representing the deviation from the expected first order response, when the recorded data
is analysed with respect to the past stimulus history). Conversely, smaller second order
amplitude responses should indicate that neural recovery in the system is occurring more
rapidly over a one frame period thus only contributing to the binary analysis of the first
order kernel. Initially, the relationship between first and second order M and P amplitudes
was examined in group data by correlating K1, K2.1 and K2.2 response amplitudes
(Bauer et al., 2011). This analysis was further developed as part of my Honours
(Psych/Psychophysiol, 2014) research that investigated the relationship between global
perception, visual nonlinearities and fluid intelligence (Brown & Crewther, 2017) see
Appendix A. This study used amplitude ratios to normalize data across individuals (e.g.
caused by different skull thickness) by calculating individual’s first to second order
amplitude responses of M (K1N70-P100:K2.1N70-P100) and P (K1N110-P150:K2.2N140-P180) major
peaks. A behavioural correlation between the P-ratio and ASD inspection time
performance suggested the need for further investigation of these ratios.
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Thesis outline
This thesis provides a logical progression of research whereby the reader should
find that each chapter is partially built on the findings of the previous or is at least
addressing a common thread of ideas. In light of the common methodologies and
common background literature, and aim to publish as soon as possible, some repetition is
unavoidable. Importantly, each chapter presents unique, standalone information in the
form of publishable experimental research or literature review.
Chapters 2-3 aim to explore the relationship between behavioural measures of
temporal threshold using achromatic flicker fusion, and M and P nonlinear mfVEP
responses. Specifically, Chapter 2 presents published research that was conducted in a
large sample of neurotypical first year psychology students. The main aim of Chapter 2
was to investigate Crewther and colleague’s assertion that temporal efficiency is
measurable in the relationship between first and second order response amplitudes using
the new ratio measures described above. Chapter 3 was an experimental replication of
Chapter 2 that aimed to investigate how these measures change as a function of age in an
adult population (18 – 79yrs).
Chapter 4 presents a published review that aimed to provide a systematic
overview of the prevalence of low functioning (IQ>70) ASD within the visual perception
literature to date. Using the knowledge gained from this review Chapter 5 aimed to
investigate visual processing in a young adult population of clinically diagnosed ASD
with and without ID. Chapter 5 is an extension of ASD mfVEP research presented in
Appendix A that was conducted in a child population. The aim of the ASD mfVEP
research presented in Chapter 5 was to investigate mfVEP an older ASD population so
nonlinear visual responses could be observed in a visual system that had reached adult
maturation.
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Finally, Chapter 6 aimed to investigate if there is a common M deficiency that can
be identified behaviourally across ASD, ID and dyslexia using the flicker fusion task.
Chapter 7 concludes this thesis with a general discussion of the key findings.
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Abstract
As the visual system ages, flicker sensitivity decreases and the latencies of cortical visual
evoked potentials (VEP) increase. However, the extent to which these effects reflect agerelated changes in the magnocellular (M) and or parvocellular (P) pathways remain
unclear. Here, we investigated the relation between flicker fusion frequencies and rapid
stimulus induced VEP nonlinearities as a function of age over 6 decades. The approach,
using Wiener kernel analysis of multifocal (mf) VEP, allows the extraction of signatures
of both magnocellular and parvocellular processing and hence establishing a neural basis
of the known decline in flicker fusion threshold. We expected that age would be
associated with a latency increases of early response components and also that flicker
fusion frequency would relate to the temporal efficiency of the M-generated VEP
component amplitudes. In a sample of 86 participants, ranging in age from 18 to 78, we
recorded mfVEP and flicker fusion thresholds for both low and high contrast stimuli. As
expected, a decrease in flicker fusion was seen with age, and mfVEP recordings revealed
that the latencies of short latency second order peaks increased with age, but M temporal
efficiency (amplitude ratio) was not strongly age-related. The steepest increases in
latency were associated with the M dominated K2.1 (second order first slice) N70
components recorded at low and high contrast (11.7ms/decade and 10.4ms/decade,
respectively). Interestingly, age related latency shifts were not observed in the first order
responses. Significant decreases in amplitude were found in multiple first and second
order components up to 30 years of age, after which they remained relatively constant.
Thus, aging appears to be most closely related to the response latencies of nonlinearities
generated by the magnocellular pathway.
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Introduction
Changes in visual processing with age have been predominantly associated with temporal
processing. Behavioural techniques such as flicker fusion frequency (McFarland et al.,
1958;Tyler, 1989;Kim and Mayer, 1994) and visual inspection time (Deary et al., 2010)
provide evidence of decrease in rate of visual processing with age and is more evident as
cognitive load increases (Owsley, 2011;Ebaid et al., 2017). Such age related impairments
have been attributed to changes in the optical aspects of the eye, including the anatomy of
the retina and optic nerve conduction rates (Mauk and Buonomano, 2004) and also to
occur asynchronously within different cortical areas (Mora et al., 2007;Owsley, 2011). In
particular, visually evoked potential (VEP) research shows an increase in the
physiological latency of afferent input to primary visual cortex (V1) as a function of age,
and as a function of the contrast, spatial frequency and temporal frequency of stimulation
(Sokol and Moskowitz, 1981;Celesia et al., 1987;Porciatti et al., 1992;Tobimatsu et al.,
1993;Emmerson-Hanover et al., 1994). Simultaneous electrophysiological recordings of
retina and V1 have demonstrated increases in the latency response with age to be
significantly greater in V1 than in retina (Celesia et al., 1987;Porciatti et al., 1992). In
particular the early components (~100ms) of cortical VEPs, increase in latency with age
(Sokol and Moskowitz, 1981;Celesia et al., 1987;Porciatti et al., 1992;Tobimatsu et al.,
1993;Emmerson-Hanover et al., 1994). The early increase in latency has been interpreted
as age related temporal decline, especially as the VEP peak amplitudes remain relatively
stable during adulthood (Sokol and Moskowitz, 1981;Celesia et al., 1987;Porciatti et al.,
1992;Tobimatsu et al., 1993;Emmerson-Hanover et al., 1994) raising the question as to
which, if either, of the two major retino-cortical pathways, i.e. magnocellular (M) or
parvocellular (P), is more affected by aging. Single cell comparison at the level of the
primate Lateral Geniculate Nucleus (LGN) demonstrated that M cells preferentially
respond to low contrast, achromatic low spatial and high temporal frequency stimuli
(Derrington et al., 1984), while the P cells preferentially responded to higher spatial
frequency, higher contrast, lower temporal frequency, and show wavelength (red/green)
sensitivity and lower contrast gain, with responses that rarely saturate at high contrast
(Derrington et al., 1984).
An extensive literature exists regarding age effects on the topography of M and P
cell types in human retina (Curcio and Allen, 1990;Gao and Hollyfield, 1992) and in the
laminae of LGN (Spear et al., 1994) via which of the M and P pathways project in
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separate parallel streams to different layers of V1(Nassi and Callaway, 2009). At the
commencement of these two major retino-cortical pathways Curcio and Allen (1990)
initially noted an average 25% reduction in retinal ganglion cell density in older donor
eyes within the central 11° of the fovea and hence assumed that ageing primarily impacts
on P function. Evidence for greater anatomical decline in central P cells is also supported
by a comparison of spontaneous discharge rate and optimal temporal frequency in LGN
in young and older monkeys (Spear et al., 1994) where only P cells showed age-related
changes. On the other hand recordings from single cells in monkey cortex, showed that
the increase in spontaneous discharge rate was present regardless of stimulus properties
(Schmolesky et al., 1998;Yang et al., 2008;Zhang et al., 2008;Yang et al., 2009)
suggesting that both M and P cortical afferents are altered.
In the early 1990s, Sutter (1992) introduced temporal analysis of the nonlinear
evoked responses of the retina by incorporating Wiener Kernel analysis in the design of
multifocal flash ElectroRetinoGram (mfERG) together with a Graphic User Interface
(GUI) based implementation (VERIS, ElectroDiagnostic Imaging, USA). Wiener kernel
analysis allows first and higher order kernel temporal responses to be extracted from each
patch’s binary stimulus sequence, as an alternate measure to the more frequently reported
pattern reversal analysis. A recent review of multifocal techniques in ophthalmic
electrophysiology (Müller and Meigen, 2016), while explaining the analysis of nonlinear
kernels clearly, makes the point that there is considerable room for further investigations
of nonlinear perception. Temporal analysis of the central patch in multifocal flash ERG
has shown that second order latencies increase 0.3-0.5ms/decade over an age range of 18
- 80yr, while the first order latencies remain relatively stable (Nabeshima et al., 2002).
The investigation of cortical analogs is comparatively novel.
In cortical flash mfVEP recordings, it is possible to attribute peaks of the
nonlinear kernels to the afferent neural population. Klistorner et al. (1997), using flash
mfVEP, demonstrated that the peak amplitudes of the first slice of the second order
kernel, K2.1, mimicked the M contrast response function observed in monkey LGN,
while the main peak of the second slice of the second order kernel, K2.2 mimicked the
monkey’s P contrast response function (Derrington et al., 1984;Hubel and Livingstone,
1990). These second order responses also reflect the latency advantage that M pathway
has over P in activation of V1 with the major peak of K2.2 showing a longer latency than
that of K2.1 by approximately 25ms in the cortical mfVEP (Klistorner et al.,
1997;Sutherland and Crewther, 2010;Jackson et al., 2013). Very recently, a study by
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Brown et al. (2018) found additional support for Klistorner’s claim that K2.1 response at
cortex is dominated by M inputs. In a large sample of young adults Brown et al. (2018)
showed that higher flicker fusion frequencies correlated with the K2.1 component that
Klistorner et al. identified as being a M-generated response.
Furthermore, Brown et al. investigated the relationship between the first and
second order kernels’ amplitude using the ratio measures of selective amplitude
components to inform on specific pathways (ie M-ratio = K1N70-P100:K2.1N70-P100 and Pratio K1 N140-P180:K2.2 N120-P150). Brown et al. found higher achromatic flicker fusion
thresholds were correlated with larger M-ratios (larger first to smaller second order
amplitudes). This supports previous claims that smaller second order amplitude responses
(27 and 40ms time period analysis) should indicate that neural recovery in the system is
occurring more rapidly over a 13ms (K1 temporal analysis) thus only contributing to K1
first order kernel response (Bauer et al., 2011;Jackson et al., 2013). As flicker fusion is
known to decline with age (Owsley, 2011), this new ratio measure of M temporal
efficiency might provide new insight into the age related temporal decline.
Thus, this study aimed to compare psychophysically measured flicker fusion
thresholds and flash mfVEPs recorded from the cortical visual systems of individuals
from 18-79, to investigate whether the behavioural decline in temporal processing with
age can be linked to changing components of the two major visual pathways. An agerelated decline in early latency response components and a decrease in temporal
efficiency for the M pathway (as measured by the ratio of M generated amplitudes) was
predicted.

Method
Participants
Following approval from the Latrobe University Human Research Ethics Committee 86
participants ranging in age from 18-79 years were recruited from the university and the
surrounding local community. Written informed consent was obtained from all
participants in this study. After and removal of 10 participants, excluded due to low signal
to noise ratio the final sample included 57 females (age: M=41.40, SD= 18.22) and 19
males (age: M=45.16, SD= 21.35). A t-test revealed that age did not differ between
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gender (t(74)=-.745, p=.459). For some analyses, participants were split into age groups
of young (18 to 30yrs; M= 21.12, SD= .56, n=26), middle (31 to 55yrs; M=41.64,
SD=1.48, n=25) and old (56 to 80yrs; M=65.12, SD=1.15, n=25). These age ranges
conform reasonably with those in the literature reporting M and P differences with ageing
(Elliott and Werner, 2010). All participants indicated on the consent form that they had
normal or optically corrected to normal vision, and no history of epilepsy.

Flicker Frequency
The flicker stimulus consisted of 4 achromatic light-emitting diodes (LEDs; A-Bright
Industrial Co., China, part AL-513W3c-003 white). Smooth variation in temporal
frequency was achieved by the use of VPixx software driving the analogue output of a
DATAPixx interface device (www.vpixx.com). A gaussian temporal envelope (FWHM =
480 ms) was also employed to smooth the onset and offset of the flicker. A ColorCal II
(Camridge Research Systems) colorimeter was used to calibrate and linearise the
lumininance of each LED with maximum luminance adjusted to 86cd/m2 and a mean
luminance of 43 cd/m2. A diamond array of 4 LEDs positioned at the top, bottom, left and
right were presented to the participants via 6mm diameter optic fiber light guides that
were set into a wooden display board. Light sources were separated by 1° of visual angle
when viewed by participants at a distance of 60cm. Two separate achromatic flicker
frequency thresholds were measured using high contrast (75%) and low contrast (5%)
temporal modulation. In a 4-way forced choice design, a PEST algorithm (embedded in
the VPixx software) was used to estimate flicker threshold at the completion of 32 trials.
The high and low contrast flicker tasks were presented in a counterbalenced order to
control for practice effects.
This task was completed in a dimly illuminated laboratory environment. During
the task, the LEDs always remained on and to separate the start and end points of each
trial the participants were notifed via a high pitch beep to signal the start of trial, followed
by 3 seconds of target flicker with a low pitch beep to mark the end of the trial.
Participants were instructed to use the button box provided to indicate which of the four
lights flickered. An intial practice session containing 10 trials that covered flicker
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frequencies into the threshold regions was conducted to familiarise participants with the
task.
mfVEP
A gold-plated electrode was placed at the recording site Oz, and at site Fz that was used
as reference (10/20 standard positions). A ground electrode was attached to the left
earlobe. Electrode preparation was conducted according to VEP standards (Odom et al.,
2010) and impedances below 2kΩ were achieved.
Participants were seated at a viewing distance of 70cm from the stimuli in a dimly
lit room. During the recording participants were asked to focus on a central red fixation
dot whilst the stimulus was presented. A ViewSonic E90 CRT 21 monitor with a 75Hz
frame-rate was used to display the achromatic multifocal flash stimuli that comprised of 9
luminance-defined patches within a circular display (see Figure 1). The stimulus was
created and run in VPixx and employed a DATAPixx interface box for strict video frame
registration. Each segment of the stimulus flickered between two luminance levels to a
binary pseudorandom m=14 sequence, with the sequence for each patch maximally
shifted resulting in stimuli segments that are mutually decorrelated. The m-sequence
allows for an equal occurrence of different binary event patterns during the sequence
which results in a similar number of response events for each Wiener kernel analysis (see
data pre-processing individual sequence analysis). Participants completed two separate
electrophysiological recordings for stimulus contrast presentations 96% and 24%,
targeting maximum separability of M and P activation in the second order kernels
(Klistorner et al., 1997). These stimuli had mean luminance of 52cd/m2 as measured by a
ColorCal (MkII, Cambridge Research Systems) probe. Each contrast presentation
condition was broken into 4-time length recording segments of 54.5sec, which was done
to prevent fatigue and also allowed participants to rest their eyes. During these breaks
participants were asked to blink, look around the room and then close their eyes for the
count of 10, participants were then asked to indicated when they felt ready to start the
next recording. Visual evoked responses were only recorded from the central stimulus
patch that was made large (subtending 7° of visual angle) to improve the signal-to-noise
ratio of the macular response and assure that differences in acuity across an ageing
population was not an issue. Clinical retinotopic research of combined ERG and VEP
recording also show disease has the least effect on the central retinal and cortical
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responses (Hood and Zhang, 2000;Gränse et al., 2004). The surrounding patches act to
eliminate the visual response to the edge of the central patch, resolved through the
patches being diffuse, defined only by events where they differ in contrast luminance.

