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This thesis describes a series of experimental investigations into the functional
organisation of human visual cortex using neuromagnetometry. This technique
combines good spatial and temporal resolution enabling identification of the location
and temporal response characteristics of cortical neurones within alert humans. To
activate different neuronal populations and cortical areas a range of stimuli were used,
the parameters of which were selected to match the known physiological properties of
primate cortical neurones. In one series of experiments the evoked magnetic response
was recorded to isoluminant red/green gratings. Co-registration of signal and
magnetic resonance image data indicated a contribution to the response from visual
areas V1, V2 and V4. To investigate the spatio-temporal characteristics of neurones
within area V1 the evoked response was recorded for a range of stimulus spatial and
temporal frequencies. The response to isoluminant red/green gratings was dominated
by a major component which was found to have bandpass spatial frequency tuning with
a peak at 1-2 cycles/degree, falling to the level of the noise at 6-8 cycles/degree. The
temporal frequency tuning characteristics of the response showed bimodal sensitivity
with peaks at 0-1Hz and 4Hz. In a further series of experiments the luminance evoked
response was recorded to red/black, yellow/black and achromatic gratings and in all
cases was found to be more complex than the isoluminant chromatic response,
comprising up to three distinct components. The major response peak showed
bandpass spatial frequency tuning characteristics, peaking at 6-8 cycles/degree, falling
to the level of the noise at 12-16 cycles/degree. The results provide evidence to
suggest that within area V1 the same neuronal population encodes both chromatic and
luminance information and has spatial frequency tuning properties consistent with
single-opponent cells. Furthermore, the results indicate that cells within area V1
encode chromatic motion information over a wide range of temporal frequencies with
temporal response characteristics suggestive of the existence of a sub-population of
cells sensitive to high temporal frequencies.

Key Words: neuromagnetometry, chromatic visual evoked response, spatio-temporal,
Vi, V4.
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CHAPTER 1 ‘

INTRODUCTION

This thesis describes a series of experimental investigations into the functional
organisation of the human visual system. Initial clues to the functional organisation of
the human brain were provided by observations that damage to localised cortical areas
resulted in specific deficits. For example, Broca identified an area in the left frontal
lobe whose damage resulted in aphasia. This concept of functional segregation was
extended to incorporate the observation that cortex comprising primary sensory areas
were further divided into functional subunits. In the sensory and motor areas this takes
the form of the homunculus. In visual cortex, details of cortical retinopy was gained
by Holmes (1918) from examining World War I patients with cerebral gunshot
wounds. Following observations of patients with selective achromtopsia (Verrey,
1988, Damasio et al., 1980) and akinetopsia (Zihl et al., 1983), it became apparent that
what had been termed visual association areas were also functionally segregated.
Tremendous advances have since been made in understanding the organisational
principles of the visual system. Information has been gained from a wide range of
sources, including studies of single cell electrophysiology in monkey, direct stimulation
of alert human cortex during surgery, examination of callosal connections within
human cortex at post-mortem and from human psychophysical measurements.
Recently, the introduction of magnetic resonance imaging (MRI) has provided the
scientific community with detailed knowledge of the anatomy of the alert human
cortex. The next requirement is to link this anatomical knowledge with the
physiological response properties of neurones within discrete cortical regions. This is

known as functional imaging.

There are currently four main functional imaging techniques; magnetometry (MEG),
electroencephalography (EEG), positron emission tomography (PET) and functional
MRI (fMRI). MEG records the magnetic field generated by cortical neurones and as
such provides a direct measure of activity within those neurones. Detailed
investigation of the response properties of cell populations can be obtained within the
same subject. Cortical localisation is achieved by applying an inverse solution to the
data in order to identify the region of cortex generating the response. This information
is then co-registered with MRI data. The temporal resolution of MEG is a few
milliseconds and the spatial resolution is limited by the number and size of the
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Introduction

magnetometer coils, the accuracy of the model used in the inverse solution and the

accuracy with which MEG and MRI information can be co-registered, typically Smm.

Similarly, EEG detects the electrical field generated by cortical neurones and as such
provides a direct measure of their activity. The temporal resolution of EEG is also a
few milliseconds but due to differences in the electrical and magnetic field dependence
on conductivity, the spatial resolution of EEG is generally not as good as that of MEG.

In contrast, both PET and fMRI reflect changes in neural activity by detecting changes
in cerebral metabolism. PET involves the introduction of a radioactive tracer into the
body, and by detecting local increases in the concentration of the tracer, changes in
regional cerebral blood flow (rCBF) are determined and thus areas of increased
cortical activity are deduced. The half-life of the tracer is short, hence the duration in
which measurements can be made is restricted. Furthermore, the procedure is not
without risk so that the number of scans that can be undertaken on an individual is very
low. Similarly, fMRI detects the blood oxygenation-level-dependent (BOLD) within
an active neural population. While no radioactive substance is administered, due to the
cost of the equipment, MRI research facilities are often shared with clinical facilities,

resulting in restricted measurement time.

Both these techniques are based on a subtraction paradigm in which the active areas
are identified by subtracting baseline levels from those measured during a stimulus
presentation. The changes take place over several seconds and even minutes so that
the temporal resolution of these techniques is poor. Furthermore, the changes
measured must be used to infer changes in cerebral metabolism so that PET and fMRI
provide only indirect evidence of neuronal activity. The signal to noise ratio obtained
for both techniques is often so low as to require averaging across subjects. Due to
often marked differences in individual cortical anatomy, this approach is inherently

inaccurate.

Hence these considerations result in MEG being the optimal technique for locating and
characterising the spatial and temporal properties of neurones within functionally

discrete regions of human visual cortex.

This thesis is divided into two parts. Section A examines the foundation of
magnetometry, the visual system and visual evoked responses. The principles of MEG
will be will further explored in Chapter 2. The mechanisms giving rise to the recorded
signals will be investigated and MEG will be compared with the more traditional
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technique of EEG. Finally, details of the Aston MEG facility used for the experiments
described in this thesis will be given. The concept of functional imaging is based on
the assumption that the human visual cortex is functionally segregated, i.e. within the
cortex there are areas that are specialised for the analysis of particular attributes of the
visual scene. Chapter 3 describes the anatomy and physiology of the visual pathway
and examines the evidence for functional segregation within the pathway and within
visual cortex. By combining what is known of the functional properties of the visual
system and previous studies of the visual evoked response, described in Chapter 4, a
set of stimuli will be devised in order to characterise the spatio-temporal frequency
properties of units within discrete regions of the human visual cortex.

Section B of the thesis describes the experimental work performed. Chapter 5 will
record the visual evoked magnetic response to isoluminant chromatic stimulation and
thus 1solate a discrete neuronal population. The cortical location of these cells will be
determined by co-registering this information with MRI data. The spatial frequency
tuning characteristics of these cells will be examined in Chapter 6 and compared with
those measures obtained psychophysically and from single cell studies in macaque.
Chapter 7 will establish the temporal frequency tuning properties of these cells and in
this way examine the contribution of chromatic information to the perception of
motion. The evoked response to luminance stimulation will be recorded in Chapter 8
and the spatial frequency tuning of luminance sensitive cells will be compared with that
of chromatic sensitive cells. Finally, higher cortical processing of chromatic
information will be investigated and the location and temporal sequence of cells within
extrastriate areas V2 and V4 will be examined.

Hence this thesis will localise and characterise the spatio-temporal properties of cells
within human visual cortex. The results will be compared with data obtained from
single cell electrophysiology and from psychophysical measures and the uses of MEG

will be discussed in relation to other investigative techniques.
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CHAPTER 2

PRINCIPLES OF MAGNETOMETRY

2.1 Introduction

Magnetometry is a relatively new discipline, with the first measurements of
biomagnetic activity made in the 1960's (Baule and McFee, 1963; Cohen, 1968). The
QRS complex of the magnetocardiogram was recorded using an induction coil, thus
confirming the possibility of recording the magnetic fields associated with bioelectric
events. In contrast, measurements of the electric potential arising from bioelectric
events have been established as a recording technique since the beginning of the
twentieth century. In part, this time difference between the onset of electrical and
magnetic recording techniques was due to the increased technical difficulties involved
in magnetic recordings. The introduction of the superconducting quantum interference
device, or SQUID, (Zimmerman et al., 1970) and the gradiometer (Opfer et al., 1974)
provided an increase in sensitivity, facilitating recordings of the magnetocardiogram, or
MCG (Cohen et al., 1970), spontaneous alpha activity (Cohen, 1972) and wvisual
evoked response (Brenner et al., 1975). Further improvements have been made with
the advent of electromagnetically shielded rooms, enabling recordings to be made in

the urban environment without excessive noise intrusion.

Since the initial measurements, the field of biomagnetism has greatly expanded and has
succeeded in measuring both spontaneous and evoked activity. Several important
findings have been made, for example the non-invasive verification that human auditory
cortex is organised tonotopically, with the neuronal generators being located
progressively deeper with increasing frequency (Romani et al., 1982; Pantev et al.,
1988). Magnetometry has proved to be of tremendous value in the investigation of the
foetal MCG (FMCG). Less affected than ECG by sources some distance from the
sensors, such as the maternal MCG, the FMCG can be clearly seen when recording
from above the maternal abdomen (Dunajski and Peters, 1995). Furthermore, the
FECG is often unrecordable during the 28th-32nd week gestational age due to the
insulating vernix caseosa layer which forms at this stage in pregnancy whereas the
FMCG can be monitored throughout pregnancy, providing an indication of foetal well-
being from the 13th week of gestation (Dunajski and Peters, 1995).

Until the mid 1980's almost all magnetometry investigations were confined to single
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channel systems. The advent of multichannel devices has provided a number of
advantages including simultaneous measurement of a large region of interest and the
corresponding decrease in the duration of the investigation. This has opened the way
for magnetometry to move into the clinical setting and it is being used successfully in
the localisation of epileptogenic regions (Modena et al., 1982; Stefan et al., 1990).
One of the most recent developments in magnetometry is the co-registration of source
localisation data and MRI information. This enables precise anatomical identification
of regions generating the surface recorded activity. This has several applications. In
the clinical setting, the identification of somatosensory and motor cortex prior to
neurosurgery allows the surgeon to, as far as possible, avoid these regions during
surgery (Gallen et al, 1995). The technique is also of considerable value in the
research setting, enabling the localisation of cortical areas responding to specific

stimuli.

Hence since its introduction, magnetometry has moved from a phenomenological state
to one which offers important advantages in the investigation of the human brain, heart
and lungs. This chapter will examine the neural basis of the external biomagnetic field
and the instrumentation used to record biomagnetic signals. A comparison of MEG
and EEG will be made in terms of recording techniques and inverse solutions, with the
emphasis being on neuromagnetic applications. Finally, the Aston MEG facility used
for this research will be described.

2.2 Neural basis of biomagnetic recordings

The basis of all bioelectric events is the nerve action potential and post-synaptic
potential. Action potentials communicate sensory information along a neurone and
post-synaptic potentials arise from communication with adjacent neurones via the
synapse.  This neural communication utilises electrical current flow formed by the
exchange of sodium and potassium ions between active cells and their surroundings.
In the resting state the neurone contains a high concentration of potassium ions and a
low concentration of sodium ions which results in a resting potential of -70mV. When
stimulated the permeability of the cell membrane to sodium ions is increased and the
intracellular potential increases from its resting state of -70mV to +30mV. This
depolarisation causes current flow away from the depolarised region in both directions
and an outward current flow through the membrane into the extracellular space back to
the origin of the depolarisation. This activity takes place over a duration of about Ims.
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The membrane permeability then changes again causing the outflow of potassium ions
and repolarisation, with the return to the resting potential. The region then enters an
inactive refractory period during which it cannot be depolarised. Meanwhile, the
current flow causes the adjacent region of the neurone to depolarise so that the action
potential self-propogates along the axon. As the preceding region of the axon is in the
refractory period, the excitation travels in the forward direction. This is shown in
Figure 2.1.

extracellular volume current

+ + - bt
—————— +F + F = = -
G = intracellular primary current
—————— L I e
++ 4+t === o+ttt

<

forward self-propgation

Figure 2.1 Current flow during an action potential.

The postsynaptic activity is similar but acts over a longer time scale. When an action
potential reaches a synapse, neurotransmitters are released which diffuse across the
synaptic cleft and produce a potential called a post-synaptic potential. The current
distribution lasts for tens of milliseconds although the repolarisation process is not
sufficiently synchronous across neurones to be macroscopically detectable (Pizzella
and Romani, 1990). This is shown in Figure 2.2.

The current produced by neuronal events can be described as a current dipole Q. As
described above, due to the differences in the depolarisation and repolarisation
process, the action potential and postsynaptic potential give rise to different current
patterns. That associated with an action potential is of two oppositely oriented dipoles
separated by a few milliseconds while the post-synaptic potential can be considered as
a single current dipole.
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Figure 2.2 Current flow during a postsynaptic potential. Modified from Pizella
and Romani (1990).

Post-synaptic excitation occurs in two cortical cell types, open and closed
configuration.  Closed cells, for example stellate cells, have short, spherically
symmetric dendritic trees which result in cancellation of the electromagnetic field.
However open cells, for example pyramidal cells, have a single elongated dendrite.
The post-synaptic potential travels along the dendrite thus resulting in a long current
dipole and thus a large dipole moment which is not cancelled by adjacent dendrites of
the same cell. It is therefore the open cell type which is likely to generate the
externally recorded electromagnetic field. Of the open cells the pyramidal cell is
considered most likely to give rise to the surface-recorded electromagnetic field
(Okada, 1983a). Pyramidal cells are large, extending through many of the cortical
layers and they occur regularly throughout the cortex, aligned parallel to one another
and perpendicular to the cortical surface (Okada, 1983a). It is therefore possible to
consider excitation within a number of these cells as a dipole sheet with dipole moment

perpendicular to the cortical surface.

The magnetic field generated in this way is approximately 0.002fT for a pyramidal cell
(Pizella and Romani, 1990). Such a single event would not be measurable outside the
vicinity of the cell, hence the magnetic field recorded during biomagnetic
measurements does not reflect the activity of a single neurone. If the neurones are
closely spaced and oriented in the same direction, as is the case for pyramidal cells
(Hubel, 1988), the principle of superposition implies that simultaneous activation of
these cells will produce a current that sums to provide a field of sufficient magnitude
to be detected outside the head. The resultant magnetic field may then be considered
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as a single current dipole. More than fifty thousand neurones must be simultaneously
active to produce a magnetic field of approximately 100fT; a typical field strength
evoked by a sensory stimulus (Pizella and Romani, 1990). Hence action potentials,
which occur over a time period of only 1ms, are less likely to overlap temporally than
postsynaptic potentials which have a duration of approximately 17ms (Vvedensky et
al., 1985). Temporal summation effects therefore make it more likely that postsynaptic
potentials underlie the external magnetic field (Kaufman and Williamson, 1980).
Furthermore, the action potential, modelled as a pair of oppositely oriented dipoles or
a quadrupole, falls off as the cube of the distance from the origin to the measuring
point (Himildinen et al., 1993). The postsynaptic potential, however, is more
accurately modelled as a current dipole, falling off as the square of the distance
between source and point of measurement. Hence some distance from the neurones,
the external field will be dominated by the postsynaptic potentials. Empirical support
for this is provided by measurement of the direct cortical response (Barth, 1991).

The neuronal currents associated with postsynaptic events can be divided into
intracellular currents and extracellular volume currents. As shown in Figure 2.2 the
volume currents are passive and act to complete the loop of ionic transfer. When
considering the sphere model of the head, only intracellular currents contribute
towards the external magnetic field (Hari et al., 1980; Hari and Ilmoniemi, 1986). The
extracellular volume currents cancel and do not generate a magnetic field outside the
head (Swinney and Wikswo, 1980; Okada, 1983a).

