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Noninvasive investigation of human sensory processing with high temporal resolution typically involves repeat- 21
edly presenting discrete stimuli and extracting an average event-related response from scalp recorded 22
neuroelectric or neuromagnetic signals. While this approach is and has been extremely useful, it suffers from 23
two drawbacks: a lack of naturalness in terms of the stimulus and a lack of precision in terms of the cortical re- 24
sponse generators. Here we show that a linear modeling approach that exploits functional specialization in sen- 25
sory systems can be used to rapidly obtain spatiotemporally precise responses to complex sensory stimuli using 26
electroencephalography (EEG). We demonstrate the method by example through the controlled modulation of 27
the contrast and coherent motion of visual stimuli. Regressing the data against these modulation signals produces 28
spatially focal, highly temporally resolved response measures that are suggestive of specific activation of visual 29
areas V1 and V6, respectively, based on their onset latency, their topographic distribution and the estimated lo- 30
cation of their sources. We discuss our approach by comparing it with fMRI/MRI informed source analysis 31

methods and, in doing so, we provide novel information on the timing of coherent motion processing in 32

human V6. Generalizing such an approach has the potential to facilitate the rapid, inexpensive spatiotemporal lo- 33

calization of higher perceptual functions in behaving humans. 34

© 2014 Published by Elsevier Inc.

Introduction in both research and clinical settings for evaluating sensory and percep- 53

tual processing, it presents a significant challenge in terms of inter- 54

Commonly used noninvasive neuroimaging techniques for studying preting its cortical generators (e.g., Ales et al., 2010a, in this issue; 55

sensory information processing in humans face the well-known trade- Kelly et al., 2013a,b). This is because time-locked averaging of EEG to 56

off between spatial and temporal resolution. While functional mag- simple, discrete stimuli necessarily produces an ERP comprising activity 57

netic resonance imaging (fMRI) provides insights into the functional from temporally overlapping generators all along the sensory cortical 58

specialization of different sensory areas with high spatial resolution hierarchy (Foxe and Simpson, 2002). 59

(e.g., Grill-Spector and Malach, 2004), this technique is incapable of The most common approach to overcoming this shortcoming is to 60

investigating the precise timing of neural activations. Electroencepha- estimate the activity of specific ERP generators using inverse source 61

lography (EEG), on the other hand, permits examination of sensory modeling (Di Russo et al., 2005; Scherg and Berg, 1996). This requires 62

stimulus processing with excellent temporal resolution. This is usually finding one of an infinite number of possible model solutions to the 63

done by averaging epochs of the EEG surrounding multiple presenta- inverse problem that minimizes residual variance, subject to some as- 64

tions of a simple discrete stimulus to obtain the so-called event- sumptions and constraints. Over the years researchers have increasingly 65

related potential (Luck, 2005). While this approach has been valuable sought to ground these constraints in findings from the animal physiol- 66

ogy literature, and by incorporating information from imaging methods 67

with superior spatial resolution such as MRI/fMRI (Ahveninen et al., 68

-— ' ' ' o 2006; Ales et al., 2010b; Di Russo et al., 2012; Pitzalis et al., 2012). 69
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sources should have similar activation timing and amplitude; that the
conductivity of the brain is uniform; and that the dipole sources are per-
pendicular to the cortical sheet), which make the results difficult to val-
idate (see Kelly et al., 2013a).

An alternative approach to improving the spatial specificity of ERPs
has been attempted by using the discrete presentation of specially
designed stimuli with the goal of preferentially activating functionally
specific neural subpopulations. For example, researchers examining
visual motion processing have derived visual evoked potentials (VEPs)
to the motion onset of a stimulus (Kuba et al., 2007). While this ap-
proach can be useful, it still produces a VEP comprised of contributions
from a multitude of cortical areas, including the earliest visual areas
(Pitzalis et al., 2012).

As mentioned above, the spatial resolution of fMRI enables the local-
ization of functionally specialized cortical areas. In practice this is usual-
ly accomplished within the framework of the general linear model
(GLM). The GLM, which has been at the heart of fMRI analyses for the
past 20 years (Poline and Brett, 2012), explicitly assumes that the
BOLD timecourse can be modeled as the convolution of stimulus feature
variations with a hemodynamic impulse response function (HRF). This
has allowed fMRI to identify visual areas specialized for many specific
visual stimulus features including coherent motion (Costagli et al.,
2012; Rees et al.,, 2000), color (Wade et al., 2008), objects (Grill-
Spector and Malach, 2004), and faces (Kanwisher et al., 1997), and
auditory areas specialized for features such as pitch (Patterson et al.,
2002), phonemes (Leaver and Rauschecker, 2010), words (Binder
et al., 2000) and auditory motion (Belin and Zatorre, 2000; Warren
et al., 2002).