Figure 1. Multifocal stimulus - at 96% luminance contrast employed for the VEP
recordings. A central circular disk subtended 7° of visual angle was surrounded by two
rings each divided into 4 separate patches. Each patch fluctuated between two luminance
levels on the basis of a pseudorandom m-sequence, with the sequences for all patches
mutually de-correlated.
Data Pre-Processing
Data was collected using Curry-7 (compumedicsneuroscan.com) recording
software. The signal was amplified 10000 times and sampled at 1kHz and band-pass
filtered (1Hz - 1kHz) with a 50 Hz notch filter applied. Over the course of the recording,
16384 triggers were collected, with triggers being delivered every frame (13.33 ms). For
each trigger, a 700ms epoch was extracted from 200 pre- and 500ms post-trigger onset.
The removal of eye blinks was performed manually in the raw EEG trace and a base line
correction using the first 50 data points was applied. The triggers correspond to different
combinations of on/off patterns within the central patch, and these allow for the extraction
of the first and second order VEP Wiener kernels K1, K2.1 and K2.2 (for more on the
Wiener kernel expansion used here, see article by Sutter, (2000). Briefly, in the binary
White/Black m-sequence, the first order response (K1) corresponds to the average of all
responses to a white stimulus (RW) minus the average of all responses to a black stimulus
(RB), i.e. 0.5*(RW-RB). The second-order first and second slice responses (K2.1, K2.2) are
the temporal nonlinearities of the visual response that takes into account the history of
stimulation. Response K2.1 represents analysis across two consecutive frames, this time
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all responses when a transition has occurred (RBW + RWB) are averaged minus the
averaged of responses to when a transition has not occurred (RBB + RWW), i.e. 0.25*(RBB
+ RWW - RBW + RWB) while K2.2 has the same comparison with an additional intervening
frame of either polarity. For a depiction of the kernel analysis see figure 2.
At the preprocessing stage, a total of 10 participants were removed from the study
due to poor quality recordings leaving 76 participant recordings that were included in the
analysis. Peak latencies in this paper will be referenced by those already identified in the
previous study of young adults (Brown et al., 2018).
Using IGOR Pro (Wavemetrics, USA) amplitudes and latencies of peaks were
extracted for participants’ first and second order VEP responses. Mean average waves of
the 76 participants were calculated for each kernel. Bonferroni corrections for the
multiple comparisons were employed and Mahalanobis distances was used to detect
outliers. To reduce between-subject variation in recording conditions such as skull
thickness and muscle artifact, ratios of the second order to first order amplitudes of the
prominent M and P generated peaks were calculated for each participant. The M ratio has
been defined as K1N70-P100:K2.1N70-P100 and the P ratio has been defined as K1 N140P180:K2.2 N120-P150,

thus the larger the ratio the higher the neural efficiency demonstrated

(Brown et al, 2018).

Figure 2. An illustration of the extraction of Wiener kernels using m-sequences via
cross-correlations.
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Data analysis
Correlational analyses with age were run for peak latency data and calculated M and P
ratios. These data were not normally distributed, hence one-tailed Spearman’s tests were
used and alpha was corrected for multiple comparisons. Outliers were removed from the
correlation based on Mahalanobis D squared distance of 13 and above (Rasmussen,
1988). The amplitude data, measured from peak-to-peak, was not suitable for a linear
analysis as the data had a heteroscedastic spread (see Figure 3). Thus, a between groups
analysis of participants aged 18-30yr (young) 31-55yr (middle) and 56-80yr (old) using
Welch’s test was conducted. The significance level was corrected for multiple
comparisons (12) to α =. 004.

Figure 3. Example of the heteroscedastic scatter in the relationship between peak-topeak amplitude and age. The younger age group show large variance where the low
amplitude range does not change with age.

Results
Age and VEP
To illustrate changes in the VEP waveforms with age, the mean average kernels for the
18-30yrs (young) 31-55yrs (middle) and 56-80yrs (old) age groups are displayed in
Figure 3 and the corresponding mean and standard error group values are numerically
presented in Table 1. In the second order kernel components, there is an observable trend
of latency increasing with age (see Figure 3, Table 1).
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Figure 4. VEP group average responses - for young (black), middle (dark blue) and old
(light blue) groups. The left column shows responses for low contrast (24%) while the
right column shows responses for high contrast (96%).
Analysis of Latency and Age
The correlational analysis showed that age positively correlated with the latencies of the
first two peaks of the K2.1 and K2.2 waveforms, for both the low and high contrast
conditions (Table 2). There was one further significant correlation found between age and
latency in the K2.2 P150 component for the low contrast condition. The strength of the
correlations was greater for the first negative peak (N70), compared to the following
positive peak (P110), with the exception of the K2.2 response at low contrast.
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Analysis of the regression slope showed that the two correlations with the fastest rate of
latency increase with age was the K2.1 N70 components to the high and low contrast
stimulus conditions. In the low contrast condition response latency increased 11.7 ms per
decade and in the high contrast condition response latency increased 10.4 ms per decade
(see Figure 4). No latency data in the first order kernels correlated with age.

Table 1. Peak VEP latency (ms) by age group
Low Contrast (M±SE)

High Contrast (M±SE)

Young

Middle

Old

Young

Middle

Old

N70

74.4 ±2.0

80.3 ±1.9

78.1 ±1.3

79.2 ±1.9

79.2 ±1.6

82.8 ±3.1

P100

105.4±2.4

106.5±2.9

109.9±3.9

106.7±1.9

105.3±2.0

110.2±3.1

N140

140.5±1.7

137.0±4.0

139.8±5.1

140.8±1.9

140.4±2.6

141.5±4.6

P175

180.1±3.6

174.1±6.5

177.9±7.9

186.1±2.5

184.1±4.1

182.2±7.2

N70

73.7 ±1.3

81.0 ±1.9

90.8 ±1.5

74.1 ±1.5

81.3 ±1.9

90.0 ±1.8

P100

104.3±2.2

110.7±2.2

115.1±2.1

104.3±2.5

112.7±2.7

116.4±2.4

N135

130.0±2.9

133.1±3.8

141.4±3.6

132.0±4.6

141.5±5.3

149.8±5.7

N70

69.4 ±1.7

76.7 ±2.1

80.0 ±2.8

68.6 ±2.3

77.4 ±1.9

83.6 ±2.2

P85

90.7 ±2.1

96.1 ±2.4

103.1±2.2

90.0 ±1.7

90.3 ±2.3

100.1±2.4

N110

117.2±2.1

120.6±2.5

125.6±2.9

117.0±1.8

114.0±1.9

117.3±1.1

P150

149.9±1.8

152.5±3.9

171.4±4.2

155.0±2.1

158.1±3.4

165.1±4.1

K1

K2.1

K2.2

Analysis of Amplitude and Age
A between groups (young, middle and old) analysis of peak-to-peak amplitude data was
conducted using Welch’s test. Significant main effects of group were found for the
following amplitudes at high contrast; K1N70-P100 F(2,40)=18.00, p<.001, K22N70-P85
F(2,40)=7.34, p<.000 and K22N110-P150 F(2,39)=8.14, p<.001 and at low contrast; K1 N70P100

F(2,39)=6.71, p<.003 and K22N110-P150 F(2,39)=7.75, p<.001. Games – Howell post-
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hoc testing found that the young group had significantly larger amplitudes than the mid
and old groups. These data show that amplitudes decrease until around 30 years after
which time amplitudes stabilize with age (see Figure 5).
Spearman’s correlational analysis of age and ratios of M and P activation showed that age
did not significantly correlate with the P ratio (r= -.055, p=.332) or the M-ratio (r= -.186,
p=.071). Figure 6a shows a scatter plot of age against M-ratio.

Table 2. One tailed Spearman’s correlations between VEP peak latency components
and age.
Latency
Component

Low Contrast

High Contrast

K1
N70

r= .218

df(64)

p= .040

r= .046

df(65)

p= .357

P100

r= .128

df(64)

p= .155

r= .062

df(65)

p= .311

N140

r= .147

df(64)

p= .121

r= .133

df(65)

p= .143

P175

r= .063

df(64)

p= .310

r= .093

df(65)

p= .228

N70

r= .674**

df(62)

p< .000

r= .588**

df(65)

p< .000

P100

r= .315

df(64)

p< .005

r= .346**

df(64)

p< .002

N135

r= .187

df(64)

p= .068

r= .204

df(65)

p= .050

N70

r= .401**

df(63)

p< .000

r= .507**

df(64)

p< .000

P80

r= .421**

df(63)

p< .000

r= .401**

df(65)

p< .000

N110

r= .274

df(62)

p= .015

r= .235

df(63)

p= .031

P150

r= .393**

df(63)

p< .001

r= .320

df(63)

p= .005

K2.1

K2.2

**p<0.002 Note: Alpha corrected for multiple comparisons.
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Figure 5. Scatter plot of latency versus age for the Magnocellular nonlinearity
K2.1N70. (a) At low contrast K2.1N70 latency component was significantly correlated
with age and explains 46% of variance. (b) At high contrast the K2.1N70 latency
component was significantly correlated with age and explains 36% of variance.

Figure 6. mfVEP amplitude differences Group amplitude means and standard
deviations comparing young (diagonal lines), middle (checked) and old (solid)
participants. Both the low (a) and high (b) contrast graphs show that the young group’s
amplitude is significantly higher (p< .02) than the middle and old groups in these post
hoc tests.
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Variance in flicker fusion threshold
Correlational analyses were run on flicker fusion thresholds and two of the known
predictors of flicker fusion variance – age and M-ratio. Spearman’s correlational analysis
between age and flicker fusion frequency revealed significant negative correlations with
age at high contrast (r= -.438, p < .001) and at low contrast (r= -.304, p < .005). The high
contrast flicker with age explained considerable variance in the correlation (19%) with the
low contrast conditions explaining less of the variance (9%). Spearman’s correlational
analysis between flicker fusion and M ratio showed a significant positive correlation in
both low (r= .498, p<.001) and high (r= .362, p<.002) contrast flicker. Additional
correlations were run with P ratio and flicker fusion threshold however, no significant
results were found.
An exploratory analysis between flicker threshold and all latency components was
conducted and alpha (.006) was corrected for multiple comparison (n=8). Amplitude was
not included as this data is not linear. High contrast flicker fusion correlated with
components K2.1N70 (r= -.339, p<.004), K2.2N70 (r= -.325, p<.005) and K2.2P80 (r= .433, p<.000) recorded at low contrast and with K2.2N70 (r= -.338, p<.004) and K2.2P80
(r= -.325, p<.005) recorded at high contrast. Low contrast flicker fusion threshold
correlated with components K2.1P100 (r= -.300, p<.005), K2.2N70 (r= -.393, p<.001) and
K2.2P80 (r= -.425, p<.000) recorded at low contrast while no significant correlations were
found with the high contrast recording. The strongest correlations between variables of
age, physiology and behaviour are displayed in Figure 6 (b, c and d).
To assess what variables were contributing most to the variance in flicker
threshold, a multiple linear regression analyses was run. Added to the regression analysis
of high contrast flicker fusion was age, M-ratio, low contrast K2.1N70 latency, and low
contrast K2.2P80 latency. All variables were entered at once in a stepwise regression
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where results showed that for high contrast flicker fusion, the regression model explained
a significant amount of variance in threshold at stage one with K2.2 P80 latency entered
(F(1, 57)= 9.99, p< .003, R2 = .149) and at stage two where M-ratio was entered (F(1,
56)= 5.76, p< .020, R2 = .229) while K2.1N70 latency and age did not significantly
contribute to the model and were removed. The R square change showed that the K2.2 P80
latency explained 14.9% of variance over and above the intercept, and M-ratio
contributed an additional 7.9% to the variance over and above stage 1.

Figure 7. Correlations age, mfVEP and flicker fusion threshold Scatter plots showing
relationships between variables predicted to correlate. Figure (a) shows a relationship
between M-ratio and age to be nonsignificant (r= -.186, p=.071) (b) Age significantly
correlated with flicker fusion (r= .362, p<.002). (c) A positive relationship between Mratio and flicker fusion was found where higher flicker fusion correlates with larger (more
efficient) M-ratio (r= .498, p<.001). Figure c and d present the multiple regression results
of the variables found to account for largest amount of variance in flicker fusion
threshold. (c) M-ratio accounted for the most variance in low contrast flicker fusion at
24.8% and (d) low contrast K2.2P80 peak latency accounted for the most variance in the
high contrast flicker fusion at 14.9% (r= -.433, p<.000).
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To assess the variance contributing to low contrast flicker fusion, the variables
age, M-ratio, low contrast K2.1P100 latency, and low contrast K2.2P80 latency were added
into a regression analysis. Again, the choice of latency component was based on the
strongest correlating K2.1 and K2.2 latency component with low contrast flicker fusion.
All variables were entered at once in a stepwise regression. Results showed that for low
contrast flicker fusion, the regression model explained a significant amount of variance in
threshold at stage one with M-ratio entered (F(1, 58)= 19.16, p< .001, R2 = .248) and at
stage two where K2.2P80 latency was entered (F(1, 57)= 7.05, p< .010, R2 = .331) while
K2.1P100 latency and age did not significantly contribute to the model and were removed.
The R square change showed that the M-Ratio explained 24.8% of variance in low
contrast flicker over and above the intercept, and K2.2P80 latency contributed an
additional 8.3% to the variance over and above stage 1.