2.3 Characteristics and models of the neuromagnetic field

Section 2.2 describes how neuronal activation leads to intracellular and extracellular
currents to flow in banks of aligned cells. Intracellular currents, detectable outside the
head are the primary current, while extracellular currents are passive volume currents.
Associated with every current flow is a magnetic field and it can readily be shown that
electric and magnetic fields are interdependent with an orientation between them of 90
degrees. Hence the current flow arising from neuronal activation will produce a
magnetic field outside the head. Calculating the magnetic field produced by a
particular current distribution is known as the forward problem.

The initial point in the calculation of this magnetic field is Maxwell's equations with the
appropriate equation being:
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curl B = pJ equation 2.1
where B = magnetic field
w = permeability

J = current density

The solution is given by the Biot Savart law

Br)y = _pn_ [ JIJ@xH A R dt equation 2.2
4m R?

where r = point of measurement R =r-r
r' = position of source T = volume

Now as seen is section 2.2, the current source density J is comprised of primary and

volume currents, Jp and Jv.

J(r") = JIp(x') + Jv(r') equation 2.3
and
Jv(r') = -o()VV equation 2.4

where o = conductivity and V = scalar potential

Substituting equation 2.3 and 2.4 into 2.2

B(r) = _u_ [JIp(eh A_R dt - no [ VV_A R dt equation 2.4
4 R3 4 R3

Hence the the external magnetic field comprises two parts, the first is not affected by
changes in conductivity and reflects the physiologically relevant primary currents Jp
only. The second part, however, retains o and is therefore affected by changes in

conductivity.
The task of magnetometry is to measure the magnetic field outside the head and to use

this information to infer the cortical sources that produced that magnetic field
distribution. This is known as the inverse problem. The inverse problem is intrinsically
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ill-posed as its stability is threatened by noise and due to the principle of superposition
its solution lacks uniqueness (Lorrain et al., 1988). This can result in several source
geometries producing identical measurements, hence external constraints to the
problem must be imposed. These include both models of the head and the source.
Several models of the head have been used, the simplest of which is the homogeneous

conducting sphere. The primary current can then be modelled by a current dipole Q.

There are several source models that can also be used to constrain the inverse solution.
The most commonly used model is the current dipole as cortical pyramidal cells are
well approximated by a current dipole (Okada, 1983a; Carelli and Pizella, 1992). The
equivalent current dipole refers to what may be a number of simultaneously active
neurones confined to a small region of cortical tissue whose net effect can be described
as a single current dipole. (Kaufman and Williamson, 1986). Hence

Br) = _p_ Q) A~ _R_ - _uo [ V(@On{l oA _R_dS equation 2.5
47t R3 4 R3

where n(r) is the normal to the surface and dS is the surface integral (Crowly and
Budiman, 1989).

For a dipole in a homogeneous conducting sphere, this reduces to (Sarvas, 1987).

Br) =_pn_ (FQar - Qar'rVF) equation 2.6
4mF?

where F = R(rR+r12-r'-r)

However, the head is not truly a homogeneous conductor with the ventricles, skull and
scalp all producing regions of inhomogeneity. A more realistic model of the head 1s
the spherically symmetric head model. This model assumes the head to be radially
anisotropic and considers a series of concentric spheres, each with differing
conductivities, with the conductivity within each sphere constant. Here, Vo is non-
zero only at the boundaries of different conductivity regions. Hence only at the
boundaries do the volume currents contribute to the external magnetic field. However,
in a spherically symmetric model, these volume currents do not contribute to the radial
components of the external magnetic field. Thus the spherical model results in the
radial components of the external magnetic field being sensitive only to primary

currents.  Therefore, while the homogeneous conducting sphere provides a

23



Principles of Magnetometry

convenient, simple model for MEG (Grynszpan and Geslowitz, 1973; Cuffin and
Cohen, 1977), changes in conductivity must be considered for EEG.

A consequence of the geometry of either of these models is that no external magnetic
field arises from the radial components of dipoles within the sphere (Grynszpan and
Geslowitz, 1973; Ducla-Soares, 1989). This is evident from equation 2.6; when the
source is radial, Q A r'=0. The non-uniqueness of the problem is therefore increased
as the addition of any radial component to the solution would not produce a change in
the external magnetic field. However, with approximately two thirds of primary
sensory areas located within the fissures, thus tangential to the surface, this does not

pose a major problem for MEG (Williamson et al., 1991).

The equivalent current dipole is characterised by three position parameters, one of
orientation and one of strength. The maximum likelihood estimate of the equivalent
current dipole parameters can be found by least squares fitting (Hamaldinen et al.,
1993). In the moving dipole model, the source is assumed to be non-static so that its
location, orientation and strength can vary in time. Fits are commonly performed at
each millisecond time instant. An alternative to the equivalent current dipole model are
multidipole models (Scherg, 1984). To find the multidipole solutions, dipole locations
and orientations are fitted in an iterative procedure. The number of degrees of
freedom can be reduced by fixing the locations or orientations of the dipoles, which
may be achieved by analysis of the MRI. Temporal constraints may also be applied
(Scherg and Berg, 1991). A further method of inverse solution is the minimum norm
estimate which assumes the current to be distributed throughout the head. A set of
linear equations are set up and the solution is the one with the smallest overall
amplitude which can describe the observed signals. This method has been used in the
analysis of visual evoked magnetic response data (Ahlfors et al,, 1992) and it is a
useful technique when the extent of activated cortex is unknown (Hdmaélédinen et al.,
1993). A fourth approach is a continuous probabilistic one which assumes the
probability distribution of current is gaussian and by finding the expectation value of
the current density, the most probable solution consistent with the measured activity is
found (Ioannides et al., 1989). A comprehensive review of several of the more

commonly used inverse solutions is given by Hamalédinen et al. (1993).

2.4 Biomagnetic Instrumentation
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The magnetic field outside the head evoked from a sensory stimulus is in the order of
10-13T which is considerably smaller than the earth's magnetic field at = 5 x 10T or
power lines of, for example, 10-7T. Noise sources are prevalent, being found in
electrical motors, power lines, moving cars, radio frequency fields, computers and
other laboratory equipment, including the display monitor used during visual evoked
response measurement. Further artefacts may arise from movement of the subject and
any magnetic hooks or zips on their clothing. Hence an efficient method of sensing
tiny magnetic fields arising from the brain without them being saturated by the
relatively huge environmental noise must be employed. Although measurements of the
magnetic field have been made using induction coils (Cohen, 1968) the small
magnitude of the magnetic field arising from spontaneous and evoked neural activity
result in only SQUID magnetometers having sufficient sensitivity to routinely measure

the neuromagnetic field.

The magnetometer comprises a detection coil which senses changes in the external
magnetic field and transforms them into currents. The input coil transforms the
resulting current into magnetic flux to be applied to the SQUID sensor. SQUID
electronics transform the applied flux into a room temperature output voltage. The
SQUID thus acts as a highly sensitive amplifier and forms the basis of biomagnetic

measurements.

The operating principle of the SQUID is based on the Josephson junction (Josephson,
1962) in which electrons can tunnel through resistive barriers, or weak links, between
two superconducting regions. At superconducting temperatures, electrons become
associated in pairs and can be described by the same wave function (Bardeen et al,
1957). In a closed ring superconductor, the ring circumference must be equal to an
integral number of wavelengths and this wavelength varies with the amount of
magnetic flux incident on the ring. Therefore the enclosed flux is quantised. If an
external magnetic field is applied, a shielding current will flow to prevent a change in
flux in the ring. If a weak link is introduced into the ring the shielding current will flow
through this link, thus increasing the energy of the superconducting state. This
increase in energy makes the shielding ineffective, allowing one flux quantum to enter.
The link then reverts to the original current state and the process is repeated
periodically as the applied magnetic field is increased. The current flow in the weak
link can be monitored and this provides a measure of the applied magnetic field.
Alternatively, a coil wrapped around the SQUID applies a feedback current which is
inductively coupled back to the SQUID loop to null the applied signal flux. The
feedback current is thus a direct measure of the flux applied to the SQUID and is
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therefore proportional to the external magnetic field.

The SQUID thus consists of a superconducting ring separated by one (rf SQUID) or
two (dc SQUID) Josephson junctions. Rf SQUIDs are biased by an rf alternating
current and dc SQUIDs by a direct current. The simpler fabrication of the rf SQUID
made it more popular at the beginning of the 1980s but it is less sensitive than the dc
SQUID and with multichannel systems, there can be problems with interference
between channels (Carelli and Pizella, 1992). A fuller description of both rf and dc
SQUIDs and their operating principles is provided by Romani et al. (1982), Fagaly
(1990) and Kaufman and Williamson (1980).

The operating temperature of the SQUIDs must be kept below Tc, the critical
temperature at which there exists sufficient energy to destroy superconductivity. Tc
for niobium, a common SQUID material, is 9.3K which results in the SQUID
operating temperature being maintained below 9.3K. Hence the SQUID must be kept
cool within a bath of liquid helium which has a temperature of 4.7K.

Although the SQUID can be used to sense magnetic fields directly, a more practical
arrangement is provided by a superconducting detecting coil, coupled to the SQUID
by means of an input coil. This configuration is known as a flux transporter and in its
simplest form, coupled to the SQUID it is known as a magnetometer. It will respond
to any magnetic field whose flux is incident upon the detecting coil, including that from
the earth's field, power lines and electronic equipment. However, the geometry of the
detection coil can be manipulated to make it insensitive to relatively uniform fields
while retaining full sensitivity to fields produced by nearby sources. By having two
coaxial detecting coils, wound in opposite directions and separated by a distance
known as the baseline, a field produced by a distant source approximates a uniform
field and induces almost the same current in the two coils and will therefore cancel. A
nearby source, however, will produce a flux that is larger in the nearer coil, resulting in
a net current. This design is known as a first order gradiometer. Two gradiometers
can be combined to form a second order gradiometer which, in addition to rejecting
spatially uniform fields, is also insensitive to fields with spatially uniform gradients.

The different types of detection coils are shown in Figure 2.3.
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Figure 2.3: Various designs of detection coils: (a) magnetometer; (b) first order

gradiometer; (c) second order gradiometer.

In addition to axial gradiometers, there is also a planar design which is sensitive to the
field tangential to the surface. Planar gradiometers are more affected by noise than
axial gradiometers, although they are more efficient at discriminating multiple sources
(Erné and Romani, 1985). However, the field distribution measured by a planar
gradiometer lacks symmetry (Romani and Pizella, 1990) so the position and orientation
of the underlying cortical generator of the recorded activity is less intuitively

determined.

Despite the noise reduction properties of gradiometers, there are frequently residual
noise problems. To counter this it is possible to incorporate additional reference
magnetometers into the system to measure the ambient noise in three orthogonal
directions. The common mode disturbances of the gradiometers can then be removed

to provide electronic noise cancellation (Matlashov et al., 1989).
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2.5 Multichannel Systems

Until the mid 1980's, almost all magnetometry investigations were confined to single
channel systems. The advent of multichannel devices provided a number of
advantages. Simultaneous measurement of a large region of cerebral activity reduced
the time of the investigation, making clinical recording more feasible. Measurement of
spontaneous activity was facilitated and the topographic mapping and source
localisation of spontaneous events such as spike activity was enabled. However,
simultaneous measurements are meaningless unless the relative sensitivity of all the
SQUIDs is known and compensated for. Hence multichannel devices must be
accurately calibrated. Further problems arise from the possibility of crosstalk between
the channels and additional shielding may therefore be required.

Large numbers of recording channels may also result in problems due to the physical
dimensions of the larger dewar, resulting in a number of SQUIDs being positioned
some distance away from the surface of the scalp. This can be reduced by the use of a
curved dewar bottom but it is difficult to devise a curvature that will be suitable for all
subjects to be tested. In addition, the curved bottom may limit the applications of the
system to head recordings as the curved base renders the dewar unsuitable for cardiac

or thoracic measurements.

2.6 Averaging and Filtering

Biomagnetic signals tend to be of low field strength and it is therefore necessary to find
methods to extract them from background noise. For repeatable events, for example
evoked responses, summing a number of events and averaging the result provides a
simple and effective method of improving the signal-to-noise ratio (SNR). White noise
which is not time-locked to the stimulus will thus be reduced, providing an
improvement in the SNR of VN where N is the number of averaged recording epochs.
However, this assumes that neuronal events are perfectly reproducible and this is not
always the case (Regan, 1989). Factors such as fatigue, attention and fixation affect

the response and these will influence the effectiveness of averaging.

For spontaneous phenomena, averaging is not applicable and alternative methods of

improving the signal to noise ratio must be found. Electronic noise cancellation, can
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be applied and further noise reduction can be achieved by frequency filtering to remove
signals which lie outside the frequency range of interest.

2.7 Shielded Rooms

One of the simplest and most effective methods of noise cancellation is to use an
electromagnetically shielded room. The first dedicated shielded enclosure was made
from three ferromagnetic layers and two aluminium layers (Cohen et al., 1970) This
design utilises both eddy-current and ferromagnetic shielding and results in a shielding
factor of 100dB above 10Hz. The design of shielded rooms has remained similar,
providing both eddy-current shielding and ferromagnetic shielding. The eddy-current
shielding effect is determined by the skin depth, A, of the material, i.e. the distance
travelled by an electromagnetic wave at which it is attenuated by a factor of 1/e. The
skin depth is given by:

A = V(p/mpf) equation 2.7
where  p = resistivity u = permeability f = frequency

Hence equation 2.7 shows that skin depth is proportional to the resistivity of the
material and inversely proportional to the frequency of the magnetic field. Eddy-
current shielding is often achieved by layers of aluminium; the low resisitivity of
aluminium results in a low skin depth which provides high attenuation of
electromagnetic waves. The shielding is most effective at high frequencies. At low
frequencies the thickness of the shielding material would be have to be extremely large,
exceeding 1m to provide sufficient eddy current shielding (Fagaly, 1990). Hence
ferromagnetic shielding provided by layers of p-metal is also used. This high
permeability material channels the external magnetic flux around the exterior of the
chamber (Fagaly, 1990). However, shielded rooms can themselves introduce noise
problems as their interior can act a resonant cavity, a particular problem if external rf is
carried into the interior by cables. Cables must therefore be shielded and if necessary,
earthed (Hamélainen et al., 1993).

2.8 Comparison of MEG and EEG

Both MEG and EEG arise from fluctuations in the resting membrane potential of the
dendrites of cortical neurones (Okada, 1983a). In this respect the two techniques are
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equivalent, yet there are a number of similarities and differences between them which

are discussed below.

2.8.1 Temporal Resolution

Both MEG and EEG have a temporal resolution of less than a millisecond, with their
exact resolution being determined by the analogue to digital converters and filters used
in processing the recorded activity. Other functional imaging techniques such as PET
and fMRI have temporal resolution of a few minutes and seconds respectively. EEG
and MEG are therefore the only techniques available to study the pattern of activation
between the different cortical areas.

2.8.2 Spatial Resolution

There have been several studies comparing the spatial resolution of MEG to that of
EEG. MEG is sensitive to the intracellular current summed across many neurones
while it is the extracellular volume currents which are conducted to the scalp that are
measured in EEG. EEG is more sensitive to changes in conductivity than MEG and is
therefore affected by conditions that alter the conductivity in regions of the brain, for
example space occupying lesions. MEG will be less affected by these conditions and
hence is intrinsically more accurate when localising cortical events. Nevertheless, flux
reversal phenomena have been observed in MEG recordings from cases in which the
conductivities of inhomogeneous regions have changed with pathological conditions
(Ueno and Iramina, 1990). Hence for EEG localisations, it is necessary to use
accurate models of the brain, skull and scalp. Simple models of uniform conductivity
and spherical shell models have been proposed but modelling errors can nevertheless
produce errors in dipole localisation of 10mm (Cohen et al, 1991). Localisation
accuracy studies have also been performed with MEG and suggest an accuracy of 3mm
in spheres and model skulls (Yamamoto et al., 1988).