The success of the GLM approach in fMRI suggests that it may be
useful for helping to overcome the poor spatial resolution of EEG by
allowing researchers to obtain interpretable responses from functional-
ly specific cortical regions. This could lead to more spatially specific ac-
tivations of cortex allowing easier analysis of the generative sources
than is the case with standard time-locked averaging. Indeed this has al-
ready been seen in the specificity of responses obtained using model-
based approaches to sensory EEG. The very limited amount of EEG
work done using such a model-based approach has mostly focused
on controlling the phase reversal or pulsed presentation of simple
checkerboard patterns using binary pseudorandom sequences and
then estimating an impulse response (or kernel) function using reverse
correlation (Baseler and Sutter, 1997; James, 2003). The use of such
stimuli leads to EEG variations dominated by the activity of visual
areas that are most sensitive to large rapid contrast changes, which
leads to an impulse response function that reflects activity of early
visual areas, likely dominated by V1 (Klistorner et al., 2005; but see
Ales et al,, 2010a; Kelly et al., 2013a). As such, these response functions
display greater spatial specificity than standard time-locked averaged
VEPs while retaining a detailed temporal profile. Our group has taken
this a step further by removing the restriction that stimuli must be mod-
ulated by a binary sequence, and by explicitly modeling linear changes
in the EEG as a function of stimulus contrast (Lalor et al., 2006, 2009).
We have suggested that our impulse response function - which we
termed the VESPA (Visual Evoked Spread Spectrum Analysis) — is dom-
inated by V1 activity on the basis of comparison with the earliest com-
ponent of the VEP (Murphy et al., 2012) and retinotopic mapping
(Lalor et al., 2012).

In this study, we show that it is possible to extend this model-based
approach to other visual stimulus features. Specifically we show that it
is possible to obtain robust, spatiotemporally precise measures of the
neural processing of coherent motion. We do this by regressing the
EEG data against the controlled, stochastic modulation of the coherent
motion of dot stimuli. We have chosen to modulate this particular
stimulus feature because its processing has been shown to be affected
in a number of clinical disorders (e.g., schizophrenia — Chen, 2011;
dyslexia — Eden et al., 1996; autism spectrum disorder — Spencer
et al.,, 2000), and, as such, research on these disorders could benefit if

we had a clean EEG-based measure of coherent motion processing.
We contend that our methodological innovation, if generalized, could
open up new investigative avenues for EEG researchers interested in
sensory processing and we present discussion on how it may increase
the sensitivity and specificity of sensory measures of a number of clini-
cal disorders.

Materials and methods
Subjects

Twelve subjects (4 female) aged between 22 and 35 (mean =
26.2 years; standard deviation = 3.24 years) participated in the exper-
iments. All subjects had normal or corrected-to-normal vision. The
experiment was undertaken in accordance with the Declaration of
Helsinki. The Ethics Committee of the School of Medicine, Trinity
College Dublin approved the experiment and all subjects provided writ-
ten, informed consent.

Stimuli

Three visual stimuli were used in the experiments: a pattern reversal
checkerboard stimulus, a contrast-modulated checkerboard stimulus,
and a “coherent motion” dot kinematogram stimulus. For both checker-
board stimuli, the basic stimulus consisted of a checkerboard pattern of
equal numbers of light and dark checks on a gray background whose
luminance was equal to the average of the light and dark checks. The
square checkerboard as a whole subtended visual angles of 5.6° vertical-
ly and horizontally, while each check subtended a visual angle of
0.7° both horizontally and vertically. The pattern reversal checkerboard
stimulus consisted of a phase reversal of the checkerboard pattern with
an inter-stimulus interval (ISI) chosen from the range 750-1250 ms
according to a uniformly distributed random variable. The contrast-
modulated stimulus (Lalor et al., 2006) was implemented by modulat-
ing the contrast of the checkerboard on every refresh of a monitor set
to 60 Hz using a pre-determined stochastic signal whose power was
uniformly distributed between 0 and 30 Hz (Fig. 1).

The coherent motion stimulus consisted of a pattern of 200 moving
dots, each subtending a visual angle of approximately 1.4°, plotted
across the full screen area of a monitor that subtended 31° and 19° in
the horizontal and vertical directions, respectively. The dot density
was approximately 0.25 dots per degree?. All dots moved with a con-
stant speed (12° per second) throughout the entire duration of each
run. The key manipulation was the rapid stochastic modulation of
the percentage of dots that moved coherently during stimulation. The
percentage of dots moving coherently could take any value from the
set 0, 6, 12.5, 25, 50 and 100% and the duration for which each motion
coherence level was displayed was chosen from the range 23 to 141
ms according to a uniformly distributed random variable (Fig. 1). The
reason for the jittered display duration was to avoid any steady-state
periodic stimulation effects.

It is important to note that the abovementioned coherent motion
paradigm was designed explicitly to render the global coherent motion
of the dots “invisible” to early visual areas. The idea here is that by keep-
ing the total amount of local motion on screen constant (i.e., all dots
always moving at 12° per second), and by using dots that are large rel-
ative to the receptive field size of early visual areas (Freeman and
Simoncelli, 2011), these early visual areas will “see” a constant stimulus
and will not vary their activity in a way that is related to the coherent
motion modulation signal.

Experimental procedure
For all experimental procedures subjects were asked to sit passively

and view either the center of the checkerboard stimulus or, in the case
of the coherent motion stimuli, a crosshair at the center of the monitor.
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