Discussion
Nonlinear flash mfVEPs and behavioural measures of flicker fusion have been used to
explore changes in M and P generated temporal function as well as the different kernel
response with age. While previous ageing studies of M and P properties have largely been
anatomical and restricted to retina and LGN (Curcio and Allen, 1990;Gao and Hollyfield,
1992;Spear et al., 1994), the current study has combined psychophysical function through
flicker fusion together with the nonlinear mfVEP recordings from visual cortex. The
results of this study support predictions that the M dominated responses recorded from
cortex are more age affected than the P dominated responses. While flicker fusion
correlated with the M-ratio (K1N70-P100:K2.1N70-P100) as seen in Brown et al. (2018), this
relationship was not additionally affected by age which was contrary to our hypothesis.
As expected results from our sample aged 18 to 79 years, are consistent with
evidence that latency of early cortical responses increase with age (Sokol and Moskowitz,
1981;Celesia et al., 1987;Tobimatsu et al., 1993;Emmerson-Hanover et al., 1994). In
respect to amplitude, there was a significant difference between the young group (18-30)
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compared to the middle and old. This difference was driven by a subgroup of young
participants producing very high amplitudes. Indeed, age related amplitude changes are
not reported in past cortical evoked response research examining age changes (Sokol and
Moskowitz, 1981;Celesia et al., 1987;Porciatti et al., 1992;Tobimatsu et al.,
1993;Emmerson-Hanover et al., 1994). The predicted relationship between the M-ratio
which is a measure of scaled first to second order amplitudes and age was also not found.
The most compelling age-related changes presented here were the large increases
in the second order latency peaks. While the observed latency shifts with age in the early
peak latency window of ~100 ms is in line with the relevant VEP research, the extent of
the latency shift reported in this study is dramatically greater that the total 1-3 ms latency
increase reported from age 18 to 80 years previously found (Sokol and Moskowitz,
1981;Celesia et al., 1987;Tobimatsu et al., 1993;Emmerson-Hanover et al., 1994). This
study shows that early second order kernel peaks of K2.1 N70 and P100 recorded at high
and low contrast were found to have the steepest latency increases with age,
11.7ms/decade and 10.4ms/decade, respectively. Early N70 and P80 latency peaks of the
second order kernel K2.2 in response to the high and low contrast conditions were also
found to increase significantly with age. Through the established isolation of M and P to
the second order responses (Klistorner et al., 1997) it is evident through the latency shifts
in the largest component of K2.1 that M response is affected by age. Furthermore, as
there is a known latency advantage of M afferents to cortex (Maunsell and Gibson,
1992;Laycock et al., 2007), and evidence from multifocal research showing that there is
continuity in the contributions across kernel components of similar latency (Sutter,
1992;Brown et al., 2018), the early K2.2N70-P80 component is also anticipated to be
predominantly M generated. In addition, there was one P dominated K2.2P150 peak (low
contrast) that also showed latency increases with age. However, on the whole, M
dominated nonlinear responses are evidently more pronounced than the P generated
responses.
A further observation in this study was that latency increases with age were only
found in the second order responses and not in the first order peaks that showed stable
latencies with age. This was also found to be the case in multifocal flash ERG ageing
research that showed over a comparative age range only second order latencies increasing
0.3-0.5ms each decade in a sample established as having normal optical function
(Nabeshima et al., 2002). This equivocal multifocal research conducted in retina
illustrates that a small percentage of the age driven latency increases detected at cortex in
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this study will be due to retinal changes. While clinical visual screenings were not
conducted in this study, we would expect that latency increases due to optical or retinal
age related changes reported in previous studies (Sokol and Moskowitz, 1981;Celesia et
al., 1987;Porciatti et al., 1992;Burton et al., 1993) would have had a general latency affect
observable in all kernels including K1.
It is currently unresolved why K1 latencies remain stable with age while second
order latencies increase relatively rapidly with age (Nabeshima et al., 2002). The nature
of second order responses as a deviation from the expectation of the first order kernel,
measuring the effects of prior frames of stimulation allow the possibility of neural
feedback affecting waveforms. If so, second order kernels possibly reflect an
accumulation of age-affected processes, including age-related myelination changes
(Peters, 2002), age-related attentional delay (Kutas et al., 1994) or the age-related degree
of grey matter cortical involvement in signal generation (Price et al., 2017).
Similar dramatic increases in latency has been reported in cells recorded from
cortex in a sample of old compared to young monkeys (Wang et al., 2004). Wang found
age did not affect all responses, with latency increases tied more to the V1 supragranular
layer and V2 whereas 4C layers (inputs for M and P geniculate afferents) of V1
demonstrated stable latencies. These differing response origins shown in Wang’s research
suggest a possible explanation for why only second order latencies might show different
age-related changes compared with first order. The first order kernel K1 is the linearized
approximation to the response. We suggest that the higher order kernels, allowing
contributions from other neural populations, as feedback, would likely show more
nonlinear power than the response if it were limited to just the input layers of cortical area
V1.
Finally, in exploring the relationship between the three measures of this study age,
mfVEP and flicker fusion, these data provided mixed support for the initial predictions.
As predicted age did correlate with a decline in flicker fusion thresholds, however it was
not among the strongest predictors. Interestingly, this study found that the greatest
predictor of low contrast flicker variance was the M-ratio, replicating the correlation
found in Brown et al. (2017). For high contrast flicker the M-driven K2.2P80 latency
component recorded at low contrast, predicted the most variance. Contrary to prediction,
no significant correlation was found between age and M-ratio suggesting that the
relationship between M-ratio and flicker threshold is independent from that between
flicker threshold and age. The concluding analysis found that the M-dominated K2.2P80
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latency was the closet cortical response component to predicting shared variance of both
flicker threshold and age.
In conclusion, the findings presented here add a new level of understanding of
age-driven temporal changes through this multifocal flash temporal analysis of cortically
evoked responses. This study has demonstrated that age impacts more on mfVEP
latencies originating from the M subcortical pathway than from the P subcortical
pathway. Lastly, this research also brings attention to the mechanisms behind the
latencies of higher order kernels and how ageing might alter them.
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Abstract
Perturbed visual processing is commonly reported in Autism Spectrum Disorder (ASD)
where visual perception appears to be biased towards local rather than normal global
perception. Thus, the primary focus of this study was to use nonlinear analysis of
multifocal visual evoked potentials (mfVEP) to investigate the contribution of the
magnocellular (M) and parvocellular (P) nonlinear response in clinically diagnosed ASD
and control groups. An ASD sample of 9 adolescent/young adults’ participants (M=18yrs)
included 3 of whom had comorbid diagnoses of Intellectual Disability (ID). For
comparisons, a group of adolescent ID (n=5) of comparable mental age and 42 typically
developing (TD) controls (M=18yrs) of comparable chronological age were collected.
The ASD and ID groups differed from TD across the first order kernel (K1) and second
order (K2.1 and K2.2) responses in both low and high contrast recording conditions. The
low contrast condition produced the strongest effects with significantly longer latencies
consistently demonstrated in the ASD and ID groups’ second order responses compared
to the TD group. The amplitude ratios of first to second order responses, demonstrated
less efficient M pathway function and more efficient P pathway processing by the ASD
group compared to the TD group. The change in M and P pathway sensitivities in the of
ASD group relative to the controls could help to explain the preference for local over
global perception frequently observed in ASD.
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Introduction
Autism spectrum disorder (ASD) is behaviourally diagnosed on the basis of social and
communication impairments, restrictive interests, and repetitive behaviours (Association,
2013). Such behaviours are also often associated with sensory issues and can exist with or
without cognitive delays. Visual perception in ASD is also often reported as having a
local processing bias that overrides the normal preference for global perception (Dakin &
Frith, 2005; Muth, Hönekopp, & Falter, 2014; Simmons et al., 2009; Van der Hallen,
Evers, Brewaeys, Van den Noortgate, & Wagemans, 2015). Such a local perceptual bias
has been suggested to contribute to central aspects of ASD symptomatology including
impaired detection of facial emotion (Simmons et al., 2009). However, potential
mechanisms responsible for this style of visual perception remain under debate (Braddick,
Atkinson, & Wattam-Bell, 2003; Dakin & Frith, 2005; Greenaway, Davis, & PlaistedGrant, 2013; Van de Cruys, Van der Hallen, & Wagemans, 2017; Vandenbroucke,
Scholte, van Engeland, Lamme, & Kemner, 2008).
The debate about differences in visual processing associated with ASD has led to
the development of cognitive and neural based hypotheses over the last 20 years. One of
the earliest neural hypotheses, was the dorsal stream vulnerability hypothesis (Braddick et
al., 2003), that encompasses multiple neurodevelopmental disorders including ASD.
Braddick et al. (2003) initially proposed that the unifying motion processing defects
observed in ASD, dyslexia, Williams Syndrome and Fragile X are due to a common
defect in visual processing that likely starts with the magnocellular pathway which
dominates input into the dorsal stream (Nassi & Callaway, 2009). Dakin and Frith (2005)
were more specific about the nature of the deficit, suggesting that abnormalities in the
superior temporal sulcus (STS) may provide a neural basis for the range of motionprocessing deficits observed in ASD, including biological motion perception. Moreover,
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reports of atypical responses to high spatial frequency implicate the parvocellular
pathway and its afferents to ventral stream (Fujita, Yamasaki, Kamio, Hirose, &
Tobimatsu, 2011; Jemel, Mimeault, Saint-Amour, Hosein, & Mottron, 2010) which
indicates that the dorsal stream hypothesis by itself is insufficient to encapsulate all
aspects of perceptual differences associated with ASD (Grinter, Maybery, & Badcock,
2010).
In the cognitive field, there are two competing theories aimed at explaining the
local processing bias in ASD, - Enhanced Perceptual Function (EPF) in local visual
processing (Mottron, Burack, Iarocci, Belleville, & Enns, 2003; Mottron, Dawson,
Soulieres, Hubert, & Burack, 2006) and Weak Central Coherence (WCC) of global
processing (Happe, 1999; Happe & Frith, 2006; Happe, 1996; Happé, 1997). We
speculate that the relative level of intellectual functioning of the respective ASD
populations of Mottron et al. (2003) and Happe (1996), played a large part in their
dissimilar observations. Mottron sampled a very high functioning ASD (WISC: M=109,
SD=14.67) group and whereas Happe (1996) sampled a comparatively lower functioning
populations (VIQ: range= 40-92) that better represented the typical ASD profile (Brown,
Chouinard, & Crewther, 2017). A more recent physiologically based theory that emerged
from WCC purports greater variability in moment-to-moment cortical representations
where bottom up prediction errors are higher in ASD leading to a preferentially local
rather than global percept (Van de Cruys et al., 2017). However, as Butler, Molholm,
Andrade, and Foxe (2017) rightly points out, this ‘neural variability’ prediction would be
evident in weaker ASD signal to noise sensory evoked responses of which Butler et al.
failed to find support for. Previous research has also failed to find evidence of flatter,
smaller peaks in ASD group average waves compared to control as should be the result of
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variability from trial to trial (Frey, Molholm, Lalor, Russo, & Foxe, 2013; Fujita et al.,
2011; Pei, Baldassi, & Norcia, 2014; Vandenbroucke et al., 2008).
Currently, there are separate claims of functional perturbation of both the early
subcortical magnocellular (M) and parvocellular (P) pathways in ASD (Bertone, Mottron,
Jelenic, & Faubert, 2003, 2005; Brown & Crewther, 2017b; Fujita et al., 2011;
Greenaway et al., 2013; Jemel et al., 2010; McCleery, Allman, Carver, & Dobkins, 2007).
However, the validity of these studies is often limited by less than optimal stimulus
design to enable adequate separation of M and P contributions (for comment see
(Greenaway et al. (2013)).Thus the primary focus of this ASD study was to dissociate and
examine the individual contributions of the two major early afferent visual pathways, the
M and P, using the multifocal visually evoked potential (mfVEP) paradigm in a sample
representative of the reported low IQ prevalence (~40%) in individuals diagnosed with
ASD (Brown et al., 2017).
Briefly, visual information from retina to primary visual cortex (V1) is carried in
parallel streams via two major subcortical visual pathways, M and P pathways that have
different response sensitivities to stimulus information (Nassi & Callaway, 2009). The
largest of the retinal ganglion cells give rise to the faster conducting M pathway that
preferentially processes higher temporal frequencies, low contrast, low spatial frequency
achromatic stimuli (Derrington, Krauskopf, & Lennie, 1984; Maunsell, Nealey, &
DePriest, 1990). While the slower conducting P pathway arises from smaller ganglion
cells that are preferentially sensitive to high spatial frequencies, high contrast chromatic
wavelengths and low temporal frequencies (Derrington et al., 1984; Maunsell et al.,
1990). Single cell monkey studies have revealed different contrast response functions
within the M and P layers of the lateral geniculate nuclei (LGN) with M cells
demonstrating higher contrast gain at low contrast and saturation at high contrast
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compared with the P cells that have lower gain, but show little evidence of saturation
(Derrington et al., 1984). While these pathways have very different response sensitivities,
there is also an overwhelming degree of response overlap to any given stimulus with
studies showing that no one single pathway has a monopoly over any one property (Nassi
& Callaway, 2009). However, it is possible to dissociate the separate cortical mfVEP
contributions of the M and P pathway responses to VI by utilizing Wiener kernel
temporal analysis developed by (Sutter, 1992) and stimuli of high and low contrast
(Klistorner, Crewther, & Crewther, 1997).
Indeed, dissociation of the nonlinear mfVEP responses in V1 capitalises on the
different temporal and contrast response properties of the two major pathways (Klistorner
et al., 1997). The amplitude in the fast temporal analysis of the second order kernel, first
slice K2.1 of the multifocal VEP demonstrates a high contrast gain that saturates and is
hence associated with M inputs (Jackson et al., 2013; Klistorner et al., 1997). The slower
temporal analysis of the second order kernel, second slice K2.2 demonstrates a
comparatively longer latency (25ms) with lower contrast gain, little saturation and hence
is associated with P input (Jackson et al., 2013; Klistorner et al., 1997). Calculated ratios
of corresponding first order (K1) to second order peak-to-peak amplitudes which contain
the dominant M (K1N70-P100:K2.1N70-P100) and P (K1N110-P150:K2.2N140-P180) responses have
also been proposed as a measure of neural efficiency (Brown, Corner, Crewther, &
Crewther, 2018b). This was evidenced through larger M ratios (K1:K2.1 amplitudes)
correlating with higher achromatic flicker fusion thresholds, a behavioural measure of
temporal efficiency.
Temporal analysis of the mfVEP has previously been used to separate M and P
contributions in children with ASD (Brown & Crewther, 2017b), and in neuro-typical
adult populations grouped into high and low autistic traits (Jackson et al., 2013;
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Sutherland & Crewther, 2010) on the basis of Barron Cohen’s Autism Quotient (AQ)
questionnaire (Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 2001) with
somewhat varied findings. In neuro-typical adults’ high on the AQ scale, Jackson et al.
(2013) found larger second order K2.1 M amplitude while Sutherland and Crewther
(2010) demonstrated a peak delay for an early N70 M-generated first order K1 response
compared to participants low in AQ. Interestingly, in the clinical ASD (7-11yrs) study,
the P-ratio was found to be larger (more efficient) compared to their age and IQ matched
controls (Brown & Crewther, 2017b). The assessed nonverbal intelligence of child ASD
participants in this study was also shown to significantly correlate with P efficiency and
inspection time threshold results. In Brown and Crewther’s (2017) young ASD
population, the combination of variable IQ scores and an immature M and P systems
(Klaver, Marcar, & Martin, 2011) make comparisons with the first year university adult
AQ mfVEP research (Jackson et al., 2013; Sutherland & Crewther, 2010) difficult.
Thus, this study aims to investigate the mfVEP responses in adolescence and
young adults with ASD where maturation of the visual system is less of a factor. Brown
et al. (2017) demonstrated that ~40% of any ASD population, as now defined by DSM-5
shows comorbid Intellectual Disability (ID). Thus, this study sort to include a
representative IQ sample of ASD by recruiting a clinical population of late
adolescent/young adults with ASD and ASD+ID aged 16 to 24 years. The ASD results
were compared to a large sample of similar age –matched neuro-typical adults (n=42) and
a small group of individuals with ID (n=5). We hypothesized that the mfVEP responses
would show a reduction in ASD magnocellular efficiency compared to the control group.
In addition a relative increase in P efficiency would be consistent with the findings of
(Brown & Crewther, 2017a) from primary school aged individuals with ASD.
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Method
Participants
Following approval from the Latrobe University Human Research Ethics Committee, a
total of 56 participants were recruited from around Melbourne. Signed consent for the
study was obtained directly from the participants or via a parent/guardian for participants
who were under the age of 18yrs and for all participants who had an intellectual disability
(ID) regardless of age. When applicable, a diagnostic questionnaire, developed in house
was completed by the parent/guardian or by participants aged 18+. The questionnaire
collected information about the type of professional who gave the diagnosis and what
tests were conducted to ascertain if diagnosis were credible.
Table 1. Participants Chronological Age (CA) and Ravens information
CA

Ravens

NVMA percentile

Predicted NVMA

for 17yrs

Groups

N

M(SD)

Range

TD

42

18.81(1.51)

17-24

ASD (total)

9

18.22(3.07)

15-24

13:3 to 14:8

23rd

6

19.00(3.52)

15-24

16.9 to 17.8

42th

ASD+ID*

3

16.67(1.15)

16-18

12.9 to 13.2

4th

ID

5

16.80(1.09)

16-18

8:3 to 8:8

1st

ASD

Note: The Ravens test was not measured in the TD group comprising first year university
volunteers. NVMA = non-verbal mental age. * ASD+ID scored on the Ravens indicates
higher functioning than a WISC test
The sample comprised of participants with clinically diagnosed ASD, with and
without ID, chronologically age matched participants with a sole diagnosis of ID and
chronologically age matched neurotypically developed controls (TD). Participants with
ID receive this diagnosis based on a total scores of below 70
(American Psychiatric Association, 2013) on the Wechsler Intelligence Scale for Children
(WISC)(Wechsler, 2003), however these WISC scores heavily reliant on verbal ability
can under estimate the intellectual function of individuals with ASD (Bolte, Dziobek, &
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Poustka, 2009). Thus, we conducted the Coloured and the Standard versions of the
Ravens Progressive Matrices, a test of non-verbal intelligence. As expected these Ravens
tests ranked the ASD+ID participants as higher on non-verbal mental age than the ID
participants (See Table 1). Participants mental age (MA) and percentile score was derived
from the Ravens Standard Progressive Matrices manual (Raven, 1989a) based on
participants mean raw score. The ASD participants without ID scored within the normal
range for their age while TD participants were sampled from a first-year psychology
course and are assumed to be of average to above average intelligence. See Table 1 for
participant demographic information.