A comparison of the localisation accuracy of MEG and EEG was made by Cohen et al.
(1991) who compared the techniques using implanted depth electrodes in human
subjects undergoing pre-surgical investigations for epilepsy. By passing currents
through these depth electrodes it was possible to appraise the accuracy with which
MEG and EEG could in practice locate the artificial current dipoles. Cohen reported
that the error in locating the currents dipoles was 8mm for MEG and 10mm for EEG
and thus concluded that MEG offered no significant localisation advantage over EEG.
However, the methodology of the study has been criticised (Hdméldinen, 1993).
Twice the number of epochs were recorded for EEG than for MEG and only a single

channel magnetometer was employed in the study, which measured from sixteen
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positions over the scalp as opposed to sixteen electrodes simultaneously recording the
EEG. Of the twelve implanted dipoles, ten were radial, thus disadvantaging MEG
which is relatively insensitive to radial field components. For the two tangential
dipoles the MEG localisation error was 5.5mm. Hence for tangential current dipoles,
the results indicate that MEG is more accurate than EEG. However, it should be
considered that for cortical generators located on gyri, the accuracy of MEG

localisation will drop.

The spatiotemporal resolution accuracies of MEG and EEG in relation to other
recording techniques are shown in Figure 2.4. It can be seen that MEG has spatial
resolution comparable or better than PET and fMRI but far exceeds them in temporal
resolution. MEG is thus the only technique which offers sufficient spatial and temporal
resolution for the investigation of the relationship between different cortical areas.
PET and SPECT suffer from the further disadvantage that due to the isotopes
involved, recordings cannot be made frequently.

Spatial Resolution

10cm J
EEG
and
EP
SPECT
icm
A
5mm PET
MEG
4
Py Oaorsoonnoc {435E Functional
Electode. MRI
Tmm 1 ; KR
A
1ms 1s 10s 1min 10min 1 hour

Temporal Resolution

Figure 2.4 The spatiotemporal accuracy of imaging techniques. Redrawn from
Harding (1993).
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2.8.4 Radial and tangential current dipole components

EEG records the volume conducted currents from the scalp surface and is thus
sensitive to all components of the underlying source generator. MEG, however, is
sensitive only to the tangential components of the source (Grynszpan and Geslowitz,
1973). On first consideration this would seem to be a disadvantage for MEG but due
to the convoluted nature of the human cerebral cortex, some 66% of primary sensory
areas lie within fissures and as such are tangential to the surface of the scalp
(Williamson et al., 1991). Hence MEG's insensitivity to radial source components may
provide an advantage in the ability to discriminate tangential and radial source

geometries when used in conjunction with EEG.

2.8.5 Reference

MEG provides a measure of the magnetic field arising from a cortical generator and as
such measures the absolute value of a number of points in that field. EEG, however,
measures the voltage at points on the scalp and must therefore measure that voltage
with reference to another point. EEG cannot therefore provide an unbiased measure of
the activity at a certain point on the scalp but is always affected by the choice of
reference. This results in, for example, the VEP being contaminated with frontal
negativity when an Fz reference is used (Hobley, 1988). One of the major problems
faced by EEG, particularly by evoked potentials, has thus been to find an inactive
reference. MEG does not suffer from this disadvantage and as such is preferable when

recordings are to be used for topographic analysis and source localisation.

2.8.6 Contact

A difference perhaps most obvious to the subject is that EEG involves the application
of electrodes to the surface of the scalp, commonly by glue or tape. During a MEG
investigation, however, the subject is merely seated with the area of interest positioned
under the base of the dewar. In addition to the rapidity of the investigation, considered
in the next section, MEG readily permits repositioning of the recording sensors if the
exact position of interest is uncertain. During an EEG investigation removing and
reapplying the electrodes to record from a slightly different position would take a
considerable amount of time. However, the contactlessness of MEG also poses a
number of problems in that the subject should not move during the investigation and all
the measurements required must be performed in the same recording session to ensure
identical measuring positions are achieved for each experiment. Fortunately, these
problems can be overcome by the use of a bite bar which fixes the subject's head in

position during the recording and enables the same recording position to be returned to
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in between breaks. This is the method used at Aston and is described in more detail in

section 2.9.

2.8.7 Duration of Investigation

Due to the contactless nature of MEG, the recording session is significantly shorter
than equivalent measurements made of EEG. The application of 20 electrodes takes in
the region of 30 minutes and there are frequently problems in achieving sufficiently low
electrode impedance. As mentioned in the previous section, if an adjustment in
recording position is required this can be instantly achieved with MEG while moving
all the electrodes takes a discouragingly long time. Hence the rapidity with which

measurements can be achieved offers a significant advantage for MEG.

2.8.8 Low Frequency Cutoff

With the introduction of the dc SQUID, MEG is able to record frequencies down to
dc. While EEG can come close to this level, it retains a low frequency cutoff and is
limited by problems of maintaining a stable electrode potential. Hence MEG is more
readily able to study phenomena such as spreading depression in migraine (Barkley et
al., 1995).

2.8.9 Cost

The final difference between MEG and EEG is in the cost of equipment. Whereas an
EEG laboratory would cost in the region of £30,000 for an EEG and evoked potential
facility the equivalent MEG cost would be at least four times that amount. In addition,
a shielded room may be necessary if the laboratory is to be in an urban environment.
There is also the running cost of liquid helium to keep the SQUIDs superconducting,
at approximately £200 per month. Hence although MEG has several advantages over
EEG, the investment required for a MEG system places the technique out of the reach

of many clinical and research centres.

2.9 The Aston MEG Facility

Developed over 1992-1995 the Aston MEG facility arose as a collaboration between
Aston University and the Institute of Radio Engineering and Electronics in Moscow.
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It comprises 19 independent dc SQUIDs of second order axial gradiometer design
(Matlashov et al., 1989). The gradiometers, which are balanced to an accuracy of
0.1%, use niobium wire on a graphite former, connected to thin film niobium dc
SQUIDs. The channels have a diameter of 15mm and baseline 50mm and are
positioned in a hexagonal array of spacing 29mm and a total diameter of 140mm.
Shielding is provided by a layer of mylar. In addition there is a vector magnetometer
which monitors ambient noise in three orthogonal directions. The channels are housed

in a fibreglass dewar as shown in Figure 2.5.

Aston University

lllustration has been removed for copyright
restrictions

Figure 2.5 The Aston dewar design. From Mqtlashov et al. (1993)
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The dewar is of flat bottomed design, enabling both neuromagnetic and cardiac
measurements. The capacity is 12 litres and the evaporation rate is 2.2 litres/day which
results in refilling with liquid helium every 3-4 days. This is achieved via a fill port
incorporated into channel 18. The pre-amplified signals are filtered, typically at a
bandwidth of 0-106Hz and then sampled with 16 bit accuracy. Further noise reduction
is provided by a real time adaptive filtering algorithm which aims to remove all
correlation between the gradiometer signals and those from the vector magnetometer

(Barnes, 1995). The vector magnetometer is housed within channel 19.

The dewar is held in place in a wooden gantry which enables the dewar to be moved
and rotated freely. Once in position beneath the dewar, the subject's position is
maintained by means of a bite bar. This comprises the subject's dental impression
mounted on a plastic frame which is held in place by a wooden platform. It also
enables the subject to move around in between experimental recording runs and return

to exactly the same position beneath the dewar at the start of each run.

All magnetic measurements take place in an electromagnetically shielded room which
consists of two layers of aluminium and one of mu metal. To reduce magnetic noise,
the stimulus display is housed outside the shielded room and is viewed by a system of
front silvered mirrors. The subject looks down at the mirrors, thus exposing the

occipital area to the base of the dewar.

Visual stimuli are generated using a Cambridge Research Systems VSG2/2 grating
generator and are displayed on an Eizo Flexscan T560i colour monitor with 14 bit
luminance resolution at a frame rate of 100Hz. The chromaticity co-ordinates of the
display are ry=0.625, ry=0.340, gx=0.280, gy=0‘595, by=0.155, by=OAO7O. Luminance
is measured with a Minolta photometer and the gamma corrected display is linear over
the display range used (r>0.995). The stimulus triggers the acquisition program to
record an epoch. All epochs are saved individually, and averaging, filtering and noise
rejection can be performed both on and off line. The system configuration is shown in
Figure 2.6.
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Figure 2.5 System configuration of the Aston MEG facility

2.10 Co-registration of MEG and MRI information

The ultimate aim of magnetometry is to localise an area of active cortex and to be able
to superimpose this area with an image of the cortex, for example to localise the active
area on an MRI. To do this it is necessary to use a common co-ordinate system for the
MRI and MEG so that the two types of information can be combined. At Aston this 1s
achieved by digitising the position of the subject's bite bar using a Polhemus 3D space
tracker. During the MRI the subject wears the bite bar fitted with vitamin pill markers
so that the activity recorded from the MEG can readily be superimposed on the MRI
information. In this way the inaccuracies associated with converting the co-ordinates

to the Tailerach system are avoided.

2.11 Methods of Analysis

The method of analysis used in this research is that of a single equivalent current dipole
in a conducting sphere as this is both mathematically tractable and physiologically
meaningful (Romani and Pizella, 1990). Although it is not suggested that a single
source can account for all the activity over the entire recording epoch, single dipole
analysis is effective when examining the source of activity at a particular time instant.
The time of analysis is determined by maxima in the global field power which is defined

as the sum-of-squares of the gradiometer output at each time instant. An iterative
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procedure is employed with an initial approximation of the dipole's position,
orientation and strength being made and the forward solution being calculated from
that approximation. The dipole fitting procedure is a non-linear minimisation of the x?

value with respect to the dipole's position and orientation where
p p p

detectors

’Xz(t) = 2 ( Btheoretical(t)i - Bmeasured(t)i ) 2/ O'iz

i=1

and o is the measured field standard deviation.

The correlation co-efficient for the minimised 2 dipole position is then calculated and
dipoles with a correlation co-efficient of less than 0.95 are rejected as non-significant.
The gammaQ value and the x? statistic are also used to determine if the dipole fit is
significant. GammaQ (Press et al., 1992) gives the probability that the calculated value
of %2 was obtained by chance and therefore provides a quantitative measure for the
goodness of fit of the recorded response to a single dipole model. An acceptable fit is
that of gammaQ > 0.001 and a x? ~ the number of degrees of freedom (Press et al.,
1992) where (degrees of freedom) = (number of channels - 5). As the goodness of fits
improves gammaQ — 1 and x> — 0. These statistics must be interpreted with care,
however, as if modelling is performed at a point at which the signal is weak it is likely
that %2 will be low and hence gammaQ will be spuriously high. In this case the
correlation co-efficient is unlikely to be greater than 0.95 so it is essential to assess the
suitability of the dipole model using a combination of all three measures. This typically
leaves one or more time intervals during the response for which the solution is both
significant and stable. In addition, Monte-Carlo error analyses are then performed for
the power peaks within the significant time intervals to assess the stability of the
solutions with respect to noise (Medvick et al., 1990). This procedure randomly adds
noise to the theoretical solution and establishes a spatial confidence limit for the dipole
localisation. The 95% confidence region is then superimposed on the subjects' MRI to
provide the cortical localisation for the neuronal generator of the recorded activity and
an indication of the accuracy of that localisation. For stimuli near threshold (for
example Chapters 6 and 7) the evoked response may not reach significance. Measures
of latency and field strength are made at the appropriate peak of the global field power,
determined by comparison with suprathreshold responses, but Monte-Carlo

simulations are not performed.
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2.12 Summary

The origin of the magnetic field recorded outside the head is the primary current
arising from postsynaptic currents in cortical pyramidal cells. Unlike EEG, MEG is
unaffected by volume currents and is independent of changes in conductivity within the
head. This results in better spatial resolution. Further advantages include the lack of a
reference point and the contactless nature and therefore rapidity of the investigation.
The source model used is an equivalent current dipole in a conducting sphere and the
position, orientation and strength of the dipole generator is calculated. Monte-Carlo
analysis provides a confidence region for the source location and this can be
coregistered with MRI data to provide three dimensional localisation of the volume of

cortex activated.

38



CHAPTER 3

THE VISUAL SYSTEM

3.1 Introduction

The majority of what is known of the human visual system has been based upon studies
of non-humans, for example cat and monkey. This approach can provide valuable
insight into the functioning of the human visual system as the organisation, particularly
in macaque, is thought to be similar to that in humans (DeValois et al., 1974).
Nevertheless, it is often difficult to establish that the same underlying organisation
exists in monkey and human and it is therefore important to consider that what is learnt
of non-human visual organsiation may not strictly parallel the functioning of human
systems. The lack of direct knowledge of human visual cortex is beginning to be
countered by a number of relatively new investigative techniques such as fMRI and
PET. In addition, metabolically active regions can be investigated by examining post-
mortem tissues for an endogenous mitochondrial enzyme, cytochrome oxidase. Hence
although this chapter out of necessity draws on primate literature, where available,

corroborating human studies will be introduced.

3.2 The Retina

The retina forms the initial input area of the visual process. It serves to collect
incoming light information and to transform it into a coded neural message that can be
transmitted to the visual cortex. There are two types of receptors in the retina, rods
and cones. The numbers of the two are not equal; in primates there are 6.5 million
cones and 120 million rods (Kolb, 1991). The retina comprises ten layers of cell
bodies and synaptic connections as shown in Figure 3.1 and the entire structure is
approximately one quarter of a millimeter thick. There are four morphologically
distinct regions within the primate retina (Polyak, 1941). The first of these, the optic
disk, is situated in the inferior nasal field. It forms the point of exit of the optic nerve
fibres and as such contains no nerve cells, receptors or pigment epithelium. The
second of these regions is the macula which is a circular area containing a high density
of ganglion cells. In humans it occupies 6mm in diameter and covers 15-20 degrees of
visual field. The fovea forms the third region and is situated at the centre of the

macula where the retina
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Figure 3.1. The human retina From Kaplan et al. (1990)

is at its thinnest. Its diameter is 1.5mm and it covers 5 degrees of visual field. The

final region, the peripheral retina, lies beyond the macula.

These different retinal regions possess different distributions of receptors. In humans,
cones have maximal density in the fovea of approximately 162x10*/mm?* which falls off
with eccentricity (Curcio et al., 1987). Rods are absent from the fovea, becoming
maximal at 5mm (18 degrees) from the centre of the fovea where their density rises to
160x10°*/mm? before falling again in the periphery (Kolb, 1991). The ratio of rods to
cones changes with eccentricity, being 1 rod: 2 cones at the macular periphery and
changing to 1 cone: 3-4 rods in the periphery.
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The normal human retina contains a single type of rod and three types of cones. Rods
become saturated at luminances above 120-300 cd/m? (Aguilar and Stiles, 1954) and
therefore do not contribute to visual perception at luminances above this value. The
cones are distinguished on the basis of spectral absorbance and it is this difference in
response as a function of wavelength that enables the perception of colour. L cones
are sensitive to long wavelengths and absorb maximally at 558nm, which lies in the
red portion of the spectrum. M cones are sensitive to medium wavelengths, absorbing
maximally at 531nm, corresponding to green. The third type, S cones, respond
optimally to short wavelengths of 420nm which lies within the blue (Gouras, 1984,
Bowmaker et al,, 1980). The L and M cones form a hexagonal array which is
disrupted by the S cones which do not fit into this regular pattern (Kolb, 1991). The
S cones are less frequent than the L and M cones, forming only 8% of the total cone
population (Anhelt et al., 1987).