Procedure
The Raven’s Coloured and/or Standard Progressive Matrices test (Raven, 1989b; Raven,
1998)was administered to the clinical populations at the start of the study as a measure of
non-verbal intelligence. Due to the inclusion of participants with ID all participants were
started on the Raven’s Coloured Matrices and then continued onto the Standard
Progressive Matrices (sets D, E and F) if their initial performance showed potential to
perform above a floor score. All participants completed 8 minutes of mfVEP recording
and breaks were given at the end of each minute to allow the eyes to rest.

VEP design
Nonlinear achromatic flash mfVEP were recorded from occipital cortex over the primary
visual area (V1). Using the international 10/20 system, gold plated electrodes were placed
at Oz that was used as the recording site, Fz was the reference, and right mastoid as
ground. Electrode preparation was conducted according to VEP standards (Odom et al.,
2010) and impedances below 2kΩ were achieved. The stimulus was run in VPixx and
employed a DATAPixx (www.vpixx.com) interface box for strict video frame
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registration. The stimulus was presented on a 75 Hz frame rate CRT 21” monitor
(ViewSonic E90). The stimulus array was kept at a constant mean luminance of
52cd/m^2 as measured by ColorCal (MkII, Cambridge Research Systems) probe.
Participants were seated in a dimly lit room and were positioned 70cm away from
the screen. Instructions were given to look at a red dot at the centre of the stimuli while
recordings took place. The stimuli contained a circular centre segment surrounded by a
middle and outer ring, each ring was divided into four segments. These 9 achromatic
unstructured segments were defined by changes in luminance. Each segment was set to
independently fluctuate at the screen rate to a pseudo-random binary m=14 sequence
resulting in a similar number of response events for each Wiener kernel analysis (Sutter,
2000). Two separate 4-minute recordings took place with the stimulus either depth
modulated at 24% or 96% flicker contrast to target M and P activation (Klistorner et al.,
1997).

VEP Pre-Processing
Evoked responses were recorded and analysed from the central patch (subtending
7° of visual angle), the peripheral segments in this study were employed to remove edge
contributions. Curry-7 (CompumedicsNeuroscan.com) recording software was used to
collect data. The signal was amplified 10000 times and sampled at 1kHz with a notch
filter applied at 50Hz. Triggers were delivered every frame (13.33ms) with 16384 triggers
collected over the course of each 4-minute recording. Data were collected from (-100, 0)
ms prior and (0, 500) ms post-trigger events respectively, eye blinks were manually
removed from the raw trace. Base line correction was conducted using the first 50 data
points. Specific combinations of on/off patterns correspond to different triggers within the
central patch and allows for the extraction of the Wiener kernels’ first (K1) and second
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(K2.1 and K2.2) order mfVEP responses (see (Sutter, 2000)) for a detailed review of the
Wiener kernel expansion).
The amplitudes and latencies of VEP peaks for participants’ first and second order
mfVEP responses were extracted using IGOR Pro (Wavemetrics, USA). Mean average
waves for each participant group (ASD, ID and TD) were calculated for each kernel.
Statistical analysis of between group peak latencies and peak-to-peak amplitudes were
carried out using SPSS (version 24, IBM) and JASP (Version 0.8.4, JASP Team, 2017).
Waves were then interpreted as being derived from M or P afferents on the basis contrast
response functions (Jackson et al., 2013; Klistorner et al., 1997). As defined by (Brown,
Corner, Crewther, & Crewther, 2018a) ratios of the first order to second order amplitudes
were calculated for the prominent M and P generated peaks in the first order K1, and
second order K2.1 and K2.2 kernels for each participant. The M-ratio is derived from the
low contrast conditions’ peak-to-peak amplitude responses of K1N70-P100/K2.1N70-P100 and
the P ratio is derived from the high contrast conditions’ peak-to-peak amplitude responses
of K1 N140-P180:K2.2 N110-P150.

Data Analysis
There was no significant age difference between groups F(2,53)=2.89, p=.064. This data
consisted of 3 unequal groups with some small sample sizes (see Table 1) but normally
distributed data, hence a Kruskal-Wallis H test was used to analyse main effects and was
performed using SPPS statistic packages. The conservative post hoc method of Dunnetts
T3 test was run to decrease the chance of Type I error also performed using SPPS statistic
packages. Alpha was always corrected for multiple comparisons. To further help quantify
evidence in favour or in opposition to the alternative hypothesis a Bayesian approach was
utilized where a BF10 of 5 indicates that the data are 5 times more likely to be explained
in favour of the H1 than the H0 that would be conversely BF01 of .2 in this example
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(Wagenmakers, 2007). As a rule of thumb, Bayes factors greater than 3 or less than 0.3
are considered as evidence for or against a hypothesis, and Bayes factors between 0.3 and
3 are considered not worth mentioning and can also indicate the need for a larger sample
of data. Bayes factor analysis is ideal for this data as it is not reliant on an assumption of
equal groups sizes. In JASP software (JASP Team 2018), group main effects and
interaction statistics were calculated using the default prior in the Bayes ANOVA
function.

Results
Latency
Kruskal-Wallis H tests showed significant latency differences between participant groups
predominantly in the responses recorded at low contrast. The Dunnett’s T3 post hoc tests
show that there is a consistent trend in the group data showing ASD and/or ID to be
longer in latency than the TD group. To correct for multiple comparisons being made for
the peak latency analysis (n=11), an alpha value 0.004 was used. As the addition of errors
bars to Figure 1 was visually confusing, mean and standard deviation data for each
groups’ peak latencies at high and low contrast stimulation has been provided to inform
on response variance within groups in Table 2. For the group latency comparisons of TD
with clinical groups Bayes factors and indices of p-values are provided in Table 3.
Latencies at low contrast Significant group differences were found in many of the
peak components. In the first order K1 peak latencies, significant group difference were
found in K1N70 (2(2)=11.57, p<.003, BF10 =8.64) and K1N135 (2(2)=17.91, p<.001, BF10
=1.29×104). The following peak components were not significant although strong to very
strong Bayes factors are seen, K1P100 (2(2)=7.45, p<.024, BF10 =35.74), K1P175
(2(2)=8.01, p<.018, BF10 =14.13) which suggests meaningful large group effects could

Chapter five

93

be present. For the second order responses, significant group differences and large effect
sizes as denoted by the Bayes factors, have been found in all peak latencies. The main
effects between groups for second order first slice were: K2.1 N70 (2(2)=21.98, p<.001,
BF10 =5.05×104), K2.1P100 (2(2)=18.21, p<.001, BF10 =1177.11), K2.1N130 (2(2)=14.58,
p<.001, BF10 =267.03), and for the second slice K2.2 N65 (2(2)=21.62, p<.001, BF
=12.81×104), K2.2P85 (2(2)=26.24, p<.001, BF10 =2.63×106), K2.2N110 (2(2)=25.02,
p<.001, BF10 =1.27×106) and K2.2P145 (2(2)=12.33, p<.002, BF10 =384.00). The post hoc
group comparisons for the peak latencies are displayed in Table 3.

Figure 1. VEP group average responses - for TD (black), total ASD (pink) and ID (blue
dash) groups. The left column shows responses for low contrast while the right column
shows responses for high contrast
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Latencies at high contrast The only significant main group effect for latencies at
high contrast was found at K2.2P85 (2(2)=15.35, p<.001, BF10 =1195.46). For the
following second order components; K21N70 (2(2)=9.67, p<.008, BF10 =10.34), K2.2N65
(2(2)=9.93, p<.007, BF10 =18.04) and K2.2N110 (2(2)=7.69, p<.021, BF10 =5.23) the
Bayes factors over 3 suggest meaningful small to large group effects could be present.
Again, see Table 3 for post hoc group comparisons.

Table 2. mfVEP latency data by participant group at high and low contrast.
Presented here are the mean and standard deviation of peak latencies.
Low Contrast

High Contrast

Mean

TD(n=42)

ASD(n=9)

ID(n=5)

TD(n=42)

ASD(n=9)

ID(n=5)

latency

M(SD)

M(SD)

M(SD)

M(SD)

M(SD)

M(SD)

K1 N1

73.77(6.98)

83.66(10.79)

79.80 (15.02)

78.31(5.17)

80.22(6.92)

85.00(4.69)

K1 P1

103.80(6.02)

106.66(6.02)

116.80(10.08)

104.80(6.05)

108.80(6.05)

115.00(6.37)

K1 N2

135.921(6.66)

147.44(7.00)

153.40(9.29)

137.25(6.71)

142.11(7.06)

146.00(8.98)

K1 P2

177.20(10.94)

183.89(12.94)

196.60(15.96)

183.17(10.65)

188.66(7.71)

188.00(14.90)

K2.1 N1

71.68(6.21)

83.88(5.23)

83.80(8.16)

73.46(7.35)

81.88(7.54)

78.50(3.32)

K2.1 P1

100.77(9.24)

115.78(5.63)

113.00(10.12)

106.67(14.85)

118.11(6.73)

109.50(13.93)

K2.1 N2

130.72(11.57)

153.00(18.14)

148.40(23.46)

143.36(31.93)

171.11(24.35)

166.50(29.50)

K2.2 N1

64.97(6.08)

76.77(7.90)

80.00(5.34)

67.80(7.36)

76.55(7.69)

76.00(9.27)

K2.2 P1

84.19(8.41)

103.11(6.81)

101.40(3.78)

84.40(6.33)

96.11(7.72)

91.75(5.37)

K2.2 N2

112.53(6.83)

127.52(3.45)

131.00(12.06)

111.48(8.24)

119.33(6.42)

118.00(4.97)

K2.2 P2

147.10(8.61)

159.10(12.62)

166.80(19.59)

152.85(8.92)

160.22(7.48)

155.25(8.54)

Amplitude
A Kruskal-Wallis-H test showed significant differences between participant groups for
corresponding peak to peak amplitudes in the high and low contrast evoked responses. To
correct for multiple comparisons being made in the peak-to-peak amplitude analysis
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(n=5), an alpha value 0.01 was used. Dunnett’s T3 test showed the ID and ASD groups
did not differ in amplitude with both clinical groups showing consistently smaller but
non-significant amplitudes in the peak-to-peak components identified above compared to
the TD group (see Figure 1). Significant amplitude reductions in ASD and ID compared
to TD were found in K1 and K2.2, however the K2.1 response remained consistent across
all groups. For a display of significant amplitude group differences see Figure 2.

Table 3. Post hoc Bayes factors for latency data. Group latency comparisons of TD
with clinical groups, with p-value determined by Dunnetts T3 test
K1
LC

N70

P100

N135

P170

TD

TD

TD

TD

ASD

25.51

0.67

60.76**

0.91

ID

0.92

.27

2.36×103

0.11

0.48

0.74

1.42

0.76

3.19

12.20

2.96

.55

N70

P100

N135

TD

TD

TD

ASD

7.26×103***

5.87×102***

4.34×102**

ID

0.86

5.35

5.52

11.54

2.23***

3.18

.78

.46

.82

N65

P85

N110

P140

TD

TD

TD

TD

ASD

1.55×103**

9.61×104***

6.41×104***

40.12

ID

2.56×103**

2.93×102 ***

1.76×103

1.11×102

14.27

9.77×102**

4.82

2.46

1.79

2.23

.95

.48

HC ASD
ID
K2.1
LC

HC ASD
ID
K2.2
LC

HC ASD
ID

Alpha(n/11) = 0.004, p=.01**, p<.004***
Amplitude at low contrast First order K1 amplitude group differences were found
in K1N70-P100 (2(2)=12.91, p<.002, BF10 =43.79) and in K1N140-P180 (2(2)=10.44, p<.005,
BF10 =16.72). In the second order kernel responses, significant group differences were
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found in K2.2N110-P150 amplitude (2(2)=11.03, p<.004, BF10 =27.78). All other peak-topeak amplitudes were found to be both non-significant and have Bayes factors below 3.
Dunnett’s T3 test showed that in K1N70-P100 the ASD group had significantly smaller
amplitude compared to TD group (p<.001, BF10 =39.23). For the later K1N140-P180 peaks a
mix of significant group difference and medium sized Bayes factors was found showing
that the ID group amplitude was smaller than the TD group (p<.07, BF10 =7.43) as was
the ASD group (p<.003, BF10 =2.69). In K2.2N110-P150 the ASD were significantly smaller
in amplitude compared to the TD group (p<.019, BF10 =8.81) whereas the ID group only
showed a small indication of being different from the TD group (p<.056, BF10 =4.22).
These data on group amplitude is presented in Figure 2 a.

Figure 2. A group comparison of the main mfVEP peak-to-peak amplitudes
recorded at low and high contrast. Group means (±1SE) comparing groups TD n=42
(solid black), ASD n=9 (mottled pink) and ID n=5 (diagonal blue lines) . Both the low (a)
and high (b) contrast graphs show that the TD group had larger amplitude K1 and K2.2
amplitudes than the ASD and ID groups while K2.1 did not differ between the groups.
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Amplitude at high contrast First order K1 amplitude group differences were
found in K1N70-P100 (2(2)=11.93, p<.003, BF10 =74.49). In the second order kernel
responses, significant group differences were found in K2.2N110-P150 amplitude
(2(2)=8.34, p<.015, BF10 =6.96). All other peak-to-peak amplitudes were found to be
both non-significant and have Bayes factors below 3. Dunnett’s T3 test showed that in
K1N70-P100 the ASD group had significantly smaller amplitude compared to the TD group
(p<.009, BF10 =22.59). In the same K1N70-P100 the TD and ID groups amplitude was not
significantly different (p<.22, BF10 =6.15) however, the Bayes factor suggests a small
effect away from the null hypothesis. In K2.2N110-P150 the Bayes factor suggests a large
effect away from the null between ASD and the TD group (p<.028, BF10 =7.75). The data
on group amplitude are presented in Figure 2 b.

Low contrast derived M (K1/K2.1) and high contrast derived P(K1/K2.2) ratios
A Kruskal-Wallis-H test showed significant differences between participant groups for M
(2(2)=8.39, p<.015, BF10 =6.36) and P (2(2)=6.09, p<.047, BF10 =2.78) ratios of first to
second order responses (see figure 3). For the M-ratio, post hoc analysis showed that
while the ID group had significantly smaller M-ratio than the TD group (p<.001, BF10
=.458) the Bayes factor suggests there is likely insufficient data to comment.
Furthermore, while the ASD group did not show a significantly smaller M-ratio than the
TD group (p<.061, BF10 =3.58) the Bayes factor suggests weak evidence of a group
effect. The post hoc for the P ratio also showed no significant group differences.
However, the ASD group showed a larger P-ratio than the TD that was close to
significance at p= .063 with a moderately strong Bayes factor at BF10 =9.05. There was
clearly no group effect between ID and TD (p<.99, BF10 =.46) for the P-ratio.
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In light of these moderate Bayes factors and the hypothetical basis of the study, in
terms of M and P neural efficiencies, two independent t-tests were carried out to compare
ASD vs TD group neural efficiency data. The significance level was corrected for
multiple comparisons (2) to α =.025. The ASD group had significantly larger P-ratios
t(46)=2.99, p<.004 and significantly smaller M-ratios t(47)=2.62, p<.022 than the TD
group (see Figure 3).

Figure 3. M and P efficiency ratios compared across groups (shading as in Figure 2).
M efficiency is defined (Brown et al., 2018a) as the amplitude ratio of low contrast K1 N70P100

to K2.1N70-P100. P efficiency is defined likewise, as the amplitude ratio at high

contrast of K1N140-P180 to K2.2N110-P150. For the M-ratio, the ASD and ID groups show less
efficient M than does the TD group. The ASD group shows more P efficiency response
than the TD and ID groups.

Discussion
A physiological non-linear analysis of the subcortical pathway responses in ASD
showed evidence of changes in both M and P contributions to the low and high contrast
mfVEP recordings from scalp electrodes overlying V1. Multiple group differences in
latency and amplitude components were more apparent at low contrast, with ASD
responses tending to be smaller in amplitude and longer in latency than the TD group. In
ASD, the entire low contrast second order responses were shifted to longer latency,
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although such differences mostly vanished with high contrast stimulation. Indeed, the
most compelling findings presented here provide evidence for both the expected atypical
M pathway processing defect at low contrast, and an improved efficiency of the P
contributions to the mfVEP at high contrast in a clinically representative ASD sample
unselected for IQ.
In terms of IQ effects, significant differences between the ASD group that
included 3 participants with comorbid ID and ID groups were almost non-existent. These
clinical groups’ data either trended in the same direction, or the ID groups’ data presented
as too heterogeneous in response to interpret. Interestingly, the only ASD result that was
in contrast to the ID alone group was the evidence of more efficient P processing (K1 N110P150:K2.2N140-P180),

a result that was signally found in ASD.

The M and P ratio differences found between the ASD and TD groups indicate
that individuals with ASD have a combination of less efficient M together with more
efficient P processing. Research supporting suggestions that ASD M and P pathway
sensitivities are changed comes from studies of flicker sensitivity with adult groups high
and low in AQ (Thompson et al., 2015). The differing thresholds of red/green and
achromatic flicker fusion between AQ groups led Thompson et al. to conclude that the
high AQ group had more efficient P processing in the presence of a less efficient M
processing relative to the low AQ group.
This study provides connections between the mfVEP research into the autism
spectrum previously conducted in adult neurotypical (Jackson et al., 2013; Sutherland &
Crewther, 2010) and child clinical populations (Brown & Crewther, 2017a). In the
comparison between the child and adult ASD mfVEP results, it is apparent that while the
P efficiency result was replicated, additional group differences in the nonlinearities were
found in this young adult ASD population. The inclusion of participants with ID in this
study’s ASD group likely explains the increased deviation away from the TD mfVEP
responses that were not observed in the previous study of comparatively higher
functioning ASD children without ID (Brown & Crewther, 2017a). In adult neurotypical
populations, a potential link between those with high AQ (Jackson et al., 2013;
Sutherland & Crewther, 2010) and this study’s clinically classified young adult
population with ASD is reflected in the magnocellular derived components of the mfVEP.
Indeed, Jackson et al. (2013) found that higher AQ was associated with larger K2.1 N70-P100
amplitude while Sutherland et al. (2010) found an association with smaller K1N70-P100
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amplitude (i.e. findings of smaller first K1 to larger second order K2.1) indicating similar
evidence of M-inefficiency to the clinically diagnosed ASD participants within this study.
This combination of finding less efficient M-pathway and more efficient Ppathway in the ASD group has perceptual implications in terms of their preference
towards local processing. M-pathway predominantly projects to dorsal pathway identified
as important in processing figure/ground distinction (Likova & Tyler, 2008) and global
motion (Maunsell et al., 1990) while the P pathways role is in high spatial frequency
detailed processing. Interestingly, this change in ASD pathway sensitivities was
anticipated in a recent review into static global/local processing in ASD (Van der Hallen,
Evers, Brewaeys, Van den Noortgate, & Wagemans, 2015). Furthermore, in reviewing
evidence for the dorsal stream hypothesis, Grinter et al. (2010) concluded that atypical
visual processing in ASD was unlikely to be restricted to dorsal stream. Indeed, as
demonstrated in this study, ventral and dorsal stream processing are both atypical.
In conclusion, our findings provide some evidence that M function is defective in
ASD in terms of less efficient M processing and longer latencies in the second order
kernels at low contrast condition, though this will need to be replicated in a larger ASD
sample. However, based on our results, we also suggest that one of the reasons that
probing for M defects in ASD have been equivocal is likely to be associated with the
increased efficiency in P pathway, in a visual system where both pathways overlap in
response to most stimuli (Nassi & Callaway, 2009).
Similar to other physiological research conducted in ASD populations (Brown &
Crewther, 2017b; Fujita, Yamasaki, Kamio, Hirose, & Tobimatsu, 2011), this study
suffers from small clinical sample. However, this study is unique in its inclusion of ASD
with comorbid ID that is excluded from similar physiological research (Dinstein et al.,
2012; Frey, Molholm, Lalor, Russo, & Foxe, 2013; Fujita et al., 2011; Pei, Baldassi, &
Norcia, 2014; Weinger, Zemon, Soorya, & Gordon, 2014). Thus, P processing efficiency
has now been demonstrated in high and low functioning clinically diagnosed ASD
participants aged 7-24 years and have presented mfVEP results associated with M
function that are shown across the autism spectrum (Brown & Crewther, 2017b; Jackson
et al., 2013; Sutherland & Crewther, 2010).
While abnormal M pathway function has been associated with multiple
populations including developmental disorders and ageing, this disturbance in the relation
of both P and M processing appears singularly related to ASD. The more efficient P

Chapter five
responses in the presence of a less efficient M response could go far in explaining the
preference for local over global perception observed in ASD.
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Abstract
The dorsal stream vulnerability hypothesis was first proposed by Braddick, Atkinson and
Wattam-Bell (2003) to explain the deficits in global motion processing observed in
several neurodevelopmental disorders (NDD). However, generalization to a
magnocellular (M) pathway function deficit in clinical NDDs has seldom been examined
behaviourally in terms of a preferential M-type stimulus, ie achromatic, low contrast, high
temporal frequency. Hence, in a study nonselective for type of NDD diagnosis,
achromatic flicker fusion threshold (FFT) were measured at low and high contrast. The
following groups were tested for FFT: Intellectual Disability (ID), Dyslexia, Autism
Spectrum Disorder (ASD) with and without ID, ADHD alone and comorbid ADHD/ASD
or ADHD/Dyslexia. Diagnosed NDD without ID were all individually matched on both
chronological age and nonverbal intelligence while ID was matched solely on
chronological age. ASD, Dyslexia, and ADHD+ groups all demonstrated comparable
FFTs that were significantly lower than their matched controls. The ADHD group was
found to have higher rates of flicker fusion at high contrast compared to their TD group,
though it is possible that the medicated status of these participants could have contributed
to performance. In conclusion, this study provides strong evidence for a less efficient M
pathway in those NDDs previously identified with a motion processing deficit.
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Introduction
The dorsal stream vulnerability hypothesis was first formulated by Braddick, Atkinson
and Wattam-Bell in 2003 based on the assertion that Developmental Dyslexia, Autism
Spectrum Disorder (ASD), Intellectual Disability (ID), William’s and Fragile X
Syndrome all exhibit a deficit in global motion processing. Since then, a 2010 review by
Grinter, Maybery and Badcock has provided further evidence for the dorsal vulnerability
theory. Indeed, epidemiological evidence (Carroll & Owen, 2009; Moskvina et al., 2009)
has supported shared symptomology and clustering of neurodevelopment disorder (NDD)
symptoms (DSM-5 American Psychiatric Association 2013) however whether this defect
is aetiological or develops as a result of particular neurodevelopmental disorders remains
unknown (Laycock et al., 2007). Other research groups have suggested that dorsal stream
dysfunction in NDDs are more specifically associated with the early magnocellular
pathway (Braddick, Atkinson, & Wattam-Bell, 2003; Dakin & Frith, 2005; Laycock,
Crewther, & Crewther, 2007) that provides majority of the dorsal stream’s projection
(Maunsell et al., 1990). However, a specific magnocellular defect in NDD has not often
been established as most tasks have previously either measured global motion processing,
that is not an exclusive measure of low level perception or have used measures that do not
sufficiently isolate the M pathway from contributions of the other major parvocellular (P)
pathway (Greenaway, Davis, & Plaisted-Grant, 2013). Thus, the aim of this behavioural
study was to more effectively measure just M pathway function within several NDD
populations.
The M and P pathways have been shown physiologically to support separate
functional information in parallel streams from retina to primary visual cortex (V1) (Nassi
& Callaway, 2009). The respective afferent retinal and geniculate M and P layer cells
show very different response sensitivities, despite the overlap of responses to any given
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stimulus (Hubel & Wiesel, 1974; Merigan, Pasternak, & Zehl, 1981; Nealey & Maunsell,
1994). The M pathway is the faster conducting channel owing to the pathways’ larger
cells, and is comparatively more sensitive to high temporal frequency and lower contrast
achromatic information. Conversely, the P pathway demonstrates chromatic wavelength
sensitivity and has comparatively slower conduction rates owing to smaller cells and has
greater response sensitivities to high contrast, high spatial (Nassi & Callaway, 2009).
Evidenced through the red/green flicker fusion research conducted in neurotypical adults,
the P pathway is shown to process frequencies up to 25Hz () whereas achromatic flicker
fusion reported to lie between 35-64 Hz depending on depth of contrast modulation (de
Lange Dzn, 1954; Hecht &Shlaer, 1936). Furthermore, the high frequency range is shown
to be reliant on intact M layers in monkey LGN for processing (Schiller et al., 1991). To
this end, achromatic flicker fusion threshold which is defined as the frequency at which
achromatic modulated light is perceived as constant (Brenton, Thompson, & Maxner,
1989; Hecht & Shlaer, 1936) has come to be considered theoretically as the most
selective behavioural measure of M function.
FFTs are known to have a U-shaped relationship across the lifespan (Kim &
Mayer, 1994; Tyler, 1989) with maximum FFT at around age 16, which is also the age M
pathway is reported to reach adult maturation (Crewther, Crewther, Klistorner, & Kiely,
1999; Klaver, Marcar, & Martin, 2011). FFT performance has also been shown to
decrease with lower IQ (Grudnik & Kranzler, 2001) and higher autistic traits (Thompson
et al., 2015), as assessed by the autistic quotient questionnaire (AQ) (Auyeung, BaronCohen, Wheelwright, & Allison, 2008). Interestingly lower IQ, and high levels of AQ
traits are common factors associated with all the NDDs of concern
(American Psychiatric Association, 2013). Indeed, Brown, Chouinard, and Crewther
(2017) showed that ~40% of any ASD population shows comorbid ID.
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FFT for adults with dyslexia have been shown to be lower than age matched
neurotypical controls (Talcott et al., 1998). Consistent with this, the dyslexic flicker
contrast sensitivity threshold differentials are greater, the higher the temporal frequency
used (Lovegrove, Bowling, Badcock, & Blackwood, 1980; Martin & Lovegrove, 1987;
Mason, Cornelissen, Fowler, & Stein, 1993; Steinman, Steinman, & Lehmkuhle, 1997).
These findings suggest rapid temporal processing of M responses may be less efficient in
dyslexia, an issue that could be associated with the other NDD populations with motion
processing defects.
In adult neurotypical populations differing in high and low autistic traits
(Thompson et al., 2015), the high AQ group was shown to achieve lower achromatic FFT
compared to low AQ at low contrast (5% luminance modulation). However, to date, FFTs
have not been measured in individuals with clinically diagnosed ASD or any of the other
NDD apart from dyslexia.
ASD is characterized by impairments in social interaction and communication,
and restricted, repetitive and stereotyped behaviours (American Psychiatric Association,
2013). Individuals with ASD are known for having a local, perceptually biased processing
style for static stimuli, though whether this bias is at the expense of normal global
processing is debatable (Dakin & Frith, 2005; Happe & Frith, 2006; Mottron, Dawson,
Soulieres, Hubert, & Burack, 2006; Muth, Hönekopp, & Falter, 2014; Simmons et al.,
2009). Past assertions that global motion processing is also affected in ASD (Braddick et
al., 2003; Dakin & Frith, 2005; Happe & Frith, 2006) has received less support more
recently (Jones et al., 2011; Kaiser & Shiffrar, 2009). Claims that processing of low level
stimuli is perturbed in ASD persists in literature (Behrmann, Thomas, & Humphreys,
2006; Brown & Crewther, 2017; Caron, Mottron, Berthiaume, & Dawson, 2006; Pei,
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Baldassi, & Norcia, 2014; Vandenbroucke, Scholte, van Engeland, Lamme, & Kemner,
2008), but whether rapid temporal processing is also affected has not been reported.
Thus, the aim of this behavioural study was to investigate temporal function of the
M pathway in a number of NDDs via measures of achromatic flicker fusion set to 5% and
75% luminance contrast (depth of modulation). Recruiting was non-selective in terms of
participant diagnoses tested. Included in this study were typically developed controls
(TD) (n=51), ASD (n=22), ASD+ID (n=6), ID (n=5), dyslexia (n=18), ADHD alone,
(n=8) and ADHD+ a comorbid diagnosis of either ADHD/ASD or ADHD/dyslexia (n=5).
Measures of AQ were included to give a common dimensional scale for all participants,
including those with no clinical diagnosis. The ADHD diagnosis has not previously been
associated with atypical visual processing but the inclusion of ADHD groups will allow
us to test whether the FFTs of ASD and dyslexia with comorbid ADHD reflected the
participants with singular diagnoses of ASD or dyslexia or are more influence by the
presence of ADHD.
Our first hypothesis was that the diagnoses of ASD, ID and Dyslexia would
achieve lower FFTs compared to their age and non-verbal IQ matched controls. Based on
the theory that disorders with suspected dorsal stream vulnerability have a common
defect, our second hypothesis was that ASD, ID and Dyslexia will achieve simular FFTs.
Lastly, as visual perception has been reported to be abnormal in neurotypicals
high in AQ, it was predicted that across all participants, higher scores in AQ should also
relate to lower flicker fusion thresholds.
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Method
Participants
Following approval from Human Research Ethics Committees of La Trobe University
and the Victorian Government Department of Education and Early Childhood
Development, 139 participants aged between 7 to 21 were recruited from mainstream and
specialist schools and a school holiday program for children with mild to severe learning
delays. Signed consent for the study was obtained directly from the participants or via a
parent/guardian for participants who were under the age of 18yrs and for all participants
who had an intellectual disability regardless of age. This study screened for the presence
of epilepsy and excluded these individuals from participating.
Over the course of the data collection period n= 139 participants aged 7-21 years
were tested. Out of the 71 TD participants from whom we collected data, 51 were
selected to be age and non-verbal intelligence matched controls to the participants with
clinical diagnoses. Of the 68 clinically diagnosed with NDDs, 62 were included in
analyses. Of the 6 excluded one female was diagnosed with Williams Syndrome, one
male with FXS and 4 other unique genetic syndromes. As FFTs begin to decrease instead
of increase with after 16 years of age (Tyler, 1989) the participants over the ages of 16
were analysed separately. Participants under 16 years of age were individually matched
within a year of chronological age and within 4 points on non-verbal intelligence as
measured by the Raven’s Progressive Matrices test (RPM), gender was then matched
where possible. Participants with idiopathic ID were compared to an age-matched TD
group, while ASD+ID participants could be compared with the similar aged TD and ASD
without ID. For demographic information see Table 1.
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Table 1. Different groupings of participants with their age and Raven score matched
controls and AQ score information.