Although the cones are maximally hyperpolarised by a certain wavelength they respond
only to the number of quanta absorbed and not to the energy (inversely proportional to
wavelength) of the photons. Hence once absorbed, a long wavelength photon
produces the same effect as a short wavelength photon; only the rate of absorbtion is
signalled. This is called the principle of univariance (Naka and Rushton, 1966) and it
results in a single cone being unable to distinguish the wavelength of the photon it
absorbed. It is only by comparison of different cone activities that chromatic

discrimination can occur.

There exist a number of different cell types within the retina, present in the different

layers which are discussed below.

3.2.1 Bipolar cells

Bipolar cells are situated in the outer plexiform layer. There are nine different types of
bipolar cells in the human retina, one subserving the rods and eight the cones (Kolb,
1991). The commonest human bipolar cells are the diffuse and midget types which are
subdivided into flat or invaginating on the basis of their contact with the cone pedicle.
The diffuse flat and diffuse invaginating bipolar cells contact 5-7 central retina cones or
12-14 peripheral cones. In contrast, the flat midget and invaginating midget bipolar
cells each contact a single cone. Thus foveal cones provide input to two types of
midget bipolar cells and two types of diffuse bipolar cells (Kolb, 1991). Three further
types of cone bipolars, the wide field or giant bipolars, are less commonly observed
(Kolb, 1991). They connect with as many as 15-20 different cones (Mariani, 1984b)

41



The Visual System

and little is known about them. The final cone bipolar cell is thought to be specific for
the S cones (Mariani, 1984a). The type of bipolar synapse determines whether the
bipolar connects to an on-centre or off-centre ganglion cell (Nelson and Kolb, 1983).

3.2.2 Horizontal cells

Situated in the outer nuclear layer, horizontal cells have complicated synapses in the
outer plexiform layer (Kolb, 1970; 1979). There are three types of horizontal cells in
the human retina HI, HIT and HIIT (Linberg et al., 1987). HI contact L and M cones
with a small number of S connections, HII cells contact mainly S cones and HIII
contact only L and M cones (Kolb et al., 1989). This cone related division has led to

suggestions that horizontal cells are related to retinal chromatic function (Kolb, 1991).

3.2.3 Amacrine cells

There are at least 25 different types of amacrine cells and these synapse in the inner
plexiform layer. They are classified in terms of morphology and dendritic tree size and
they synapse with bipolar cells and ganglion cells. Their functions include the linking
of rod and cone pathways to allow rod signals to utilise the cone bipolar to ganglion
pathways (Kolb, 1991).

3.2.4 Ganglion cells

Primate retinal ganglion cells form at least 20 different categories on the basis of
‘morphological characteristics (Kolb, 1991), although there are three common types
when distinguished by size, pathway and functional characteristics. The first,
characterised by its large size, has been called parasol (Polyak. 1941), A (Levanthal et
al., 1981), P alpha (Perry et al., 1984) and M (Kaplan and Shapley, 1986). These cells
form 10% of the population (Perry et al.,, 1984), are large with thick axons and
extensive dendritic fields. The second cell type, called midget, B, P beta or P cells, are
small with fine axons and small dendritic fields. They comprise 80% of the cell
population and as such are the most common in the primate retina. The third category
of cells, forming the remaining 10% of the population, is thought to project to the
superior colliculus and the pretectum and these cells are not M or P types and have
been termed P gamma (Perry and Cowey, 1984).

In addition to morphological differences, M and P ganglion cells differ both in their
connections to other retinal cells and in their later projection sites. M cells receive
input from diffuse bipolar cells with each bipolar contacting up to 7 cones. Additional
input may arise from giant bipolars which contact up to 20 cones, and the rod bipolars
which contact 15-45 rods. P cells, however, receive input from 1 or 2 midget bipolars,
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each of which contacts only 1 cone. M cells typically project to the two ventral
magnocellular layers of the lateral geniculate nucleus (LGN) while P cells project to
the 4 dorsal layers (Leventhal et al., 1981). Indeed, the M and P terminology for
retinal ganglion cells (Kaplan and Shapley, 1986) relates to their projection targets
rather than their morphology but this appears to correlate well with morphological
classification.

M and P cells are both present throughout the retina apart from in the fovea, where the
high cone density causes them to be displaced laterally. Ganglion cell density peaks at
approximately 0.5mm from the fovea and declines in an exponential manner towards
the periphery. This distribution is anisotropic, the cell density in the nasal retina being
approximately 3 times that of the temporal retina and the cell density decrease being
smaller along the nasal retina (Perry and Cowey, 1985). There may be a difference in
the ratio of M and P cells with retinal location with it suggested that while the
number of P cells decreases with eccentricity, M cell numbers may remain
approximately constant. There have been a large number of estimates made of this
P:M ratio, for example from 9:1 near the fovea to 7:3 in the periphery (De Monasterio,
1978), and from 40:1 near the fovea to 4:1 in the periphery (Connolly and Van Essen,
1984). This change was also found in the human retina, at 30:1 near the fovea and
3:1 in the periphery (Dacey and Peterson, 1992). However, not all studies have
supported this change in ratio with eccentricity. Macaque data (Perry et al., 1984;
Perry and Cowey, 1984) shows the proportion of P to M cells remaining
approximately constant at 8:1 throughout the retina. By examining cortical
projections, Livingstone and Hubel (1988b) found that while small changes in the P:M
ratio with eccentricity could not be excluded, there was no evidence of large
differences between fovea and periphery in the relative mapping densities of M and P
cells.

3.2.5 Summary of rod and cone retinal connections

Several rods provide input to a single rod bipolar. The output of rod bipolars is not
direct to ganglion cells but occurs via various amacrine cells. Cone circuitry has
several differences, the first of which is that there are a number of different types of
bipolar cells receiving input from the cones. The cone bipolars then synapse directly
with ganglion cells providing a more direct pathway than for rods. Fewer cones
converge on bipolar cells and only a relatively small number of bipolars converge on
the ganglion cells. This is most marked in the foveal midget pathway in which each
foveal cone connects to one on centre and one off centre bipolar cell which in turn

connects with one on centre and one off centre ganglion cell (Kolb and DeKorver,
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cones although they may retain their one to one relationship with the midget ganglion
cells (Kolb, 1991).

3.3 Functional Characteristics of Retinal Ganglion Cells

As a consequence of the differing bipolar inputs to the M and P ganglion cells, a
difference in receptive field size is immediately apparent. M cells, whose bipolars
receive approximately 7 cone inputs, have large receptive fields while foveal P cell
bipolars receive input from a single cone resulting in small recepive fields. However,
this 1:1 cone to ganglion cell relationship may decrease in the periphery, resulting in
larger receptive fields (Shapley and Perry, 1986; Kolb and DeKorver, 1988). The
smaller receptive fields of the P ganglion cells suggest that the P midget system
underlies the detection of high spatial frequencies and as such mediates the accuity of

the visual system.

The larger receptive fields of magnocellular ganglion cells result in a higher contrast
sensitivity than that of parvocellular ganglion cells. This was demonstrated in rhesus
monkey by Kaplan and Shapley (1986) who showed that the M cell sensitivity to
luminance contrast was 8-10 times that of P cells. Their result is shown in Figure 3.2
and this also demonstrates that although the contrast gain of M cells is higher, it

saturates at 10-15% contrast, while that of P cells increases linearly.
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Figure 3.2. Contrast sensitivity of M and P ganglion cells in rhesus monkey.
From Kaplan et al. (1990)
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Both M and P ganglion cells have two regions within their receptive fields, the centre
and surround. One region is excitatory, causing depolarisation, called "on". The other
is inhibitory, causing hyperpolarisation, called "off". Like bipolar cells, ganglion cells
can be on- or off-centre, where "on" results in the cell centre being excited by light
increments and inhibited by light decrements and "off" results in the cell centre being
inhibited by light increments and excited by light decrements. Either the centre or the
surround can be on but centre and surround are always of opposite polarity. However,
it is not only light increments which are capable of carrying information but also light
decrements (DeValois and DeValois, 1990). For example, an on-centre ganglion
would depolarise to a light increment in the centre and also to a light decrement in the
surround. An off-centre ganglion cell would depolarise to a light decrement in the
centre and also to a light increment in the surround. These spatially co-extensive
antagonistic receptive fields have the effect of enhancing the ganglion response to light
edges or boundaries.

The centre-surround organisation of a ganglion cell receptive field is shown in Figure
3.3 and can be represented by a difference of gaussian (DOG) filter (Rodieck, 1965).
This receptive field provides both spatial frequency and phase selectivity, as the
optimal response occurs for a bar of light (or dark if it was an off centre ganglion cell)
of the width of the receptive field centre, positioned over the centre. This type of
linear cell has been compared to the X ganglion cells in cat (Enroth-Cugell and
Robson, 1966). However, Enroth-Cugell and Robson (1966) found an additional cell
type, termed Y, which was non-linear, responding to a stimulus anywhere in the
receptive field. There is also evidence of this cell type in human in which the spatial
phase is unimportant (Hubel and Wiesel, 1962). However, these do not comprise a
large proportion of cells and the DOG provides a good model of receptive field

structure at the early stages of the visual process.

A further consequence of the cone circuitry is that the M cells, which receive a
relatively large number of mixed cone inputs, are not chromatically selelctive.
However, the foveal midget pathway, with one cone input per ganglion cell, carries a
single colour information in its receptive field centre and another in its surround and
this provides the substrate for chromatic perception. Both these cell types have been
identified in single cell experiments (Gouras, 1968) and while both are described as
spatially opponent, only one was found to show chromatic opponency.  This
opponency is of two forms; L with M, and S with (L+M) so that the cell is red/green
or blue/yellow with the centre being either on or off and the surround always of
opposite polarity. Beyond the fovea, where two or three cones provide input to a
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ganglion cell, it is uncertain as to whether the cones are of a single type and as such
capable of transmitting colour information (Kolb, 1991). However, psychophysical
evidence shows that chromatic discrimination occurs at eccentricities of 25 degrees

(Nagy and Doyal, 1993) which indicates that up to this eccentricity, cone inputs are
not all mixed.
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Figure 3.3 Receptive field sensitivity of a centre-surround ganglion cell. From
Hubel (1988)

These differing cone inputs to ganglion cells provide a further system of ganglion cell

classification; that of spectral sensitivity. A number of different types have been

identified showing differing degrees of centre-surround and spectral opponency
(Gouras and Zrenner, 1981; Zrenner, 1983b). These are shown in Table 3.1 from
macaque data (Gouras, 1991).

Cell type Cone input Size of  Percentage  Percentage
to centre centre ON centre OFF centre
P colour-opponent S 0.29° 2.4 0.8
P colour-opponent M 0.06° 13.9 9.0
P colour-opponent L 0.07° 19.9 12.3
P non colour-opponent L and M 0.12° 17.2 12.5
M non colour-opponent L and M 0.15° 7.6 4.4

Table 3.1: Proportions and spectral opponency of retinal ganglion cells
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The chromatic opponency of cells shown in Table 3.1 does not restrict their response
to chromatic stimuli; they also respond to achromatic stimuli of the appropriate spatial
frequency. Indeed, the P foveal midget pathway is thought to respond to achromatic
spatial frequencies of up to 40 cycles/degree (Derrington and Lennie, 1984). Hence
colour opponent cells provide ambiguous information; their response could arise from
chromatic or achromatic stimuli. However, their spatially opponent receptive field
organisation results in different response characteristics for chromatic and luminance
signals, with the response to luminance stimuli being bandpass and that to chromatic
stimuli being lowpass. This characteristic is also true of cortical cells and for the visual
system as a whole, as shown in the upper panel of Figure 3.4 for single cell recordings
from macaque striate cortex (Thorell et al, 1984) and in the lower panel for
psychophysical measures (Mullen, 1985).

This has led to the "double duty" hypothesis of P cells, in which both chromatic and
luminance information are multiplexed and later recovered at the level of the cortex
(Ingling and Martinez-Uriegas, 1985; Ingling, 1991). However, this theory has been
questioned by Rodieck (1991) who suggests that the ability of colour opponent cells to
carry chromatic and luminance information is incidental and their function lies solely in
the conveyence of luminance signals. He proposes a distinct class of retinal ganglion
cells, resembling Type 1I cells (Wiesel and Hubel, 1966, see section 3.5), which are
responsible for conveying chromatic information. While these Type II cells have been
described both in the retina and the LGN (Wiesel and Hubel, 1966; DeMonasterio and
Gouras, 1975; DeMonasterio, 1978) it is uncertain as to whether their numbers could
account for the resolution of the chromatic system, estimated at between 10-12
cycles/degree (Granger and Heurtley, 1973; Mullen, 1985) and 21 cycles/degree for
foveal viewing conditions (Anderson et al., 1991).

From Table 3.1 it can be seen that on centre cells are more common than off centre in
the ratio 3:2. (Gouras and Zrenner, 1981). These two cell types appear to act
independently of one another, forming separate sampling mosaics (Wassle et al., 1983;
Perry and Silveira, 1988). This suggests that retinal images are coded twice by these
two different systems, firstly for light increments and secondly for light decrements.
Support for this comes from Schiller et al. (1986) who found that blocking the on
channel in monkeys resulted in the loss of the detection of light increments but not
decrements.
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Figure 3.4 Spatial frequency response chracteristics of cells within macaque
area V1 (upper panel) and the human visual system measured psychophysically
(lower panel) to chromatic and luminance stimulation. From Thorell et al. (1984)

(upper) and Mullen (1985) (lower: O represent isoluminant red/green gratings and o
green/black gratings).
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Table 3.1 also shows differences in receptive field size. S/(L+M) cells have larger
receptive fields than L/M cells which implies that the S system has lower spatial
resolution (Zrenner et al., 1990). The S system appears to have a number of additional
differences which include a longer response latency and duration which limits its
temporal resolution (Zrenner et al., 1990). This conclusion is supported by Zrenner
and Gouras (1981) who showed flicker fusion occurs at a lower temporal frequency
for S driven cells than for L/M driven cells.

Temporal characteristics also differ between M and P cells, with M cells being able to
respond to faster temporal frequencies than P cells (Purpura et al., 1988; Derrington
and Lennie, 1984). Indeed, the initial distinction between M and P cells was that of
phasic and tonic (Gouras, 1968) although this should be viewed in the sense of M cells
being unable to follow slow changes rather than P cells being unable to respond to
rapid changes (Kaplan et al, 1990). In their study of LGN cells, Derrington and
Lennie (1984) reported that the optimal temporal frequency of P cells was
approximately 10Hz while that of M cells was closer to 20 Hz. However, while P cells
are capable of responding to such high temporal frequencies, phase differences
between centre and surround result in the cell summing input from centre and surround

and the loss of chromatic opponency (Ingling and Martinez-Uriegas, 1985).

The different characteristics of M and P ganglion cells have led to suggestions that the
two pathways subserve different functions. P conveys colour and form information
while M carries motion and depth information (Livingstone and Hubel, 1988a).
However at isoluminance, when it is assumed the M units are nulled, texture, motion
and depth perception are compromised but not abolished (Logothetis et al., 1990).
These results may in part be due to chromatic aberrations, or the introduction of
luminance artefacts into the stimulus due to optical, accommodatitive or display
factors. However, studies which selectively destroy the P or M pathway (Schiller,
1991: Merigan et al., 1991) also find the division of information between M and P is
not absolute. They show that colour and high spatial frequency luminance information
is conveyed by the P system but low spatial frequency luminance information is carried
by both P and M systems. Similarly, both pathways convey form and depth
perception but only P contributes to high spatial frequencies. Motion is capable of
being conveyed by both pathways at lower temporal frequencies but the M pathway
only was operative at high temporal frequencies. Recent psychophysical measures
suggest that in peripheral retina, it is the P system that limits motion acuity at all
temporal frequencies (Anderson et al , 1995). Hence these studies suggest that neither
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pathway is solely responsible for form or motion perception but simply signal different
but overlapping regions of spatio-temporal space.