Child

Clinical

Groups

N (M,F)

ASD

16(13,3)

Dyslexia

ADHD

ADHD+

17(9,8)

8(7,0)

5(3,2)

Matched typical controls

mean(SD)

Range

N (M,F)
16(13,7)

yr:

9.80(2.39)

7-15

Rav:

30.19(8.08)

AQ:

mean(SD)

range

yr:

9.42 (1.52)

7-12

19-37

Rav:

28.37 (3.94)

21-35

95.61(5.14)

75-128

AQ:

55.37(16.26)

29-84

yr:

9.69(1.78)

7-15

yr:

9.45(0.86)

8-11

Rav:

28.29(5.25)

20-35

Rav:

28.94(3.74)

22-34

AQ:

56.00(18.53)

19-90

AQ:

51.33(10.93)

32-77

yr:

10.46 (1.91)

8-14

yr:

9.63(1.26)

8-12

Rav:

29.38(4.50)

24-35

Rav:

30.08(4.52)

23-37

AQ:

62.71(21.91)

16-84

AQ:

42.10(13.78)

16-52

yr:

9.46(1.53)

8-12

yr:

9.45(1.48)

8-12

Rav:

29.60(4.77)

23-35

Rav:

30.20(3.83)

26-35

AQ:

69.50(19.82)

42-84

AQ:

55.25(8.65)

47-65

yr:

18.40 (1.07)

16-18

Rav:

49.60(3.26)

47-54

AQ:

98.33(26.23)

73-125

yr:

15.85(2.01)

12-18

Rav:

28.33(6.29)

14-42

AQ:

70.83(12.30)

57-93

yr:

16.80 (1.20)

16-18

yr:

17.87(0.35)

17-18

Rav:

23.80(6.26)

17-33

Rav:

NA*

AQ:

55.37(16.26)

49-77

AQ:

63.00(13.19)

17(10,7)

8 (5,3)

5(3,2)

16+yrs
ASD

ASD+ID

ID

5(4,1)

6(4,2)

5(4,1)

8(3,2)

50-84

Note: Individuals in ADHD+ group are also present in their secondary diagnosis group of
ASD or dyslexia see Data Analysis. * Missing Ravens data from 16+yrs control
participants.
Procedure
Two paper questionnaires were completed at the start of the study by the parents and the
18+ participants. An in-house questionnaire enquired about the clinical diagnostic history
such as was the disorder formally diagnosed and by what profession, what was the
diagnosis. and where parents knew, what tests were used as diagnostic criteria. The
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questionnaire also asked for details if any medications were currently being taken. Eleven
out of the 12 participants from the ADHD and ADHD+ groups were noted as taking
prescription medication, methylphenidate which is a psychostimulant. The AutismSpectrum Quotient (AQ) was also completed for all participants. The Child AQ version
(Auyeung et al., 2008) for participants aged between 7 and 12 was completed by a
parent/guardian and the Adolescent AQ (Baron-Cohen, Hoekstra, Knickmeyer, &
Wheelwright, 2006) was filled out by the participants 13 and over. There were 7 cases
where for reasons of intellectual capacity it was decided that the parents/guardian should
complete both questionnaires for participants who were over the age of 13. Diagnoses of
Developmental Dyslexia were verified experimentally using criteria developed by
(Cotton, Crewther, & Crewther, 2005).
The testing session went for approximately 20 minutes and started with a Standard
RPM (Raven, 1938) or on the Coloured RPM (Raven, 1998). The children aged between
7 and 12 completed the coloured version and those 13 or more completed the Standard
version. Participants who were over 13 and had been identified as having an intellectual
disability were started on the Coloured RPM and continued onto the Standard (sets D, E
and F) if their initial performance showed potential to achieve above a floor score.
Participants then completed two achromatic flicker fusion tasks at high and low contrast.

Flicker Fusion
Two achromatic FFTs were measured at high contrast (75%) and low contrast (5%). FFT
was measured using LEDs (A-Bright Industrial Co.’ China, part AL-513W3c-003 white)
with the on/off function controlled by a VPixx/DATAPixx combination, to allow for a
smooth variation in temporal frequency. To create a smooth onset/offset to the target
flicker and minimize the alerting of change sensitive mechanisms in the visual system, a
Gaussian temporal envelope (FWHM = 480 ms) was applied. ColorCal colorimeter was
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used to calibrate and linearise the luminance of each light (MkII, Cambridge Research
Systems) with an average luminance of 43 cd/m2 and the maximum luminance adjusted
to 86cd/m2. In our design 4 LEDs conveyed their light into separate 6 mm diameter optic
fiber light guides. Four drilled holes into a free standing wooden panel accommodated the
light guides in a diamond array.
The task was run in a light controlled, dimly lit room. Participants were seated
60cm away from the light display and each light guide subtending 1.0 (centre-to-centre)
of visual angle. Participants were informed that one light each trial would flicker for 3
seconds. At the end of the trial they were asked to point to the light that they thought had
flickered and the experimenter then recorded the participants’ response electronically.
The trials were started by the experimenter with a button press once they had ensured that
the participant was attending to the display. The onset of the flicker was paired with a
high pitch beep to signal the start of a trial and the end of the target flicker was marked
with a low pitch beep.
In a 4-way forced choice design flicker fusion thresholds were established after 32
trials using a Parameter Estimation by Sequential testing (PEST) adaptive staircase
procedure, embedded in VPixx. The two contrast conditions 5% and 75% luminance were
run separately and were counterbalanced to control for practice effects. To familiarise
participants with the task one practice session containing 10 trials was conducted.

Data Analysis
For each participant group, FFT data was checked for outliers two standard deviations
away from the mean, and then removed. All group data met the requirments of normal
distribution with no significant violation of skewness or kurtosis. Where equal variance
was indicated in Box’s M and Levene’s tests, mixed ANOVAs were run. When equal
variance was not indicated individual t-tests were run and an alpha value 0.025 was used
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to correct for the two flicker fusion conditions. FFT performance of participants with
ADHD+ was compared to the group performance of their primary diagnosis of ASD or
dyslexia using Z scores. As all ADHD+ participants remained within one standard
deviation of the mean from their relevant NDD group (ASD or dyslexia) their
performance was deemed as similar and hence was included in the analysis of these other
clinical groups to increase sample sizes without distorting the data. There were 5
instances where a FFT was not established after the 32 trials, these data were removed
from any further analysis.

Results
Thresholds for the high contrast flicker fusion condition was consistently reported as
being higher than those obtained in the low contrast flicker fusion condition. Group
comparisons were initially run between a clinical diagnosis and their matched controls as
indicated by the cell divisions displayed in Table 1. Further group analyses between the
clinical groups were then performed to address the hypothesis pertaining to the affect of
ADHD+ on ASD and dyslexia FFT performance and a possible common temporal M
deficienty between ASD, dyslexia and ID. Note, ID and dyslexia could not be compared
due to age difference between these groups. Finally a correlational analysis between FFT
and AQ score was performed.

Flicker fusion in clinical diagnoses and matched controls
ASD young: a 2x2 mixed ANOVA was run to compare 2 groups (ASD young and
TD) and high and low flicker fusion conditions. As expected within subjects analysis
showed that higher thresholds were obtained in the high contrast flicker condition
compared to the low contrast F(1,28)=38.26, p<.001. A significant main effect was also
reported in the between groups analysis F(1,28)=17.98, p<.001(see Figure 1 a).
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Dyslexia: a 2x2 mixed ANOVA comparing dyslexic and TD groups under high
and low flicker fusion conditions showed that high contrast flicker resulted in higher
FFTs than for the low contrast F(1,30)=17.52, p<.000. The between groups analyses
revealed that those with dyslexia achieved significantly low FFT than their matched
controls F(1,30)=12.86, p<.001(see Figure 1 b).
ADHD: a third 3x2 mixed ANOVA examined the effects of groups (ADHD,
ADHD+ comorbidity and TD) and flicker condition and found a significant interaction
between flicker condition and group F(2,22)=4.37, p<.025. One-way ANOVAs showed
groups differences were only present in the high contrast condition and not the low
contrast. Bonferroni corrected post hoc tests showed that the ADHD (M=56.46, SD=1.47)
achieved significantly higher FFTs in the high contrast condition compared to both the
matched TD group p<.005 (M=49.58, SD=1.20) and the ADHD+ group p<.001
(M=46.49, SD=1.86). See Figure 1 for a display of all clinical groups’ FFT performance
compared to their matched controls (see Figure 1 c).
16+: Equal variance could not be assumed for this analysis so individual t-tests
were run comparing groups of older ASD, ASD+ID, ID to aged matched TD as well as a
planned comparison between ASD+ID and age and IQ matched ID. Group mean and
standard error FFTs are presented in Figure 1 d. Independent t-tests revealed no
significant group differences between the TD group and the age matched ID at low
t(11)=-.72, p< .49 or high contrast t(11)=-.08, p< .94 or with ASD+ID at low t(12)=1.16, p< .28 or high contrast t(12)=-1.72, p< .13 groups. However, at high contrast the
ASD (16+) groups’ mean threshold was significantly lower in threshold compared to the
TD t(10)=-3.01, p< .013 while the low contrast condition was not t(11)=-2.37, p< .35.
Age and IQ match ASD+ID and ID groups showed no significant differences at low
t(9)=-.72, p< .79 or high contrast FFTs t(9)=-.73, p< .22.
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Flicker fusion in clinical group comparisons
A 2 by 3 mixed ANOVA was run comparing FFTs at high and low contrast and the
young NDD groups of ASD, dyslexia, and ADHD+. There was no significant main
effects found between these groups F(2,26)=.378, p=.689 on the flicker fusion tasks.

AQ relationship with flicker fusion
Pearson’s one-tailed correlations between AQ and the FFTs were run using list-wise
analysis that excludes cases with missing data. Out of the 108 participants analysed in this
study, 16 of those were missing AQ scores due to questionnaires not being returned,
furthermore n= 3 cases did not have a high contrast data and n=2 cases did not have low
contrast data. Mahalanobis distances were used to detect outliers of which there was
none. A weak but significant negative relationship was found between AQ and high
contrast FFT n=90 (r=-.269, p<.005) and accounts for 7.5% of the total variance. The low
contrast condition did not reach significance n=89 (r=-.147, p<.083) (see Figure 2).

Figure 1. Group means and standard errors for FFTs at high (75%) and low (5%)
luminance contrast. ASD (a) and Dyslexia (b) both show significantly lower FFTs
compared to their matched controls. While in (c) ADHD group had significantly higher
FFTs in the high contrast condition compared to the TD and ADHD+ groups. Presented
in (d) are groups of participants age 16+, and of the group comparisons made, the older
ASD group like their younger counterparts had significantly lower FFT compared to and
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TD group in the high contrast condition however unlike the younger ASD population
there was no group difference in the low contrast condition. No further group differences
were found between ID, ASD+ID or TD in graph d. The ADHD+ groups’ performance
resembled ASD and Dyslexia flicker results more that the ADHD alone flicker results.

Figure 2. Low (5%) and high (75%) contrast FFTs correlation with AQ score.
Participants have been grouped as TD (red) or NDD (purple) to highlight the AQ
continuation between the two groups in this correlation. The low contrast flicker did not
significantly correlate with AQ score while a significant negative relationship was found
between AQ and high contrast flicker.

Discussion
This study presents strong evidence that the locus of dorsal stream deficits arises from the
M pathway. Results were obtained from carefully controlled populations where
participants were matched on a one-to-one basis eliminating unwanted noise from age and
intelligence in the results. Evidence of deficient temporal processing in the M pathway
was demonstrated in both ASD and dyslexia through their lower FFT achieved when
compared to their age and IQ matched controls. However, in the older adolescence and
young adult ASD participants, this difference was only apparent at high contrast flicker in
those without comorbid ID. The participants with ID alone or comorbid with ASD
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achieved a very large range of FFTs, which indicates that ID as a heterogeneous disorder
is unlikely to be synonymous with temporal processing deficits.
Interestingly the ADHD group that has not previously been associated with visual
anomalies was found to have its own distinctive high rate of FFT at high contrast.
Furthermore, the ADHD+ (ASD or dyslexia) participants conformed to the slower flicker
fusion profiles of ASD and dyslexia and not to the higher FFT of ADHD.
This study has been able to replicate in children with dyslexia the slower FFTs
previously detected in adults with dyslexia (Talcott et al., 1998). Indeed, in dyslexia, the
temporally inefficient visual profile is already well established, as evidenced by the
slowed rapid naming, weak coherence motion processing and visual attention deficits
(Landerl & Willburger, 2010; Stein, 2001).
The evidence for a temporal M deficit in ASD has historically been less well
investigated than for dyslexia research (Grinter, Maybery, & Badcock, 2010) with no
previous investigations conducted on clinical ASD rapid temporal processing. Our study
found that the younger ASD participants had equivalent decreases in flicker fusion to that
shown by the dyslexic group. The evidence for temporal deficits in the older ASD
participant with and without comorbid ID compared matched TD was less clear owing to
the smaller groups. Without comorbid ID, the older ASD participants remained
significantly lower in mean FFT compared to their age matched TD. While this difference
was not also apparent at low contrast flicker, neuro-typical adults rated high in AQ group
have demonstrated significantly lower FFTs when compared to a low AQ group
(Thompson et al., 2015), hence one would expect with more numbers, ASD adults would
also show significantly lower thresholds at low contrast compared to matched TD. Lastly,
the ASD+ID participants are more similar to the ID group FFTs and in reported mean AQ
scores rated where both groups means AQ was below the established clinical cutoff of 76
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(Auyeung et al., 2008). Thus, ASD+ID is more similar to an ID diagnosis than the other
ASD participants in this study who on average did score above 76 on the AQ
questionnaire.
Autistic traits are shown to impact on visual perception in neuro-typical
populations high in autistic traits (Grinter et al., 2009; Jackson et al., 2013; Sutherland &
Crewther, 2010; Thompson et al., 2015), and is a common trait found across the NDD
populations (American Psychiatric Association, 2013), thus AQ was measured across all
participants. A weak negative relationship was found between AQ and the high contrast
flicker fusion condition showing lower AQ scores were related to higher FFTs. Indeed,
the low AQ scores reported in ASD+ID and ID could go towards explaining why their
flicker fusion performance was not different to TD participants of similar age. As shown
by previous research, visual anomalies observed in ASD continue to be present, to a
lesser degree in the typical population scoring high in AQ traits (Grinter et al., 2009;
Jackson et al., 2013; Sutherland & Crewther, 2010; Thompson et al., 2015). Similarly,
this is the first study to show that AQ can predict some of the variation in a task chosen to
test M-type function and visual processing across a sample consisting of multiple clinical
disorders and neurotypicals.
Unlike the other clinical groups, the ADHD group achieved the highest threshold
of flicker fusion, performing significantly higher than their matched control group in the
high contrast condition. We suspect that the high thresholds achieved by the ADHD
group is due to the prescribed stimulant medication that all but one of the ADHD
participants were confirmed to be taking. Results showed that having NDD and comorbid
symptoms of ADHD, tended to slightly elevate ASD and dyslexia participants FFT
compared to the group mean but did not significantly impact the group performance.
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Consistent with this, ASD motion coherence performance has previously been reported to
be unaffected by ASD plus comorbid ADHD (Koldewyn, Whitney, & Rivera, 2010).
In conclusion, this study points towards a behaviourally atypical M pathway
function underlying the visual motion processing deficits in support of suggestions by
previous research groups (Braddick et al., 2003; Dakin & Frith, 2005; Laycock et al.,
2007). Larger samples of ID and ASD+ID will be required in the future to resolve the
interplay between temporal processing profile measures of autistic traits. This study found
that similar weakness in temporal processing is evident in both dyslexia and ASD and this
reduction of FFTs in these populations are suggestive of a less efficient M pathway.
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Chapter overview
The overarching aim of this thesis was to provide new insight into how the visual system
processes temporal information. To this end, established behavioural and physiological
measures of temporal processing were employed across lifespan, and in populations with
clinically diagnosed neurodevelopmental disorders (NDD).
This thesis has provided the first link between behavioural thresholds of temporal
frequency and physiologically recorded magnocellular (M) and parvocellular (P)
responses, showing in the multifocal visual evoked potential (mfVEP) responses the
importance of M pathway to the perceptual thresholds of fast temporal frequencies. In
terms of the theoretical understanding of nonlinear mfVEP, an advance in kernel analysis
has been made whereby the amplitude of the first and second order kernels were scaled,
resulting in a measure that in part, informs on temporal efficiency.
Most NDDs investigated here (except ADHD) have previously been associated
with impaired visual motion processing. In experimental chapters 5, 6 and Appendix A of
this thesis, temporal functioning of the M afferent retino-cortical pathways, are shown to
be altered behaviourally and physiologically in these motion impaired NDDs. Indeed,
most of the foregoing chapters highlight the importance of the M pathway as a possible
common defect within NDDs with poor motion processing, and during adult ageing was
the most affected pathway. Interestingly, singular to ASD, Chapter 5 found evidence for
more temporally efficient P pathway function in ASD participants in addition to the
slower M function more commonly reported in other disorders.
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Visual temporal processing variance across the neuro-typical
population
The work described here provides additional details on temporal processing in
neuro-typicals acquired through the nonlinear analysis of the mfVEP. The decrease in
temporal processing known to occur with age (Owsley, 2011) was identified in Chapter 3
to be mainly associated with M dominated latency increases in N70-P100 peaks of K2.1
and N70-P80 peaks of K2.2 at high and low contrast. In comparison, only one P
dominated component, K2.2P150 peak (low contrast) showed latency increases with age.
While increases in early latency responses found with age, reflect a finding from previous
event related studies in ageing (Celesia, Kaufman, & Cone, 1987; Emmerson-Hanover,
Shearer, Creel, & Dustman, 1994; Mitchell, Howe, & Spencer, 1987; Porciatti, Burr,
Morrone, & Fiorentini, 1992; Sokol, Moskowitz, & Towle, 1981; Tobimatsu, KuritaTashima, Nakayama-Hiromatsu, Akazawa, & Kato, 1993), this is the first VEP study to
establish that age changes are predominantly associated with the M pathway. Based on
the prior discovery made in Chapter 2 of measureable temporal efficiency in the scaling
of first and second order kernels (K1/K2.1), it was hypothesized that this
electrophysiological measure of temporal efficiency might decrease with age however,
this result did not eventuate.
Further temporal processing evidence presented here on neuro-typical populations
is broadly consistent with accepted trends in the literature. For instance, across the flicker
fusion research conducted in this thesis, thresholds have been verified to decrease with
lower intelligence (Grudnik & Kranzler, 2001). Furthermore, our flicker fusion data was
shown to have the established U shaped relationship with age (Tyler, 1989) increasing
during childhood, peaking around 16 years and then steadily decreasing thereafter.
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Furthermore, no gender effects were found in the temporal measures conducted in this
thesis.