3.4 The Geniculostriate and the Collicular Pathway

Thé geniculostriate pathway and the collicular pathway are shown in Figure 3.5.
Although the geniculostriate pathway is undoubtedly the major pathway in the visual
process, receiving some 90% of retinal projections, there exist a number of subcortical
pathways which also send afferents to striate cortex.  The principle subcortical
pathway runs through the superior colliculus, via the pulvinar complex to layers 6 and
1 in striate cortex (Benevento and Fallon, 1975; Ogren and Hendrickson, 1977) and to
extrastriate regions MT and PO (Ungerleider et al., 1983).
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Figure 3.5. The geniculostriate and the collicular pathways
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The pulvinar can be divided into three separate regions, two of which have complete
topographic maps of the contralateral visual field (Peterson et al., 1985). The pulvinar
has been shown to respond during stimulus selection and saliance (Robinson, 1993)
and macaque reaction times to visual stimuli are increased following inactivation of the
pulvinar (Peterson et al., 1987). In humans, thalamic damage produces increased
reaction times to visual stimuli, especially in the presence of visual cues (Rafal and
Posner, 1987). Further evidence for the attentional role of the pulvinar in humans
comes from PET studies (LaBerge and Buchsbaum, 1990). In subjects making
identification discriminations in the presence of varying attentional demands, there is an
increase in thalamic activity under the conditions of greatest attentional demand. No
corresponding activity increase was seen in the ipsilateral thalamus. Hence the
pulvinar seems to be involved in some sort of visual selection mechanism and it has

been suggested that it acts as an early centre for the generation of visual salience
(Robinson, 1993).

However there remains some debate as to the functional significance of these
subcortical pathways. The residual visual function in subjects with striate cortex
lesions has been studied. Such lesions affect V2, V3, V4, V5 and also the subcortical
regions that normally receive striate projections, for example the superior colliculus,
the pulvinar and the LGN. Within the first three months following such lesions 99% of
projection neurones are lost and the remainder project directly to extrastriate areas
(Cowey and Stoerig, 1989). The residual function of the surviving neurones has been
demonstrated and remaining M and P cells appear to function with decreased
sensitivity of 0.3-1.5 log units. Wavelength discrimination remains but it is unclear as
to whether this is true of form discrimination (Stoerig and Cowey, 1993). Despite this
demonstrable visual function, subjects tend to have no conscious perception of vision.
Hence remaining visual function has been termed "blindsight". ~ Although some
additional 20 subcortical projections have been described in monkey (Tigges and
Tigges, 1985), little is known of their function.

3.5 The Lateral Geniculate Nucleus (LGN)

The LGN is a multilayered structure comprising six cellular layers divided by more
sparsely populated interlaminae regions. The organisation of these layers is such that
the two eyes project to separate layers and the magnocellular and parvocellular

afferents are separated into different layers. The four dorsal layers receive projections
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from parvocellular ganglions and the two ventral layers receive magnocellular
projections (Perry et al,, 1984). This is shown in Figure 3.6. The majority of LGN
cells receive input from a single retinal ganglion cell, so that the LGN receptive field
properties resemble those of their retinal inputs (Cleland et al., 1971; Lee et al., 1983).
The spectral properties of LGN cells were described by Wiesel and Hubel (1966) who
identified three cell types. Type I units have centre and surround of different spectral
selectivity, producing a spatially and chromatically opponent cell. Type II were
chromatically but not spatially opponent and Type III were spatially but not
chromatically opponent. The property of on- or off-centre receptive field also appears
to be maintained in the LGN and there are suggestions that the LGN segregates cells
on the basis of this property (Schiller and Malpeli, 1978).
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Figure 3.6. Projections and connections of area V1

In addition to the magnocellular and parvocellular layers there are reports of
koniocellular or S cells which inhabit the interlaminae zones (Leventhal et al., 1981).
These have very small cell bodies with large receptive fields and are thought to be
wavelength selective, projecting to the blobs of striate cortex (Casagrande and
DeBruyn, 1982). However, these small cells have only been described in cats, galago
and more recently macaque (Hendry and Yoshioko, 1994) so their existence in human

is uncertain.
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Hence the LGN acts as a relay station between retina and cortex, retaining both
receptive field properties and segregation of the different streams of information.
However, its role is considerably more complex than this would suggest. This
complexity becomes apparent when non-retinal inputs to the LGN are considered. V1
provides the major cortical input (Sherman and Koch, 1986; Robson, 1983; Swadlow,
1983) and this may provide more inputs than do retinal projections (Koch, 1987,
Swadlow, 1983). The connections are topographic so that V1 cells representing a
particular locus of the visual field project back to LGN cells representing the same
region of visual space with independent modulation of magnocellular and parvocellular
pathways (Lund et al., 1975). There may also be input to the LGN from the superior
colliculus which is thought to be concentrated in the interlaminar regions and adjacent

to magnocellular layers (Harting et al., 1978).

The effect of these non-retinal projections can be examined by the transfer ratio; the
ratio of input synaptic cell potentials to LGN output. This is thought to be affected by
global and specific mechanisms via the brainstem, superior colliculus and the cortex;
see Casagrande and Norton (1990) for a review. These may provide a rapid,
facilitatory action on the LGN which increases signal detectability. The retinotopic
nature of links from cortex to LGN could act to increase the transfer ratio for a
specific region of the visual field.

3.6 Striate Cortex

3.6.1 Anatomical organisation

The striate cortex, Brodman's area 17, V1, or the primary visual cortex was one of the
first visual areas to be identified, in part due to its distinctive striations. It is a multi-
layered structure with cells projecting from the LGN terminating in layer 4C and
maintaining their M/P segregation; M cells in 4Ca and P in 4Cf (Hubel and Wiesel,
1972). The activation of M and P recipient layers is not simultaneous, with 4Ca
becoming active some 20ms prior to 4Cf (Nowak et al., 1995; Givre et al., 1995).
The two subdivisions of layer 4C in turn have different projection sites to the upper
layers of V1. 4Ca. sends its outputs to 4B while 4C3 sends outputs to layers 2 and 3.
All layers except 1, 4A and 4C have output fibres projecting both out of the cortex and
locally, aiding the distribution of information throughout the cortical layers (Gilbert
and Wiesel, 1979). Upper layers 2, 3 and 4B project to other cortical visual regions
while deeper layers project to subcortical structures; layer 5 to the superior colliculus
and layer 6 to the LGN (Hubel, 1988). Layers 5 and 6 also project to the upper
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cortical layers 2,3 and 4 (Allison et al., 1995). This is summarised in Figure 3.6. The
back projections are substantial in number with some 50% of layer 6 fibres sending
projections back to the LGN. As described in section 3.5, the connections appear to
be retinotopic so that projections return to the same layer of the LGN that provided
the initial input. Parvocellular cells in layer 6 project to parvocellular layers of the
LGN and magnocellular cells in layer 6 project to the magnocellular LGN (Lund et al,,
1975). This feedback system continues past V1 with each of the areas to which V1

projects in turn sending connections back to V1.

It should be noted that the local connections within the cortex are relatively short,
generally 1-2 mm (Hubel, 1988). As the striate cortex has topographical organisation,
sharing or comparison of information enabled by local connections must therefore
occur primarily for adjacent areas of the visual field. It can thus be concluded that the
analysis performed by the primary visual cortex is limited and more global analyses
must be performed at a higher stage of processing. However, there is certainly some
degree of processing occurring in V1 as the cells receiving input from the LGN are not
orientation selective (Hubel, 1988) yet in all other layers the cells show orientation
selectivity arranged in a highly organised strucure. It has been suggested that the
connections between layers 5 and 6 to layers 2, 3 and 4 provide an organised
orientation tuned inhibition that sharpens the orientation tuning of cells in the upper
cortical layers (Allison et al., 1995).

Within V1, staining for cytochrome oxidase has revealed a periodic, tangentially
orientated pattern of heavily stained "blobs" separated by cytochrome oxidase sparse
interblobs (Horton and Hubel, 1981; Horton, 1984). These blobs form columns
approximately 0.2mm in diameter and are spaced 0.5mm apart (Hendrickson et al.,
1981). They are most marked in layers 2 and 3 but are also faintly present in layers 5
and 6 (Livingstone and Hubel, 1984). Their absence in layer 4B indicates some form
of functional segregation occurring, as magnocellular cells project to layer 4B and
parvocellular to layers 2 and 3. Indeed, cells within these different regions have
different response properties (Michael, 1987; Tootell et al., 1985; Livingstone and
Hubel, 1982, 1984). Cells in layer 4B are orientation selective and show selectivity for
direction of movement (Livingstone and Hubel, 1984). In the interblobs most cells are
also orientation selective but not directionally selective (Livingstone and Hubel, 1984).
While not wavelength selective, they do respond to correctly oriented colour borders,
regardless of the relative brightness of the two colours. So colour information is
utilised but wavelength selectivity is lost (Gouras and Kruger, 1979). Cells in the

blobs, however, are not orientation selective but do show chromatic selectivity

54



The Visual System

(Livingstone and Hubel, 1988a). Hence within V1, segregation of M and P pathways
is maintained and the P pathway appears to be divided into achromatic and chromatic
selective regions. However, the segregation may not be complete. Several studies
have reported M input into the blobs (Livingstone and Hubel, 1984; Tootell et al.,
1988d). There is also evidence of communication between blob and interblob cells.
Although no direct evidence of connections were found, cross-corellation studies of
activity in blob and interblob cells suggest there may be connections between the two
cell types (T'so and Gilbert, 1988).

3.6.2 Ocular dominance, orientation and spatial frequency columns.

The modular structure of the striate cortex was described by Hubel and Wiesel (1962,
1974) in cat and monkey microelectrode studies. With electrode penetrations
perpendicular to the cortical surface, eye preference and orientation preference were
found to remain roughly constant, forming a column through the cortex. This was
interrupted by layer 4 which has no orientation selectivity. However, when the
penetration was made parallel to the cortex a regular sequence of orientation shifts and
changes in eye preference were noted, occurring independently of one another. The
region of cortex containing all orientations at a particular position in the visual field
was termed an orientation column and was found to be contained within the area of
cortex favouring one eye; an ocular dominance column. These were arranged so that
the cytochrome oxidase blobs lie in the centre of each ocular dominance column
(Switkes et al., 1986). The region of cortex analysing both eyes at all orientations was
termed a hypercolumn. The cycle was such that 180° was analysed within a 0.5mm
strip of cortex and both eyes at all orientations within Imm. This is summarised in

Figure 3.7.

The periodicity of the ocular dominance columns can be explained by examining the
pattern of horse-radish peroxidase staining (Hubel, 1988). This reveals that geniculate
axons, which are monocular, terminate in 0.5mm wide synaptic clusters, separated by
blank areas of 0.5mm. These blank areas are filled by axons from the opposite LGN
which also form 0.5mm clusters. There are a number of horizontal and diagonal
connections running for approximately 1mm which results in some smearing of the left
eye versus right eye zones, so that a cell on the border of the zones may be binocular.
This is confirmed by parallel penetrations of layers 5 and 6 and the upper layers which
show smooth alternations between left and right eyes rather than the sharp transitions

seen in layer 4C. Near the fovea the pattern becomes more complex and rather than
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Figure 3.7. Organisation of ocular dominance and orientation columns. From
Gouras (1991)

being arranged in regular slabs, the columns show irregular patterns of swirls (Hubel,
1988; Tootell et al., 1988a). The modular organisation has been confirmed in 2-DG
studies (Hubel et al., 1978).
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More recently, there has emerged evidence that spatial frequency selectivity may be
arranged in a modular fashion in a manner similar to that of orientation. This appears
to be the case in cats, with spatial frequency running perpendicular to orientation
(Tootell at al., 1981). However, the organisation appears to be more complex in
primates with the cytochrome oxidase blobs appearing to be related to spatial
frequency (Tootell et al., 1988¢). A visual stimulus containing all spatial frequencies at
all orientations was found to produce a 2-DG pattern which was uniform. When the
pattern was restricted to low spatial frequencies (1 cycle/degree) the 2-DG uptake
pattern occured across the whole of the stimulated cortex but was confined to dots
superimposed on the blobs. When a higher spatial frequency (4.5 cycles/degree) was
used, the 2-DG uptake pattern varied with eccentricity.

Near the fovea, the uptake formed dots over the blobs. At an eccentricity of 3-5
degrees the uptake was evenly distributed in the blobs and interblobs. Further into the
periphery, beyond 5 degrees, the uptake was arranged in an annular pattern
surrounding the blobs as seen for high spatial frequencies in the fovea. This suggests
that spatial frequency organisation is radial with low spatial frequencies being
represented in the centre of the cortical modules, coinciding with the blobs, and the
high spatial frequencies being represented increasingly radially out. The overall
orientation and spatial frequency organisation may therefore be arranged spherically
with orientation being represented angularly () and spatial frequency arranged as
distance radially outwards (r) (DeValois and DeValois, 1990). The changing patterns
of 2-DG with eccentricity implies that spatial frequency selectivity changes with
eccentricity, with cells in the fovea responding to higher spatial frequencies than those
in the periphery. This is supported by primate electrophysiological and human
psychophysical studies of acuity as a function of eccentricity, which show that acuity is
highest in the fovea and falls off with eccentricity.

This spatial frequency model of the blobs contrasts with the chromatic function
suggested by Livingstone and Hubel (1984). However, during their experiment low
spatial frequency chromatic stimuli were used and according to the spatial frequncy
model, this will always stimulate the blobs regardless of chromatic content (DeValois
and DeValois, 1990). Indeed, high spatial frequency colour gratings (6.5
cycles/degree) activate cortical regions outside the blobs (Tootell, 1988c). However,
above 4 cycles/degree, chromatic gratings can be severely contaminated by luminance
modulations due to chromatic aberrations (Bradley et al., 1992). Hence this must be
controlled for before it can be concluded that pure chromatic information activates
areas of cortex outside the blobs. Indeed, Tootell et al. (1988c) noted that regardless
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of spatial frequency, chromatic stimuli never produce 2-DG uptake confined to the
interblobs. The same spatial frequency produces uptake which is shifted towards the
blobs for chromatically modulated stimuli when compared with achromatically
modulated stimuli (Tootell et al., 1988d). Hence the evidence would support a
chromatic function for the blobs. However, the blobs also support a luminance
mechanism, shown by 2-DG uptake at achromatic contrasts which activate only the
magnocellular layer 4Ca. (Tootell et al., 1988d) and by studies showing magnocellular
input to the blobs (Livingstone and Hubel, 1984). Indeed, in their study of
intracortical visual evoked potentials in macaque, Givre et al., (1995) did not find any
evidence of chromatic sensitive cells being spatially confined. There is not, therefore, a
clear segregation of luminance and chromatic function between blobs and interblobs in

cortical area V1.

3.6.3 Physiological properties of striate cortex cells: simple and complex cells
Among the first descriptions of striate cortical cells was one which used a classification
system based on receptive field properties (Hubel and Wiesel, 1959, 1962). The first
cell type, termed simple, was categorised as having centres which showed an excitatory
or inhibitory response to light increments and summation within the antagonistic
excitatory and inhibitory regions. The second cell type, termed complex, was
categorised by showing an absence of discrete excitatory and inhibitory subregions in
the receptive field. A large excitatory response was produced by a bar of some
fraction of the receptive field width with no response to a bar covering the entire
receptive field although there was a response to such a bar anywhere within the
receptive field. Both cell types showed orientation selectivity.

These two cell types form distinct categories, showing a bimodal distribution rather
than a continuum (DeValois et al.,, 1982). Although the M/P division is commonly
compared with the properties of X/Y cells in cat (Ingling and Martinez-Uriegas, 1985)
it has been proposed that X and Y cell properties more closely resemble those of
simple and complex cells (DeValois and DeValois, 1990). Hence in terms of cat cells
(Enroth-Cugell and Robson, 1966) simple cells are similar to X cells, being restricted
to a single spatial phase. Complex cells, however, resemble Y cells, with their
response being phase insensitive. This lack of phase sensitivity leads to frequency
doubling in which the cell fires in response to pattern luminance increases and
decreases. Simple cells, however, are phase sensitive and produce only one response

to a light cycle
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Hubel and Wiesel (1965) describe a further cell type, called hypercomplex, as
resembling complex cells except the length of an optimally orientated line was also a
critical factor. This they described as end stopping. However, some hypercomplex
cells resemble simple or complex cells in all but end stopping (Schiller et al., 1976) and
simple and complex cells also show some degree of end stopping. Hence it has been
suggested that hypercomplex cells, rather than forming a discrete category, are one
extreme of a continuum of end stopping (DeValois and DeValois, 1990). Some cells
also show side stopping, i.e. they will respond to a number of gratings but a further
increase in grating number produces a response decrement (DeValois et al., 1985). So
hypercomplex cells may have the property of inhibition around the whole receptive
field (DeValois and DeValois, 1990).

Hubel and Wiesel (1962) hypothesised a hierarchical arrangement of LGN cells feeding
into simple cells which in turn provided the input to complex cells which fed into
hypercomplex cells. However, given the similarity of simple and complex cells to X
and Y cells, which have a parallel organisation, it may be that there exists a degree of
parallelism in primate cortex also. Indeed, both simple and complex cells receive a
direct LGN input and X-like and Y-like geniculates feed into both simple and complex
cortical cells (Bullier and Henry, 1979a,b,c). Further evidence for parallel processing
is that 40% of cells in the main striate input layer 4C are complex (Gilbert, 1977).
Indeed, some complex cells have properties not readily derived from a summation of

simple cells, for example texture sensitivity (Hammond and MacKay, 1975).

With later work indicating a segregation of colour and orientation selective cells within
V1 (Livingstone and Hubel, 1984), the observation of simple cells and not complex
cells being colour selective (Thorell et al., 1984) would support this parallel processing
model. Thorell's work further indicated that complex cells respond to higher spatial
frequencies than simple cells and, in accordance with retinal receptive field properties,
the majority of cells respond to both colour and luminance stimuli although complex
cells are colour sensitive rather than selective. The spatial frequency tuning
characteristics were found to be similar for luminance and chromatic stimuli and where
a difference existed, cells were more broadly tuned and peaked at lower spatial
frequencies for colour stimuli. Hence as shown in Figure 3.4, a summed population of
cortical cells demonstrated lowpass characteristics for chromatic stimuli and bandpass
for luminance. However, Thorell did not specify the regions of striate cortex in which
the cells located so while of interest, their work is of limited use in interpreting cell
functional segregation in V1.
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3.6.4 Cells as spatial frequency filters

Both simple and complex cells have been described as responding optimally to bars and
edges of specific orientations (Hubel and Wiesel, 1959,1962) and models of visual
processing based on bar and edge detectors have been proposed (Lindsay and
Norman, 1972). However, Campbell and Robson (1968) suggested that cells respond
to a particular range of spatial frequencies, thus acting as a set of bandpass filters. This
has been confirmed by two means of investigation; electrophysiological single cell

recordings in primates and by psychophysical observations in humans.

Single cell recordings in macaque to gratings and checkerboards show that both simple
and complex cells respond to the spatial frequency of a grating rather than the edges or
the width (DeValois et al., 1979). As each cell is responsive to a particular orientation
(Hubel and Wiesel, 1959, 1962), cortical cells can therefore be described as two
dimensional spatial frequency filters. Different cells responding to the same region of

space are tuned to different spatial frequencies and orientations.

Psychophysical evidence for multiple spatial frequency channels in humans comes from
studies of spatial frequency specific adaptation, masking and sub-threshold summation.
A group of spatial frequencies form a channel of a particular bandwidth. This
bandwidth alters with spatial frequency, being narrower for high spatial frequencies
(Blakemore et al., 1971, 1973; Anderson and Burr, 1985). There is mutual inhibition
between the channels (DeValois, 1977b) and they are orientation specific (Blakemore
and Nachmias, 1971). There is also evidence for chromatic spatial frequency channels
and these are broader and flatter than the corresponding luminance channels
(DeValois, 1978; DeValois and Switkes, 1983). Using a masking technique, Anderson
and Burr (1985) showed that while there are multiple spatial frequency channels, there
appears to be only two temporal frequency channels. The first, operative at a wide
range of temporal frequencies, is bandpass, peaking at 7-13Hz. The second, which
occurs at low temporal frequencies (<1Hz) is lowpass. More recently, there has been
evidence for the existence of a third temporal frequency channel (Hess and Snowden,
1992).

Hence cortical cells appear to act as spatial frequency filters and when selectivity for
orientation is considered, the cell can be thought of responding to a particular region of
Fourier space (Robson, 1975; DeValois et al., 1977). Thus a hypercolumn could
encode the Fourier spectrum of a region of the visual field (DeValois et al., 1979).
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3.6.5 Retinotopic organisation of V1

The striate cortex receives projections only from the ipsilateral LGN so that the right
visual field stimulates the left hemisphere and the left visual field stimulates the right
hemisphere. The two halves of the visual field are not entirely separate, however, with
the cortex representing the region of the vertical meridian being connected with the
corresponding cortical regions of the opposite hemisphere through the corpus callosum
(Myers, 1962). In macaque, the fovea projects to the most lateral region of the occipital
pole, while more peripheral regions (up to 7°) move more medially. Beyond 7° the
corresponding cortex is buried within the calcarine sulcus (Daniel and Witterage, 1961).
In humans the entire structure has migrated medially so that only the central foveal
projections remain on the exterior cortical surface. The area is defined by the white
stria of Gennari (Holmes, 1918) and is bounded anteriorly by the junction of the inner
parieto-occipital sulcus and the calcarine fissure. The extent of striate cortex is shown
in Figure 3.8. The topographic organisation was described by Holmes (1918) who
showed that projections from the LGN were retinotopically mapped onto the human
striate cortex as shown in Figure 3.7. The upper visual field is represented on the lower
bank of the calcarine sulcus and the lower visual field on the upper bank. The
horizontal meridian is represented along the calcarine fissure and the vertical meridian

runs along the perimeter of the striate cortex as shown in Figure 3.9.
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Figure 3.8 Medial section of the human visual cortex indicating the extent of
striate cortex. From Zeki (1990).
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Figure 3.9 The Holmes map of human area V1 From Horton and Hoyt (1991).

Hence the striate cortex is organised in a retinotopic fashion, so that two adjacent
points in the visual field are also adjacent in V1. This would appear to contradict the
modular organisation of the striate cortex described in section 3.6.2 in which
neighbouring cells deal with different orientations and spatial frequencies at the same
position in the visual field. However, it is not known that the retinotopic organisation
extends to such short cortical distances. Cortical modules are small with respect to the
receptive field sizes of most cells and could correspond to a distance of 0.15° of visual
angle (DeValois and DeValois, 1990). The model therefore allows the primate cortex
to be divided into many cortical modules each processing information from a different

position in the visual field with a considerable amount of overlap of receptive fields.

A simplified representation of striate cortex has been proposed in the cruciform model
(Jeffreys and Axford, 1972a,b). This model divides the visual field into octants and

62



The Visual System

depicts each octant's projection onto the calcarine fissure. This is shown in Figure
3.10.
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Figure 3.10 The cruciform model of striate cortex. cf calacarine fissure, lg lingual

gyrus, cg cuneal gyrus. Redrawn from Jeffreys and Axford (1972).

Although the principle of retinotopic organisation and the Holmes map holds, there is a
considerable amount of intersubject variability in the striate cortex. In their MRI study
of V1, Clark et al. (1992) noted the extreme variability in the position, orientation and
extent of V1. Stensaas et al. (1974) in a total of 52 hemispheres showed a three fold
difference in the amount of striate cortex present and a four fold difference in the
amount of cortex exposed. The striate area was also shown to have interhemispheric
differences, only 2 out of 46 cases examined being symmetrical. The striate cortex was
not always situated on the pole, in some cases being represented wholly around the
calcarine fissure. These interhemispheric differences were confirmed in computed
tomography studies (Le May and Kido, 1978) in which 71% of right handers had a
parieto-occipital area wider on the left and only 9% on the right. The assymmetries
were less marked in left handers, with 32% having a wider right occipital area, 34%
being symmetrical and 34% having a wider left occipital area. The volume of the
striate cortices is also often asymmetrical, with the right being greater in 77% of
examined cases (Murphy, 1985).
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3.6.6 Cortical magnification factor

The area of cortex allocated for processing information from different regions of the
visual field is not equal, with a large proportion of both the LGN and striate cortex
devoted to processing foveal information (Connolly and Van Essen, 1984; Perry and
Cowey, 1985). This occurs to the exent that 42% of striate cortex is devoted to
processing the central 5° of the visual field (Connolly and Van Essen, 1984). To
quantatively describe this inhomogeneity the term cortical magnification factor was
defined as the linear extent of visual cortex, in millimetres, devoted to each degree of
visual field (Daniel and Witteridge, 1961). There have been various estimates of its
magnitude in human, ranging from 4.5mm/deg to 25mm/deg at the fovea (Dobelle et
al., 1979; Drasdo, 1991; Tolhurst and Ling, 1988). One explanation for less cortex
being devoted to peripheral regions of the visual field is the increase in receptive field
size with eccentricity in both ganglion cells (Piechl and Wassle, 1979) and cortical cells
(Hubel and Wiesel, 1974b; Van Essen et al., 1984). The resulting uneven distribution
of ganglion cells results in more cortex being devoted to processing the greater number
of foveal ganglion cells. However, ganglion cells near the fovea are allocated between
3.3 and 5.9 times more cortex per cell than peripheral ganglion cells so that the cortical
representation of the fovea is greater than that predicted from ganglion cell density
(Azzopardi and Cowey, 1993).

3.7 Extrastriate cortex

In addition to striate cortex, several visual areas have been identified in monkey and in
man. Brodmann's areas 18 and 19 have been shown to contain several visual areas:
V2, V3, V4 and V5 (MT). These areas are characterised by stripes of callosal
afferents bounding the representations of the vertical meridians which therefore
provide useful anatomical markers both in monkey (Zeki, 1977, 1978a; Van Essen and
Zeki, 1978) and in human (Clarke and Miklossy, 1990). However, the functional
properties of these areas are less readily determined in human and our knowledge is
based primarily on single cell recordings from these areas in monkey. Recent PET
studies (Zeki et al,, 1991) have shown some degree of functional specialisation in
humans and there have been a small number of intracortical recordings in humans
(Richer et al., 1991). Hence areas that until recently were all categorised as
extrastriate are now beginning to be understood in more detail and the relationship

between them is under investigation.
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3.7.1 V2

Lying within area 18, V2 forms a horse-shoe shape around V1 in monkey (Zeki, 1969,
1978b) and in human (Clarke and Miklossy, 1990). Cytochrome oxidase studies
indicate a modular organisation similar to that of V1 with 3 distinct regions being
identified as thin, thick and pale cytochrome oxidase stripes (Tootell et al., 1983;
Livingstone and Hubel, 1984, 1988a, Hubel and Livingstone, 1987). These regions
correspond to non-orientated colour opponent cells, end stopped cells and cells
responsive to binocular disparity (Hubel and Livingstone, 1987). The segregation of
information in V1 is maintained in the connections to V2, with the non-oriented colour-
responsive blob cells of V1 projecting to the thin stripes of V2 (Livingstone and Hubel,
1984; Hubel and Livingstone, 1985). Similarly, oriented non colour-opponent cells in
V1 interblobs project to the pale stripes of V2 (Livingstone and Hubel, 1984) and layer
4B of V1 projects to the thick stripes of V2 (Livingstone and Hubel, 1987). V2
receives point to point projections from VI, hence like V1 there is retinotopic
organisation but with dual representation of the horizontal meridian (Zeki, 1969) as
shown in Figure 3.11. Although the cell properties of V2 resemble those of V1, some
form of processing occurs here as cells in V2 but not V1 respond to illusory contours
(Von der Haydt et al., 1984).
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Figure 3.11 The representation of the horizontal and vertical meridians in areas
V1 and V2. From Horton (1992).
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3.7.3 V3

V3 corresponds to a horse-shoe shaped strip of cortex lateral to V2 bounded laterally
by callosal afferents both in monkey (Zeki, 1978a) and in human (Clarke and Miklossy,
1990). The area is cyto- and myelo-architecturally inhomogeneous and has therefore
been divided in monkeys into two subregions, dorsal V3 and ventral VP (Burkhalter
and Van Essen, 1986). This difference is also apparent in humans; the upper part of
human V3 cannot be architecturally distinguished from surrounding visual areas but
lower V3, due to poor myelination, is readily distinguished (Clarke and Miklossy,
1990). This area has a more limited visual field than areas V1 and V2, responding only
to the central 35-40 degrees of the contralateral visual field (Gattas et al., 1988).
Representation of the upper and lower visual field is split so that the upper visual field
is located ventrally and the lower visual field dorsally. The horizontal meridian is
located adjacent to V2 and forms the posterior border with V2 while the anterior
border represents the vertical meridian (Gattas et al., 1988) shown in Figure 3.11. V3
has a magnified representation of the central visual field with respect to the periphery
with the size of its receptive fields increasing with eccentricity (Gattas et al., 1988).
The response properties of V3 are not as well documented as the other visual areas
considered here but are thought to include sensitivity to orientation, direction of
motion and binocular disparity, with a small proportion being wavelength selective
(Felleman and Van Essen, 1987; Desimone et al., 1985).

3.7.4 V4

V4 is a poorly myelinated area which in humans is thought to lie on the fusiform gyrus
(Clarke and Miklossy, 1990). It receives projections from V2, both from the thin
stripes and the pale stripes (De Yoe and Van Essen, 1985, 1988; Shipp and Zeki,
1985) and also from the magnocellular pathway (Ferrera et al., 1992). In turn, V4
sends projections out to inferotemporal cortex (area IT) (Mishkin, 1982). V4 has been
reported to contain a high proportion of wavelength selective cells and has therefore
been proposed to be the colour processing centre (Zeki, 1983a,b,c). This function has
been supported in human by studies of patients who, following damage to the lingual
and fusiform gyri, show signs of achromatopsia (Verrey, 1888; Damasio et al., 1980).
Indeed, PET studies (Zeki et al., 1991) have shown an increase in metabolic activity in
the fusiform and lingual gyri following exposure to a colour mondrian. However, V4
also contains neurones which are not chromatically sensitive but do respond to
oriented textures and contours (Zeki, 1978; Schein et al., 1982). In monkey, lesions to
V4 produce not only achromatopsia but also deficits in form perception and object
recognition (Heywood and Cowey, 1987).
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Like V3, V4 does not contain a representation of the whole visual field but is confined
to the central 35-40 degrees (Gattas et al., 1988). A notable feature of V4 is its very
large receptive fields and supressive surrounds (Desimone et al., 1985; Gattas et al.,
1988). These receptive fields extend up to 30 degrees, including up to 16 degrees in
the ipsilateral visual field and are up to 30 times larger than those of V1 (Van Essen
and Zeki, 1978). This has led to the suggestion that V4 has a role in colour constancy
(Zeki, 1993) Colour constancy is the ability of an observer to perceive the hue of an
object while disregarding variations in its reflected wavelengths due to differing
illumination conditions. However, this ability relies on having two or more adjacent
objects for the illumination-independent hue perception to take place (Lennie and
D'Zmura, 1988). It is thought that the large receptive fields of V4 enable a global
analysis and subtraction of the illuminant thus enabling the observer to perceive the hue

of the object rather than its reflected wavelengths.