Pairing behavioural and physiological measures
The most significant contributions of this thesis are towards an improved
understanding of temporal processing, with the main advancement achieved via
combining behavioural and physiological measures of rapid temporal processing. To this
end, the first experimental investigation into the contributions of M and P cortical
responses to the perceptual threshold of high temporal frequencies for young adults was
established. Secondly, we investigated whether the theory developed by Crewther and
colleagues predicting that faster neural recovery could be evidenced by the smaller
second to first order response amplitudes (Bauer et al., 2011). Hence, smaller second to
first order response amplitudes should relate to better temporal efficiency as demonstrated
behaviourally, in the ability to resolve higher frequencies. My investigations were aided
by novel analysis of first to second order peak-to-peak amplitude developed in Brown and
Crewther (2017) conducted during my Honours year and completed during my PhD
candidature (Appendix A). These ratios of M (K1N70-P100:K2.1N70-P100) and P (K1N110P150:K2.2N140-P180)

A) were then correlated with flicker fusion thresholds to investigate the

presence of such a relationship in all other investigations

Establishing physiological correlates of temporal efficiency.
Chapter 2 examined the relationship between achromatic flicker fusion thresholds and
mfVEP responses in a large population of first year university students. We also
investigated the relationship between the first and second order kernels’ amplitude using
the ratio measures described above. This study found higher achromatic flicker fusion
thresholds were correlated with smaller amplitudes in the early components of the second
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order kernels and larger M-ratios (larger first to smaller second order amplitudes). This
new connection between the M-ratio and behavioural threshold of temporal perception
observed in Chapter 2 was replicated in Chapter 3 across a broad age range of 17 to 79
years. Interestingly, the older population in Chapter 3 also demonstrated additional flicker
fusion correlations in the latency domain associated with the early second order M
components, the implication being that flicker fusion alone, is not sufficient to determine
the contributory cortical response to temporal processing.

Functional importance of M pathway.
Chapters 2 and 3 demonstrated that M function in humans, influences in part, the limits of
perceptual temporal frequencies. Components correlating with flicker fusion included the
initial input to cortex at N70 known to be generated by M afferents reported to arrive at
V1 25 - 45ms prior to parvocellular afferents (Bauer et al., 2011; Jackson et al., 2013;
Klistorner, Crewther, & Crewther, 1997), and the M-ratio made up of amplitude
components shown to reflect the contrast response function of M cells measured from
monkey LGN (Derrington & Lennie, 1984; Kaplan, Purpura, & Shapley, 1987; Lee,
Pokorny, Smith, Martin, & Valberg, 1990). Consistently, the research presented here has
verified the notion that achromatic flicker fusion thresholds are associated with the M
pathway’s function rather than P pathway’s function.
Thus, the human research presented in this thesis conforms with the currently
accepted understanding of temporal function in primates (Derrington & Lennie, 1984;
Kaplan et al., 1987; Merigan, Byrne, & Maunsell, 1991; Schiller, Logothetis, & Charles,
1991). While behavioural and physiological research demonstrates that human and
monkey visual functions are remarkably similar, there are also points of difference
(Curcio, Sloan, Packer, Hendrickson, & Kalina, 1987; Lee et al., 1990; Orban, Van Essen,
& Vanduffel, 2004), hence it is beneficial to verify, as I have done noninvasively in
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humans, that the temporal M response reflects the current primate research (Derrington &
Lennie, 1984; Kaplan et al., 1987; Merigan et al., 1991; Schiller et al., 1991).
There is one main challenge to suggestions that the M signal can be isolated by
high temporal frequencies. Skottun repeatedly argues that as filtering occurs in the
primary visual cortex, the subcortical contributions to the temporal response at the cortex
cannot be known (Skottun, 2013; Skottun & Skoyles, 2008). It is true that temporal cutoffs in cortical neurons are ~20Hz lower than in monkey LGN cells (Hawken, Shapley, &
Grosof, 1996) with recent human findings also showing this filtering (Bayram, Karahan,
Bilgiç, Ademoglu, & Demiralp, 2016). However, my colleagues and I would argue that
Wiener kernel analysis of the mfVEP precisely captures such cortical filtering through the
contrast response and evoked latencies that differ between the M and P cell classes. This
thesis provides a strong case against Skottun’s argument that P pathway might be
behaviorally relevant to high temporal frequencies, as no mfVEP responses associated
with the P pathway were correlated with flicker fusion threshold.

Latency differences in the first versus second order kernels.
Multifocal VEP recording from several different populations (including older individuals,
and ASD and ID populations) compared to appropriate controls, showed that while the
first order latencies remained relatively stable, second order kernels’ latencies showed
different characteristics. Systematic increases in second order kernel latencies with age
were found, and in addition, group differences in the autistic and ID dimensions also were
apparent. A similar pattern of results have previously been described in retinal recordings
for an adult ageing population (Nabeshima, Tazawa, Mita, & Sano, 2002). Multifocal
electroretinography (ERG) shows a second order latency increase of 2-3ms (Nabeshima
et al., 2002) which is considerably smaller than the cortical latency increases of ~ 11ms
per decade found in the early components (~100ms) of the second order mfVEP kernels
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presented in Chapter 3 when examining a similar age range. Furthermore, this pattern of
results was also found in the NDD populations compared to their matched controls
(Chapter 5), where the entire second order responses were shown to increase with latency.
Interestingly, in both Chapter 3 and 5 these second order latency increases also showed a
contrast effect where the low contrast condition was found to be more prone to increases
in latency compared to the high contrast condition.
It is currently unresolved why K1 latencies remain relatively stable, while second
order latencies tend to increase. However, the studies of this thesis demonstrate that
second order latency changes derived by non-linear analysis are not specific to age but are
present in several populations characterized by anomalous visual perception and
behaviour. As the shift in second order response latencies indicate a deviation from the
first order response, we speculate that this deviation is a function of the additional nonlinear effects measured in the prior frames of stimulation captured in the second order
kernels.

Neurodevelopmental disorders
Having established a more detailed understanding of temporal physiological
processing and behavioural flicker fusion measures vary in the neuro-typical population
(Chapters 2 and 3), these data became central to the interpretation of the populations with
diagnosed NDDs (experimental Chapters 4 -7). What follows is information pertaining to
variance in temporal processing across NDD populations that has implications for the
atypical visual perception theories that surround these disorders.

Magnocellular processing in developmental disorders
This thesis has important theoretical implications for assigning a common visual defect
in a group of disorders associated with weak motion processing. Overwhelmingly,
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Chapters 5 and 6 have shown that the temporal processing of M-pathway is negatively
affected in ASD, ID and dyslexia as demonstrated by either slower flicker fusion
thresholds, smaller, less efficient M ratios or latency increases in second order M driven
components. Slower flicker fusion has previously been shown in an adult dyslexic
population (Talcott et al., 1998) and adult neurotypical populations high in autistic
tendency AQ at low contrast flicker (Thompson et al 2015). However, this measure had
not been used to test temporal processing in clinical ASD or ID.
Chapter 6 provides the first direct comparison of temporal M processing in
multiple NDDs in the one study. These data showed that not only did the young ASD and
dyslexia groups (7-15yrs) achieve lower thresholds than their matched controls, but that
the results from these clinical groups were indeed comparable to each other.
Unexpectedly, this study found significantly higher thresholds of flicker fusion in an
ADHD group compared to their matched controls. This diagnosis has not previously been
associated with any perceptual processing abnormalities, however it is suspected that this
result is due to the prescribed stimulant medication (methylphenidate) that all but one of
the ADHD participants were confirmed to be taking.
Importantly, a group of developmental disorders with weak motion processing and
visual attention have been broadly linked with a defect in the dorsal stream (Braddick,
Atkinson, & Wattam-Bell, 2003; Grinter, Maybery, & Badcock, 2010), a theory that has
received strong support for most of the NDDs studied (Grinter et al., 2010). The work
presented here supports the refining of this theory to a general defect in the M pathway
which has been suggested by several lab groups (Braddick et al., 2003; Dakin & Frith,
2005; Laycock, Crewther, & Crewther, 2007) but has often lacked research with
appropriately designed stimuli to directly test it (Greenaway, Davis, & Plaisted-Grant,
2013). The diagnoses implicated by the theories discussed here include ASD, dyslexia,
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Williams Syndrome, Fragile X and ID. The work presented here has shown evidence of
slower M function in ASD and Dyslexia and partial evidence for ID.

Autism spectrum disorder Chapters 5 and 6 and Appendix A have provided
insight into the uniquely local perceptual processing style associated with ASD through
the M and P temporal processing investigations. In the mfVEP recordings in children
(Appendix A) and young adults (Chapter 5) with ASD, both data sets showed that the Pratio was larger in the ASD groups compared to the controls. Chapter 5 also found that
compared to age matched controls, the young adult ASD group had smaller, less efficient
M-ratios and longer, low contrast generated second order latencies in mfVEP responses.
While these M generated differences were not present in the child ASD mfVEP results,
behaviourally measured flicker fusion thresholds reported in a larger population of
similarly aged ASD children (Chapter 6) indicated that the M pathway is affected in ASD
regardless of age. Together these studies showed that individuals aged 7-21 years with
ASD have less efficient temporal function in M pathway in the presence of a more
efficient P pathway.
The local processing bias reported in ASD (Dakin & Frith, 2005; Muth,
Hönekopp, & Falter, 2014; Simmons et al., 2009; Van der Hallen, Evers, Brewaeys, Van
den Noortgate, & Wagemans, 2015) is unique when compared to the visual anomalies in
other NDDs. Evidence to date, shows that weak global motion perception in ASD is
starting to lose favour in the literature (Jones et al., 2011; Kaiser & Shiffrar, 2009),
making it also questionable as to whether ASD should be included in the dorsal stream
hypothesis (Grinter et al., 2010). The atypical temporal function found in ASD has
provided a possible neural account for the local processing bias that is unique to ASD.
The combination of more efficient P responses in the presence of a less efficient M
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response could go far in explaining the preference for local over global perception
observed in ASD given the overlapping dichotomies of the M/P pathways, global/local
perception and dorsal/ventral cortical steams. Furthermore, the data presented here
indicates that ASD should remain as a disorder characterized by the dorsal stream
vulnerability. Thus, we suggest that probing for M defects in ASD has been more difficult
in this population due to the P pathway providing additional support in a system where
both pathways overlap in response to any given stimulus.

Intellectual range represented in the ASD visual literature
In chapter 4, a review was conducted into what constitutes an ASD sample population in
the research by searching literature databases for ASD visual perception research.
Previously, concerns had been raised in the literature about the IQ range sampled in the
ASD research being too high and thus not representative of the typical ASD population
that reportedly are low in IQ (Haar, Berman, Behrmann, & Dinstein, 2014; Muth et al.,
2014; Philip et al., 2012; Simmons et al., 2009). However, these claims had never been
quantified to reveal the extent of this miss-representation of higher IQ scores in the ASD
research. Chapter 4 began by establishing new IQ prevalence figures in ASD using data
from prevalence studies that had used earlier DSM-III and IV discrete diagnoses of
Autism and Asperger and collapsed the data together to make the IQ prevalence relevant
to the DSM-5 ASD criteria (American Psychiatric Association, 2013). Our recalculations
found that approximately 40% of ASD have a comorbid diagnosis of ID which was a
drop in ID prevalence previously reported in the literature at 70-75% prior to the DSM-5
criteria.
For the first time, quantitative statistics from systematic literature searches
detailed the prevalence of different IQ brackets included in the visual ASD research. The
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results showed a clear discrepancy between the commonly included IQ ranges at IQ=95115 and the typical IQ found in the ASD population reportedly around IQ=69-85.
This chapter concluded by outlining ways to aid in the inclusion of lower
functioning ASD in vision research, and set out the challenge within this thesis to be nonselective in IQ score for the ASD samples collected. Thus, there was a concerted effort in
this thesis to use methodologies that would be applicable to testing in all populations
regardless of function.
From our non-selective IQ populations, there was some evidence that nonverbal
intelligence scores did affect ASD visual processing. This relationship was apparent in
the mfVEP study in ASD children (Appendix A) where the P-ratio was related to IQ and
global inspection time performance (Brown & Crewther, 2017). Indeed, ASD
performance on a motion coherence task was also shown to be correlated with measures
of intelligence (Koldewyn, Whitney, & Rivera, 2010).
Interestingly, in Chapters 5 and 6 participants with ID and ASD+ID were shown
to have very similar profiles behaviourally and physiologically. The ASD+ID and ID
participants both reported mean AQ scores below the established clinical cutoff of 76
(Auyeung, Baron-Cohen, Wheelwright, & Allison, 2008). Thus, these ASD+ID
participants were more similar to an ID diagnosis than to the participants with a singular
diagnose of ASD.

Methodological implications and limitations
Ultimately, this work on mfVEP could now be extended to inform on a wide range of
disorders from affective disorders such as depression and schizophrenia to stroke patients.
This research has extended the interpretation of mfVEP allowing new insights into
subcortical temporal function of M and P pathways in humans which had previously only
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been inferred from invasive recording techniques conducted in monkey populations. As a
behavioural task, flicker fusion has been upheld as a measure able to inform on M
function in isolation. Flicker fusion has proven to be a simple way to measure temporal
efficiency in a range of difficult to test populations such as NDDs with limited verbal
communication, poor comprehension and attention and in those who experience
movement ticks. While the mfVEP is also suitable for testing these populations, there is
poorer retention of data due to noisy recordings that can affect the interpretation of the
study. Like much of the physiological research conducted in ASD populations, the
mfVEP research (Chapter 5 and Appendix A) suffers from small sample sizes in the
clinical groups.