3.7.5. V5§

V5, also termed the middle temporal region (MT), is a heavily myelinated area which
in humans is situated on the convexity of the occipito-temporal junction (Clarke and
Miklossy, 1990). It receives topographically organised projections direct from layer
4B of V1 (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Ungerleider and
Mishkin, 1979) and also via the thick stripes of V2 (DeYoe and Van Essen, 1985).
Recordings direct from this area suggest that it receives very few projections from the
parvocellular pathway (Ferrera et al., 1992). V5 also receives projections from the
collicular pathway (Cragg and Ainsworth, 1969; Ungerleider and Mishkin, 1979).

Within V5 there is a high proportion of directionally sensitive cells (Dubner and Zeki,
1971) which seem to be selective for velocity (Newsome et al., 1983) rather than
temporal frequency, as in V1 (Foster et al., 1985). The preferred speeds of V5 cells
are higher than those of cells in V1 (Van Essen, 1985). The underlying organisation of
V5 appears to be on the basis of direction selectivity, with tangential electrode
penetrations revealing gradual shifts in preferred direction and perpedicular
penetrations revealing columns of cells with the same preferred direction of motion,; its
function has thus been linked to motion detection (Zeki, 1974). This has been
supported by the destrucion of V5 in macaque resulting in the deficits in the perception
of motion; lesions in V5 were found to result in deficits in eye movements which were
suggestive of the underestimation of the speed of an object while eye movements to a
stationary target were unaffected (Newsome et al., 1985a). This V5 motion function is

supported by observations that in human, bilateral damage to the latero-tempero-
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occipital cortex selectively disturbs motion perception (Zihl et al., 1983). Further
evidence comes from direct stimulation of the medial parieto-occipital fissure in human
consistently producing the perception of motion (Richer et al., 1991). In addition,
PET studies in human show that following presentation of a moving stimulus there is
an increase in metabolic activity in the parieto-occipital junction (Zeki et al., 1991).
Indeed, V5 cells respond to moving stimuli in a different way to V1 cells, suggesting
some form of additional processing occurring in this area. V5 units respond to the
perceived direction of plaids as opposed to V1 units which respond to the direction of
motion of the constituent grating components (Movshon et al., 1986). V5 has also
been found to respond optimally to motion contrast, that is when the centre and
surround of the receptive field detect motion in opposite directions. This is true both
of owl monkey (Allman et al., 1985a) and macaque (Tanaka et al., 1986) and suggests
a role for V5 in the perception of local motion; extracting the motion of an object from
global motion induced by the viewers movement through the world (Maunsell and
Newsome, 1987).

3.7.6. Hierarchical processing models

A number of models have been proposed which show the parallel processing of
information by different areas. The initial stages are thought to be more sequential
with information arriving in V1 and the majority of outputs being sent to V2 before
being sent to the functionally different areas for higher processing. With cytochrome
oxidase staining it is now known that this functional segregation is present in V1 with
blobs, interblobs and layer 4B and in V2 with thin, thick and pale stripes. A higher
segregation of information has been suggested (Mishkin et al., 1983) in the "where"
and "what" pathways. This model proposes that information processed by V3 and V4
pertaining to form is sent to temporal areas for object indentification. Meanwhile,
motion information processed by V5 is sent to parietal areas for object localisation. A
schematic of information segregation between M and P cells and for functional

segregation in the different visual areas is shown in Figure 3.12.

While this model provides an indication of the processes involved in visual analysis, the
hierarchical approach is not entirely accurate. Intracortical investigation of V1 and V2
activation latencies have shown that there is simultaneous processing occurring in V1
and V2 (Nowak et al., 1995). Indeed the number of reciprocal connections between
visual areas provide the basis of reverberatory loops (Salin et al., 1993) which may
form an important part in the visual processing mechanism.
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Figure 3.12 Hierarchical processing in the visual pathway. Redrawn from Gouras
(1991)

3.8 Summary

Examination of the anatomy and physiology of the visual system has revealed that, at
least initially, the organising principle is along the segregation of information on the
grounds of spatial frequency, temporal frequency and chromaticity. There are two
major pathways, M and P, wich project via the LGN to striate cortex. The M pathway
transmits low spatial frequencies, high temporal frequencies, has high contrast
sensitivity and as such is specialised for motion perception. The P pathway prefers low
temporal frequencies and is divided into two, the first carries low spatial frequency

chromatic information and the second high spatial frequency achromatic information.

The LGN maintains this segregation and it may act as a gain control mechanism,
adjusting activity levels in different regions of visual space. The M and P pathways
project to V1, where the segregation takes the form of blobs, interblobs and layer 4B.
However, cross-correlation studies and inter-stream connections suggest the division

between M and P may be blurred. The different regions of V1 project to the stripes,
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interstripes and pale stripes of V2 and from there to various higher centres for
functional processing. There are many interconnections however, with each of the
areas to which V1 projects sending connections back.

The visual system therefore appears to be organised on the basis of selectivity for
various attributes of the visual scene thus allowing the recording of activity from these
funcionally selective areas and the following of patterns of spatio-temporal activation
through the visual cortex.
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CHAPTER 4

THE VISUAL EVOKED RESPONSE

4.1 Introduction

The visual evoked potential was first recorded by Adrian and Mathews (1934) who
demonstrated a response over the occipital cortex following regular flashes of light
from a car headlight. With the introduction of averaging techniques more detailed
analysis of the response components became possible and the evoked response has
been used both clinically, in testing the integrity of the visual pathway, and for research
to investigate the response properties of the visual system. The measurement of the
visual evoked magnetic response (VEMR) was not until 1975 when Brenner et al.
reported the evoked magnetic response to pattern stimulation. Measurement of the
VEP and VEMR suggest that both techniques are measuring the same sources
(Spekreijse, 1991) and it is therefore appropriate to compare both electrical and
magnetic recordings. Although MEG offers a number of advantages over the evoked
potential, discussed in Chapter 2, the number of visual evoked magnetic response
studies has been limited. However, the available literature will be reviewed and

compared with evoked potential literature.

There are a number of methods commonly used to evoke a response from the visual
system. The stimulus can consist of either a flash of light or a pattern, termed flash or
pattern evoked response. If pattern stimulation is used, the pattern can be reversed, so
that light becomes dark and dark becomes light or alternatively, the pattern can appear
on the screen for a period of time before disappearing again. These two stimulation
paradigms are called pattern reversal and pattern onset respectively. The pattern
commonly consists of checkerboards or sinusoidal or square wave gratings. There are
two fundamental modes of recording the visual evoked response.  Transient
stimulation records the response to slow stimulus presentation rates and this yields
‘measures of amplitude and latency. Above a 4Hz stimulation rate the response
approximates a sine wave, termed steady state (Harding, 1974), so that phase and
amplitude provide the most pertinent measures. This chapter will concentrate upon
pattern rather than flash evoked responses and transient rather than steady state
stimulation. The morphology and origin of the evoked response will be considered
together with the effect of varying stimulus parameters. The studies considered will be

reviewed in terms of what they have revealed of the organisation of the visual system.
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2.2 The Flash Evoked Response

A typical flash visual evoked response consists of a series of positive and negative
peaks occurring between around 30ms and 220ms. The first is a negativity at 30ms,
followed by a positivity at 55ms, a negativity at 75ms, a large, major positivity at
around 110ms, a negativity at 140ms, a positivity at 175ms and finally, a negativity at
around 220ms (Harding, 1974). This is shown in Figure 4.1. The first comprehensive
morphological description of the response was provided by Ciganek (1961) who
labelled the components as waves I to VII. There a number of different labelling
schemes for flash evoked response; that used in this thesis is from Harding et al. (1995)
as shown in Figure 4.1. The components of the flash evoked response show a great
deal of intersubject variability, although the P2 component at 100-150ms is more
consistent (Gastaut and Regis, 1965).

Aston University

lllustration has been removed for copyright
restrictions

Figure 4.1 The flash visual evoked potential. Redrawn from Harding et al. (1995).

The topography of the flash response was studied in an attempt to determine the origin
of the recorded signals. The response was divided into early and late waves with the
initial components arising as early as 20-25ms (Cobb and Dawson, 1960). These early
components were thought to arise either from the ERG (Allison et al., 1977), from
subcortical centres (Harding and Rubenstein, 1981) or from striate cortex (Spekreijse
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et al., 1977). However, due to removal of the occipital pole having little effect on the
early component, a striate source was shown to be unlikely (Corletto et al., 1967).
Subcortical centres, in particular the LGN were shown to be a more likely candidate
than the ERG by Harding and Rubenstein (1981) and Harding and Dhanesha, (1986).

The subsequent components at 60-110ms are thought to arise from area 17 while the
later components from areas 18 and 19 (Kraut et al., 1985). An investigation of the
origins of the scalp recorded responses was provided by Ducati et al. (1988) who made
intracortical measurements of the flash response in alert humans undergoing
stereotactic surgery. They attributed the early flash response to activation of fast-
conducting fibres from the peripheral regions of the retina producing activation of
generators deep within the calcarine fissure. However, fast conducting magnocellular
fibres are present throughout the entire retina (Kaplan and Shapley, 1986) so on the
basis of retinal ganglion cell anatomy there is no reason why there should be selective
activation of peripheral representations within striate cortex. The later components
were found to be located within the cortex with the earlier P1 component having a
more superficial generator than the larger, later P2. More detailed conclusions were
provided by studies of the intracortical and scalp recorded response in macaque.
Schroeder et al. (1991) was able to differentiate M and P input to layer 4C in V1
although no time differences between the two pathways were noted. In a similar study,
Givre et al. (1994) showed that N40 arose from the depolarisation of stellate cells and
thalamic axon terminals at the base of layer 4C of V1. P55 originated from layer 3,
while P65 was due to hyperpolarisation of stellate cells in 4C. The additional response

components were thought to arise from areas other than V1.

The flash visual evoked response has a high degree of intersubject variability. This,
coupled with it being able to provide only a very crude luminance modulated stimulus
lead to the development of patterned stimuli. Having both luminance modulation and
spatial structure, checkerboards and gratings are able to probe in a more subtle

manner, the organisation of the visual system.

4.3 Checkerboards versus Gratings
With the introduction of the pattern visual evoked response, both checks and gratings

were commonly used. These different stimuli were based on two opposing theories of
the organising principles of the visual system, that of edge detection (Hubel and
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Wiesel, 1959, 1962) and of spatial frequency filters (Campbell and Robson, 1968).
Checks and gratings have fundamentally different properties, which is revealed by
examination of their Fourier spectra, shown in Figure 4.2. The grating has a simple
spectrum with all power at one frequency and orientation. The checkerboard,
however, has a relatively complex spectrum, containing many different spatial
frequencies and orientations. The fundamental of the checkerboard is rotated 45° with

respect to the gratings and its spatial frequency 1s V2 that of a grating of the same line
width.
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Figure 4.2 Fourier spectra of checkerboards and gratings. Radial distance from
the origin represent component spatial frequency and azimuth represents orientation.

Spot area indicates the component magnitude. Modified from Bodis-Wollner et al.
(19806).

The responses of macaque striate cortex cells to checks and gratings were used to

determine the encoding principle of the visual system (DeValois et al., 1979). Both
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simple and complex cells were found to act as two dimensional spatial frequency filters
with different cells responding to the same position in the visual field being tuned to
different spatial frequencies and orientations. This would suggest that gratings provide
the most pertinent mode of stimulation. However, the majority of studies, particularly
those in the clinical setting, employ checkerboard stimuli. Checks, particularly when
reversing, evoke a large response which is highly consistent both within and between
subjects (Harding, 1991). Measures of latency and amplitude, particularly of the major
P100 response to reversing checks, are used as a diagnostic tool in conditions such as
optic neuritis and multiple sclerosis (Blumhardt, 1987). However, due to the multiple
spatial frequency components of checks, they are unsuitable for use in testing the
spatial frequency tuning characteristics of a response. Hence although the majority of
literature is based upon the response to checkerboards, this research will employ only
grating stimuli. Nevertheless, to consider the experimental results reported in this
thesis in the context of previous research, a review of the response to checkerboard

stimulation will be made.

4.4 The Pattern Reversal Visual Evoked Response

The pattern reversal response consists of a relatively simple triphasic morphology,
comprising a negativity at around 75ms, termed the N75, a high amplitude positive
component at around 100ms, the P100, and a negativity at approximately 145ms, the
P145. This is shown in Figure 4.3. Of these, the P100 is the most consistent, showing
a high degree of intra and inter-subject stability. It is this component which is primarily
used in the clinical setting as its latency and amplitude provide a measure of the
integrity of the visual pathway. Its clinical significance is discussed by Blumhardt
(1987).

The topography of the reversal response to full field stimulation is straightforward,
showing a P100 that is maximal at the midoccipital point. When half field stimulation
is used, however, the topography becomes more complex, with the P100 response
being recorded at the midline and ipsilaterally. Over the contralateral hemisphere, the
response appears of lower amplitude and of opposite polarity and shows a different,
more lateral distribution to that of the ipsilateral P100, with the major component, the
N105, being of slightly longer latency (Blumhardt et al,, 1977). This unexpected
distribution became known as "paradoxical localisation" and gave rise to considerable

debate as to the cortical origin of the recorded signals.
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Figure 4.3 The pattern reversal visual evoked potential. Redrawn from Harding et
al. (1995).

The independence of the ipsilateral P100 and the contralateral N105 was demonstrated
by Blumhardt et al. (1977) who showed that occlusion of the central portion of a 16°
half field resulted in marked reduction of the P100 while the N105 was enhanced.
Reduction of the field size had an attenuating affect on the N105 to the extent that
when the stimulus field was reduced to a 5° radius, the N105 was absent. It emerged
that the full field response was a summation of the response to half field stimulation
and that the full field midline maximum occurs due to this being the point of minimum
cancellation between the ipsilateral positivity and contralateral negativity (Blumhardt
and Halliday, 1979).

The contralateral hemisphere being the origin of the observed response was
convincingly demonstrated by Blumhardt and Halliday (1979) who showed that
hemispherectomy patients maintained the same ipsilateral scalp distribution as normal
subjects. This was confirmed by Flanagan and Harding (1986) who, using a source
derivation approach, demonstrated that while the source was maximal at the midline,

the sink was always contralateral to the half field stimulated.
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Indeed, this source configuration can explain the paradoxical distribution of the
recorded response. If the response generators lie on the medial surface of the visual
cortex, contralateral to the stimulated half field and are oriented perpendicular to the
cortical surface this would result in an ipsilateral positivity and a contralateral
negativity. When the foveal region of the stimulus is occluded the response is
dominated by generators lying deeper within the calcarine fissure. This would result in
the reduction of the P100 while the N105 would remain volume conducted through the
contralateral cortex and thus appear unchanged, or due to decreased cancellation from

the P100, appear augmented as observed experimentally (Blumhardt et al. 1977).

More precise localisation of the response generator was provided by Lehmann et al.
(1982) who examined the P100 topography to stimulation of the right, left, lower and
upper half fields, using two field sizes of 13° and 26°. For right and left half field
stimulation the P100 peaked over the contralateral hemisphere for larger fields and
moved more towards the midline for smaller fields. The dipole model used predicted a
dipole in the contralateral hemisphere pointing towards the ipsilateral hemisphere. The
smaller, 13° field produced a dipole that was angled more towards the midline. For
upper and lower half fields the peak response occurred over the midline but was found
to be more anterior and of a shorter latency for upper field stimulation. The dipole
model predicted a midline dipole pointing down towards the occiput with the upper
field dipole being located more anteriorly. The authors concluded that the results were
suggestive of an extrastriate origin for the P100. This was supported by the work of
Michael and Halliday (1971) and Halliday et al. (1977) who also predicted an
extrastriate origin for the P100.