Future directions
On the basis of this research into temporal processing, several new directions of enquiry
have become apparent. Firstly, in the mfVEP responses, it is currently unclear how it can
be that large shifts in second order latencies occur while the first order response remains
relatively stable. We speculate that this deviation is a function of the additional non-linear
effects measured in the prior frames of stimulation captured in the second order kernels.
This theory could potentially be tested indirectly through recording a photo transistors’
response to the same m-sequence with artificially induced noise to the function of this
photo transistor by adding resisters to see if a similar pattern of latency increases
eventuates.
In linking achromatic flicker fusion thresholds to the M-ratio, I have demonstrated
that temporal efficiency is measurable through this ratio. Likewise, the P-ratio measure
should be now verified in its relationship with P pathway efficiency using the equivalent
temporal measure of red/green flicker fusion thresholds.
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Lastly both temporal measures used in this thesis, have proven to be very
successful in informing about the temporal function of the two main subcortical pathways
in relative isolation. The work presented here has provided evidence that NDD with poor
motion processing could have a common temporal defect in M pathway function. To
strengthen this theory, research should extend the measure of flicker fusion to the motion
affected developmental disorders not covered by this thesis, such as Williams Syndrome
and Fragile X.

Conclusions
The experimental studies presented in this thesis have demonstrated common and
population specific changes in M and P temporal processing variance using measures of
mfVEP and flicker fusion. An immediate benefit of this body of work is greater
understanding of the mfVEP response that in turn has provided knowledge about
nonlinear M and P temporal processing of the visual system across the lifespan.
Specifically, this thesis has contributed a novel mfVEP analysis methodology through
which the relationship of amplitude across first to second order kernels can be measured.
Temporal correlates of behavior have been established with the mfVEP supporting early
monkey observations that high temporal frequencies are processed by intact M pathways
through the geniculate. The observations that latency increases can be found in the second
but not the first order kernels suggest that second order responses deviate from the first
order kernel, possibly reflecting an accumulation of affected processes in the additional
frames analyzed. Furthermore, these experimental studies implicated temporal processing
in M pathway as a possible common defect within a group of developmental disorders.
Appearing singularly in ASD were disturbances in relation to both P and M processing.
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The more efficient P responses in the presence of a less efficient M response could go far
in explaining the preference for local over global perception observed in ASD.
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Appendix B: Attribution 4.0 International License
Creative Commons Corporation ("Creative Commons") is not a law firm and
does not provide legal services or legal advice. Distribution of
Creative Commons public licenses does not create a lawyer-client or
other relationship. Creative Commons makes its licenses and related
information available on an "as-is" basis. Creative Commons gives no
warranties regarding its licenses, any material licensed under their
terms and conditions, or any related information. Creative Commons
disclaims all liability for damages resulting from their use to the
fullest extent possible.
Using Creative Commons Public Licenses
Creative Commons public licenses provide a standard set of terms and
conditions that creators and other rights holders may use to share
original works of authorship and other material subject to copyright
and certain other rights specified in the public license below. The
following considerations are for informational purposes only, are not
exhaustive, and do not form part of our licenses.
Considerations for licensors: Our public licenses are
intended for use by those authorized to give the public
permission to use material in ways otherwise restricted by
copyright and certain other rights. Our licenses are
irrevocable. Licensors should read and understand the terms
and conditions of the license they choose before applying it.
Licensors should also secure all rights necessary before
applying our licenses so that the public can reuse the
material as expected. Licensors should clearly mark any
material not subject to the license. This includes other CClicensed material, or material used under an exception or
limitation to copyright. More considerations for licensors:
wiki.creativecommons.org/Considerations_for_licensors
Considerations for the public: By using one of our public
licenses, a licensor grants the public permission to use the
licensed material under specified terms and conditions. If
the licensor's permission is not necessary for any reason--for
example, because of any applicable exception or limitation to
copyright--then that use is not regulated by the license. Our
licenses grant only permissions under copyright and certain
other rights that a licensor has authority to grant. Use of
the licensed material may still be restricted for other
reasons, including because others have copyright or other
rights in the material. A licensor may make special requests,
such as asking that all changes be marked or described.
Although not required by our licenses, you are encouraged to
respect those requests where reasonable. More_considerations
for the public:
wiki.creativecommons.org/Considerations_for_licensees
=======================================================================
Creative Commons Attribution 4.0 International Public License
By exercising the Licensed Rights (defined below), You accept and agree
to be bound by the terms and conditions of this Creative Commons
Attribution 4.0 International Public License ("Public License"). To the
extent this Public License may be interpreted as a contract, You are
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granted the Licensed Rights in consideration of Your acceptance of
these terms and conditions, and the Licensor grants You such rights in
consideration of benefits the Licensor receives from making the
Licensed Material available under these terms and conditions.

Section 1 -- Definitions.
a. Adapted Material means material subject to Copyright and Similar
Rights that is derived from or based upon the Licensed Material
and in which the Licensed Material is translated, altered,
arranged, transformed, or otherwise modified in a manner requiring
permission under the Copyright and Similar Rights held by the
Licensor. For purposes of this Public License, where the Licensed
Material is a musical work, performance, or sound recording,
Adapted Material is always produced where the Licensed Material is
synched in timed relation with a moving image.
b. Adapter's License means the license You apply to Your Copyright
and Similar Rights in Your contributions to Adapted Material in
accordance with the terms and conditions of this Public License.
c. Copyright and Similar Rights means copyright and/or similar rights
closely related to copyright including, without limitation,
performance, broadcast, sound recording, and Sui Generis Database
Rights, without regard to how the rights are labeled or
categorized. For purposes of this Public License, the rights
specified in Section 2(b)(1)-(2) are not Copyright and Similar
Rights.
d. Effective Technological Measures means those measures that, in the
absence of proper authority, may not be circumvented under laws
fulfilling obligations under Article 11 of the WIPO Copyright
Treaty adopted on December 20, 1996, and/or similar international
agreements.
e. Exceptions and Limitations means fair use, fair dealing, and/or
any other exception or limitation to Copyright and Similar Rights
that applies to Your use of the Licensed Material.
f. Licensed Material means the artistic or literary work, database,
or other material to which the Licensor applied this Public
License.
g. Licensed Rights means the rights granted to You subject to the
terms and conditions of this Public License, which are limited to
all Copyright and Similar Rights that apply to Your use of the
Licensed Material and that the Licensor has authority to license.
h. Licensor means the individual(s) or entity(ies) granting rights
under this Public License.
i. Share means to provide material to the public by any means or
process that requires permission under the Licensed Rights, such
as reproduction, public display, public performance, distribution,
dissemination, communication, or importation, and to make material
available to the public including in ways that members of the
public may access the material from a place and at a time
individually chosen by them.
j. Sui Generis Database Rights means rights other than copyright
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resulting from Directive 96/9/EC of the European Parliament and of
the Council of 11 March 1996 on the legal protection of databases,
as amended and/or succeeded, as well as other essentially
equivalent rights anywhere in the world.
k. You means the individual or entity exercising the Licensed Rights
under this Public License. Your has a corresponding meaning.

Section 2 -- Scope.
a. License grant.
1. Subject to the terms and conditions of this Public License,
the Licensor hereby grants You a worldwide, royalty-free,
non-sublicensable, non-exclusive, irrevocable license to
exercise the Licensed Rights in the Licensed Material to:
a. reproduce and Share the Licensed Material, in whole or
in part; and
b. produce, reproduce, and Share Adapted Material.
2. Exceptions and Limitations. For the avoidance of doubt, where
Exceptions and Limitations apply to Your use, this Public
License does not apply, and You do not need to comply with
its terms and conditions.
3. Term. The term of this Public License is specified in Section
6(a).
4. Media and formats; technical modifications allowed. The
Licensor authorizes You to exercise the Licensed Rights in
all media and formats whether now known or hereafter created,
and to make technical modifications necessary to do so. The
Licensor waives and/or agrees not to assert any right or
authority to forbid You from making technical modifications
necessary to exercise the Licensed Rights, including
technical modifications necessary to circumvent Effective
Technological Measures. For purposes of this Public License,
simply making modifications authorized by this Section 2(a)
(4) never produces Adapted Material.
5. Downstream recipients.
a. Offer from the Licensor -- Licensed Material. Every
recipient of the Licensed Material automatically
receives an offer from the Licensor to exercise the
Licensed Rights under the terms and conditions of this
Public License.
b. No downstream restrictions. You may not offer or impose
any additional or different terms or conditions on, or
apply any Effective Technological Measures to, the
Licensed Material if doing so restricts exercise of the
Licensed Rights by any recipient of the Licensed
Material.
6. No endorsement. Nothing in this Public License constitutes or
may be construed as permission to assert or imply that You
are, or that Your use of the Licensed Material is, connected
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with, or sponsored, endorsed, or granted official status by,
the Licensor or others designated to receive attribution as
provided in Section 3(a)(1)(A)(i).

b. Other rights.
1. Moral rights, such as the right of integrity, are not
licensed under this Public License, nor are publicity,
privacy, and/or other similar personality rights; however, to
the extent possible, the Licensor waives and/or agrees not to
assert any such rights held by the Licensor to the limited
extent necessary to allow You to exercise the Licensed
Rights, but not otherwise.
2. Patent and trademark rights are not licensed under this
Public License.
3. To the extent possible, the Licensor waives any right to
collect royalties from You for the exercise of the Licensed
Rights, whether directly or through a collecting society
under any voluntary or waivable statutory or compulsory
licensing scheme. In all other cases the Licensor expressly
reserves any right to collect such royalties.

Section 3 -- License Conditions.
Your exercise of the Licensed Rights is expressly made subject to the
following conditions.
a. Attribution.
1. If You Share the Licensed Material (including in modified
form), You must:
a. retain the following if it is supplied by the Licensor
with the Licensed Material:
i. identification of the creator(s) of the Licensed
Material and any others designated to receive
attribution, in any reasonable manner requested by
the Licensor (including by pseudonym if
designated);
ii. a copyright notice;
iii. a notice that refers to this Public License;
iv. a notice that refers to the disclaimer of
warranties;
v. a URI or hyperlink to the Licensed Material to the
extent reasonably practicable;
b. indicate if You modified the Licensed Material and
retain an indication of any previous modifications; and
c. indicate the Licensed Material is licensed under this
Public License, and include the text of, or the URI or
hyperlink to, this Public License.
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2. You may satisfy the conditions in Section 3(a)(1) in any
reasonable manner based on the medium, means, and context in
which You Share the Licensed Material. For example, it may be
reasonable to satisfy the conditions by providing a URI or
hyperlink to a resource that includes the required
information.
3. If requested by the Licensor, You must remove any of the
information required by Section 3(a)(1)(A) to the extent
reasonably practicable.
4. If You Share Adapted Material You produce, the Adapter's
License You apply must not prevent recipients of the Adapted
Material from complying with this Public License.

Section 4 -- Sui Generis Database Rights.
Where the Licensed Rights include Sui Generis Database Rights that
apply to Your use of the Licensed Material:
a. for the avoidance of doubt, Section 2(a)(1) grants You the right
to extract, reuse, reproduce, and Share all or a substantial
portion of the contents of the database;
b. if You include all or a substantial portion of the database
contents in a database in which You have Sui Generis Database
Rights, then the database in which You have Sui Generis Database
Rights (but not its individual contents) is Adapted Material; and
c. You must comply with the conditions in Section 3(a) if You Share
all or a substantial portion of the contents of the database.
For the avoidance of doubt, this Section 4 supplements and does not
replace Your obligations under this Public License where the Licensed
Rights include other Copyright and Similar Rights.

Section 5 -- Disclaimer of Warranties and Limitation of Liability.
a. UNLESS OTHERWISE SEPARATELY UNDERTAKEN BY THE LICENSOR, TO THE
EXTENT POSSIBLE, THE LICENSOR OFFERS THE LICENSED MATERIAL AS-IS
AND AS-AVAILABLE, AND MAKES NO REPRESENTATIONS OR WARRANTIES OF
ANY KIND CONCERNING THE LICENSED MATERIAL, WHETHER EXPRESS,
IMPLIED, STATUTORY, OR OTHER. THIS INCLUDES, WITHOUT LIMITATION,
WARRANTIES OF TITLE, MERCHANTABILITY, FITNESS FOR A PARTICULAR
PURPOSE, NON-INFRINGEMENT, ABSENCE OF LATENT OR OTHER DEFECTS,
ACCURACY, OR THE PRESENCE OR ABSENCE OF ERRORS, WHETHER OR NOT
KNOWN OR DISCOVERABLE. WHERE DISCLAIMERS OF WARRANTIES ARE NOT
ALLOWED IN FULL OR IN PART, THIS DISCLAIMER MAY NOT APPLY TO YOU.
b. TO THE EXTENT POSSIBLE, IN NO EVENT WILL THE LICENSOR BE LIABLE
TO YOU ON ANY LEGAL THEORY (INCLUDING, WITHOUT LIMITATION,
NEGLIGENCE) OR OTHERWISE FOR ANY DIRECT, SPECIAL, INDIRECT,
INCIDENTAL, CONSEQUENTIAL, PUNITIVE, EXEMPLARY, OR OTHER LOSSES,
COSTS, EXPENSES, OR DAMAGES ARISING OUT OF THIS PUBLIC LICENSE OR
USE OF THE LICENSED MATERIAL, EVEN IF THE LICENSOR HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH LOSSES, COSTS, EXPENSES, OR
DAMAGES. WHERE A LIMITATION OF LIABILITY IS NOT ALLOWED IN FULL OR
IN PART, THIS LIMITATION MAY NOT APPLY TO YOU.
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c. The disclaimer of warranties and limitation of liability provided
above shall be interpreted in a manner that, to the extent
possible, most closely approximates an absolute disclaimer and
waiver of all liability.

Section 6 -- Term and Termination.
a. This Public License applies for the term of the Copyright and
Similar Rights licensed here. However, if You fail to comply with
this Public License, then Your rights under this Public License
terminate automatically.
b. Where Your right to use the Licensed Material has terminated under
Section 6(a), it reinstates:
1. automatically as of the date the violation is cured, provided
it is cured within 30 days of Your discovery of the
violation; or
2. upon express reinstatement by the Licensor.
For the avoidance of doubt, this Section 6(b) does not affect any
right the Licensor may have to seek remedies for Your violations
of this Public License.
c. For the avoidance of doubt, the Licensor may also offer the
Licensed Material under separate terms or conditions or stop
distributing the Licensed Material at any time; however, doing so
will not terminate this Public License.
d. Sections 1, 5, 6, 7, and 8 survive termination of this Public
License.

Section 7 -- Other Terms and Conditions.
a. The Licensor shall not be bound by any additional or different
terms or conditions communicated by You unless expressly agreed.
b. Any arrangements, understandings, or agreements regarding the
Licensed Material not stated herein are separate from and
independent of the terms and conditions of this Public License.

Section 8 -- Interpretation.
a. For the avoidance of doubt, this Public License does not, and
shall not be interpreted to, reduce, limit, restrict, or impose
conditions on any use of the Licensed Material that could lawfully
be made without permission under this Public License.
b. To the extent possible, if any provision of this Public License is
deemed unenforceable, it shall be automatically reformed to the
minimum extent necessary to make it enforceable. If the provision
cannot be reformed, it shall be severed from this Public License
without affecting the enforceability of the remaining terms and
conditions.
c. No term or condition of this Public License will be waived and no
failure to comply consented to unless expressly agreed to by the
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Licensor.
d. Nothing in this Public License constitutes or may be interpreted
as a limitation upon, or waiver of, any privileges and immunities
that apply to the Licensor or You, including from the legal
processes of any jurisdiction or authority.

=======================================================================
Creative Commons is not a party to its public
licenses. Notwithstanding, Creative Commons may elect to apply one of
its public licenses to material it publishes and in those instances
will be considered the “Licensor.” The text of the Creative Commons
public licenses is dedicated to the public domain under the CC0 Public
Domain Dedication. Except for the limited purpose of indicating that
material is shared under a Creative Commons public license or as
otherwise permitted by the Creative Commons policies published at
creativecommons.org/policies, Creative Commons does not authorize the
use of the trademark "Creative Commons" or any other trademark or logo
of Creative Commons without its prior written consent including,
without limitation, in connection with any unauthorized modifications
to any of its public licenses or any other arrangements,
understandings, or agreements concerning use of licensed material. For
the avoidance of doubt, this paragraph does not form part of the
public licenses.
Creative Commons may be contacted at creativecommons.org.