Their conclusions were challenged by Haimovic and Pedley (1982) who predicted that
if the response were generated in striate as opposed to extrastriate cortex, patients
with LGN or striate lesions would show attenuation or elimination of the P100 while
patients with extrastriate lesions should have an intact P100. This was found to be the
case, confirming that the P100 was generated in striate cortex, while the contralateral

N105, which was absent in these patients, originated from extrastriate areas.

The striate origin of P100 was confirmed by intracortical recordings in macaque of the
response to reversal of a square wave grating (Schroeder et al., 1991). N50, which
corresponds to human N70, was thought to arise from the depolarisation of stellate
cells in layer 4C of striate cortex. P60 (human P100) was considered likely to
originate from the depolarisation of pyramidal cells in laminae 2 and 3. The later

components were found to originate in extrastriate areas.
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Of the limited work done on visual evoked magnetic responses, still less has
concentrated on pattern reversal stimulation. The response is dominated by a major
component occurring between 90 and 120ms, termed the P100m (Armstrong et al.,
1991). Harding et al. (1991) examined the topographic distribution of the major
component of the P100m, and the effect of check size using full field and half field
stimulation. They found half field stimulation evoked responses which were maximal
over the contralateral hemisphere, with the projected source pointing medially. For
large check sizes (70") the full field response was shown to be the sum of the response
to half field stimulation but some anomalies were noted for small check sizes. A dipole
in a sphere source localisation technique was applied and it was found that the source
lay close to the midline at depths varying between 2.0 and 5.5cm. Further work
(Harding et al., 1992) found that dipole fits could be achieved for check sizes of 22'
and 34' but it was not possible to fit a single dipole to a checkerboard pattern of 70".
Both left and right half field stimulation evoked a source in the contralateral

hemisphere which pointed medially.

4.5 The Pattern Onset Visual Evoked Response

The morphology of the pattern onset response has been well documented. Initially
described by Jeffreys and Axford (1972a,b) it is triphasic, consisting of a positive,
negative, positive complex, the peaks of which are labelled C1, C2 and C3
respectively. These occur at approximately 75ms, 100ms and 150ms (Jeffreys, 1977).
There are also reports of an additional component, termed CO which occurs at around
60ms (Lesévre and Joseph, 1979). This is shown in Figure 4.4. The onset and offset
of the pattern do not evoke identical responses with the offset of the pattern evoking a
response which is of opposite polarity (Spekreijse et al.,, 1973). In addition, altering
the characteristics of the stimulus have different effects on the onset and offset
responses. The check size of the pattern has a more profound effect on the onset
response and decreasing the rate of change of contrast attenuates the offset response
more than the onset (Kriss and Halliday, 1980). ~ This review will concentrate on the

onset response.
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Figure 4.4 The pattern onset evoked potential. Redrawn from Harding et al.
(1995).

The components comprising the onset response have been shown to possess different
characteristics, with C1 being dependent on the contrast of the pattern and C2 and C3
being more sensitive to the contours of the pattern (Jeffreys, 1977). These differences
in characteristics suggest that the components of the response may arise from different
visual areas. Among the first to address this inverse problem were Jeffreys and Axford
(1972 a,b) who analysed the pattern onset response with reference to the cruciform
model of striate cortex. They assumed a dipolar response oriented perpendicular to

the cortical surface, as shown in Figure 4.5.
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Figure 4.5 Location and orientation of dipole generators of the pattern onset

response.
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Hence a right half stimulation would produce a response in the left hemisphere with
two horizontal and two vertical dipoles pointing laterally. ~Stimulation of the left
hemifield would produce similarly oriented dipoles in the right hemisphere. The
vertical dipoles cancel, resulting in two lateral sources pointing in opposite directions.
Jeffreys and Axford (1972a) thus predicted the distribution of the evoked response and
found that while the C1 component matched the predicted topography, the C2
component did not. They therefore concluded that C1 and C2 originate from areas 17
and 18 respectively.

This conclusion was supported by Darcey et al. (1980) who examined the pattern onset
evoked potential to half field and quadrant stimualtion. Analysis of the C1 component
found the equivalent current dipoles to be located within striate cortex. Upper and
lower half fields required two dipoles to account for the results while left and right half
fields required only a single dipole. Their results were thus consistent with a striate
origin for C1.

A further theory was offered by Lesévre and Joseph (1979) who suggested that
topography consistent with the cruciform model could be generated by area 19.
Indeed, they argued that area 19 was a more likely origin for C1 as the dipoles for
upper and lower field stimulation had a separation too great to be contained within
striate cortex. They therefore suggested an area 19 origin for C1 and area 18 for C2
while the earlier CO was thought to arise from area 17. The authors noted, however,
that each peak comprising the response need not result from a single, distinct dipole
source but may reflect the simultaneous activity of several visual areas. Indeed, they
showed that the generator of the C2 component is active at the time of the C1 peak.
This was supported by Manahilov et al. (1992) who used Laplacian analysis to
determine the origin and independence of the components of the pattern onset
response. By altering the parameters of the stimulus and comparing the changes in the
two components they concluded that the activity arose as a result of two dipole
generators simultaneously active, one in area 17 and one in extrastriate areas.
However, their stimulus employed full field presentation and simultaneous activation of

opposing sources in both hemispheres may have contaminated the results.

A limitation of these studies is that they did not employ physiologically realistic models
of the head, incorporating parameters such as the conductivity of the brain, skull and
scalp and the relative thickness of these layers. As discussed in Chapter 2, such
changes in conductivity have a significant effect on the source localisation of EEG
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signals. Such a model was employed by Maier et al. (1987) who used principle
component analysis to propose the spatial and temporal characteristics of the
generators of the three pattern onset peaks. Using a three sphere algorithm they found
that two dipoles could account for 95% of the response power with the remaining 5%
attributed to noise. The first of these dipoles and that responsible for C1 was thought
to lie in area 18 or 19 and the second to lie in area 17. The timecourse of the dipoles
was thought to overlap with the first source occurring at 80-90ms and the second at
120-150ms. It was a combination of the activity of both dipoles which formed the C2

component which thus arose from both striate and extrastriate cortices.

These conclusions were supported by Ossenblok and Spekreijse (1991) who found that
90% of the response power could be attributed to two dipolar sources corresponding
to C1 and C3. Both dipoles were located laterally and they concluded that C1 arises
from area 18 and C3 from area 19. However, their stimulus was designed to minimise
the presence of the C2 component and it is therefore possible that another source is

required to describe the presence of C2.

In contrast, Butler et al. (1987), also using a three sphere algorithm, examined the C1
component as a function of stimulus position in the visual field. Although they only
tentatively claim that their data is supportive of a striate origin for C1, the orientation
shifts observed following stimulation of different regions of the visual field are as
predicted by the cruciform model of striate cortex (Jeffreys and Axford, 1972a,b).
Their study therefore provides clear support for an area 17 origin for CI.

Hence there is no consensus regarding the origins of the components comprising the
pattern onset visual evoked potential. The differences in results between studies may
be due to the different stimulus conditions or different recording positions used by
different groups. Indeed, Darcey et al. (1980), recording from 40 electrode points,
concluded that many of the differences reported in the literature could be explained by
insufficient electrode numbers. The majority of the work in the area has been achieved
using electrical evoked responses. Although there have been some studies of magnetic
evoked responses these do not always yield conclusive results. Ahlfors et al. (1992)
recorded the visual evoked magnetic field in response to octant checkerboards
stimulating various foveal or parafoveal areas of the visual field. The sources were
found to arise in the contralateral hemisphere but no systematic differences between
the responses from upper and lower visual fields were noted. The results suggested
the presence of at least two separate sources although no conclusions were drawn as

to the origin of these dipole sources. This conclusion is supported by Spekreijse
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(1991) who recorded both electrical and magnetic signals and found that there were
two active sources contributing to the pattern onset response. The first of these was
found to be predominantly radially oriented and originated from extrastriate areas. The
second was found to be tangential and the observed retinotopic organisation was

suggestive of a source in striate cortex.

Hence although there exists considerable uncertainty as to the origin of the
components of both the evoked electrical and magnetic response, many of the studies
appear to support a sequence of activation of visual areas that commences in V2 and
then progresses to V1. This is a surprising feature of the response as cortical anatomy
would suggest the order of activation being first V1 and then V2. Indeed, this has
been shown to be the case in rhesus monkey, in which area 18 is activated some 15ms
following the activation of V1 (Dagnelie, 1986). However, if the additional
component CO is considered and if this has a striate origin, as suggested by Lesevre
and Joseph (1979), then there is no conflicting sequencing of active areas.
Examination of the responses reported by a number of authors (Butler et al., 1987,
Maier et al., 1987) do indeed show some evidence of this early component. Being of
very low amplitude and as such being difficult to extract from the noise it would not
account for a significant proportion of power in the response and may thus be ignored
by analysis techniques which fit the most powerful components of the recorded

response.

4.6 Underlying Mechanisms of the Pattern Evoked Response

The two modes of stimulation, pattern onset and reversal have been shown to evoke
signals of different spatio-temporal characteristics but which, nevertheless, originate in
the same cortical areas, V1 and V2. There have been a number of attempts to
determine the relationship between pattern onset and pattern reversal and to establish

the functional characteristics of the mechanisms that give rise to the recorded signals,

Maier et al. (1987), although working primarily with pattern onset stimuli, suggested
two principle components comprising the pattern evoked response. One of these he
thought was present only in response to pattern onset stimulation but the other he
thought was present in response to all stimulus types, including pattern reversal. The
component was thought to arise from area 17 and was recorded maximally 2cm above

the inion. When the stimulus was in the peripheral regions of the visual field the
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response showed an ipsilateral positivity and a contralateral negativity.

Estévez and Spekreijse (1974) investigated the relationship between the response to
pattern onset and reversal stimulation. They devised a set of stimuli that were
intermediate between reversal and onset/offset modes of presentation. They concluded
that the reversal response comprises an interaction between onset and offset responses
but reflects mainly the offset component, being associated with an abrupt decrease in
contrast with little sensitivity to the pattern itself.

Similar conclusions were reached by Kriss and Halliday (1980) who examined the
topography of the responses recorded to pattern onset, offset and reversal using full
fields and lefi, right, upper and lower half fields. The full field response appeared
similar for all stimulus types but for the half field responses differences began to
emerge. Although the scalp distribution recorded to pattern onset stimulation for left
and right half fields was not in agreement with previous studies, they showed a
consistent similarity between the topographies of the response recorded to offset and

reversal modes of stimulation.

However, Skrandies et al. (1980) did not find such a similarity between offset and
reversal. He suggested that the responses were not related, basing his conclusions on
the differing latencies and topographies of the two recorded waveforms. Jeffreys
(1977), however, supported the offset contribution and proposed that the reversal
response is comprised of the C1 component of the onset response and the main

positive offset component.

Kulikowski (1977b) analysed the responses to the onset and reversal of gratings in
terms of pattern and movement sensitive mechanisms and examined their interaction.
Using a technique of adaptation, he showed that reversal responses were not sensitive
to the pattern of the stimulus and therefore proposed that the reversal response
contains motion sensitive rather than pattern sensitive components. This was
supported by Spekreijse (1985) who postulated that the response arises from motion
onset and offset.

Hence although complete agreement has not been reached, the evidence presented by
various groups tend to suggest that the reversal response signals sensitivity to the
contrast of the pattern rather than its detail. There is also significant evidence to
suggest that it reflects the activity of motion sensitive mechanisms. The onset

response, however, is more likely to arise from mechanisms which are sensitive to the
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pattern or form of the stimulus.

4.7 The Evoked Response to Grating Stimulation

The use of grating stimuli in evoked response investigations has been limited. The
response to both grating onset and reversal is a sequence of two complexes termed
N1-P1 and N2-P2 (Kulikowski, 1977a,b; Jones and Keck, 1978; Parker and Salzen,
1977: Plant et al., 1983). This is shown in Figure 4.6. The behaviour of these two
complexes differs between onset and reversal presentation, however, with N2-P2 being

considerably more marked following grating onset rather than reversal (Plant et al,
1983).

The spatial frequency tuning curves for the two stimulus modes are shown in Figure
4.7. The N1-P1 complex shows similar behaviour between onset and reversal modes
of stimulation, although the amplitude is higher and peaks at higher spatial frequencies
for onset. For both presentation modes N1 peaks at higher spatial frequencies than P1
which in turn peaks at higher spatial frequencies than P2 (Plant et al, 1983). This
similarity for reversal and onset presentation was also found by Kulikowski (1977a,b)
for low spatial frequency gratings and this was attributed to the stimulation of transient
mechanisms. With the introduction of higher spatial frequencies this similarity is lost
and Kulikowski suggests that this is due to the increasing activity of the pattern
detection mechanisms responding to onset stimulation. This is consistent with Parker
and Salzen's (1977) hypothesis that N1-P1 represents the transient system and N2-P2

the sustained system.

A third, earlier complex was noted by Jones and Keck (1978) who termed this NO-PO.
This complex was found to saturate at low contrasts and was also attributed to the
transient mechanism. A similar positive complex, termed Pla and P1b was described
by Plant et al. (1983) which occurred at spatial frequencies below 2 cycles/degree in 7
of their 13 subjects.
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Illustration has been removed for copyright
restrictions

Figure 4.7 Spatio-temporal tuning characteristics of the N1-P1 and N2-P2
components of the grating evoked response. From Plant et al. (1983).

Cortical localisation of the components of the grating onset response was attempted by
Aine et al. (1990). Single and two dipole models were used and the dipole position was
coregistered with the MRI. Unsurprisingly, it was found that when full field stimulation
was employed, a two dipole model, one dipole for each hemisphere, described more of
the signal variance than a single dipole in either the left or the right hemispheres.
Spatial frequencies of between 1 cycle/degree and 6 cycles/degree were used although
comparison is difficult as the results from different subjects are shown for the different
spatial frequencies. It was noted that the use of different spatial frequencies produced a
change in the position of the dipole source although no systematic changes in dipole
location were described. The results suggest that the earlier dipoles lies within striate

cortex while the later components originate from extrastriate cortex.
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4.8 The Effect of Stimulus Parameters on the Evoked Response

The comparison of results from different studies is complicated by the use of different
stimulus parameters.  Contrast, luminance, spatial frequency, field size and the
position of the stimulus in the visual field all affect the response in various ways yet
they are seldom similar in different experiments, making the interpretation of results
between groups very difficult. This section will examine the effect of the above
parameters on the latency, amplitude and distribution of the components of the pattern

visual evoked response.

4.8.1 Contrast

There is general agreement within the literature that an increase in the contrast of the
pattern produces a decrease in the latency and an increase in the amplitude of the
response, to a certain saturation point. More specifically, Kurita-Tashima et al. 1991)
found that the P100 pattern reversal component exhibited contrast saturation but that
the N75 did not, suggesting different cortical generators for the two components.
Similarly, Jeffreys (1977a,b) found that the thresholds and latencies of the components
were dependent on contrast and this was more so for the C1 component of the onset
response. None of the onset components were found to be dependent on the polarity

of the pattern contrast (i.e. black on white or vice versa).

Similar effects of contrast were observed for the grating evoked response (Jones and
Keck, 1978). The NI component showed the most clear and consistent effect of
contrast with an increase in amplitude and decrease in latency with contrasts up to
25% when saturation occurred. However, a single electrode pair was used, positioned
at Oz and referred to O1. As the signal would have been recorded from both
electrodes contamination of the results from reference activity may have occurred and
obscured contrast effects on other components. For N1 to have shown such a clear
change with spatial frequency it must be assumed its origin is away from the midline,

resulting in the recorded signal being greater at one of the electrode sites.

The high sensitivity of the response to the contrast of the pattern was demonstrated by
Kulikowski (1977a) who examined the correlation between the evoked response and
psychophysical measures of grating detection. At low contrasts, the response
consisted of two early and two late components. With decreasing contrast the early
components were found to be more attenuated than the later ones, although this was

not so for short stimulus durations when all the components were similarly reduced.
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P150 was found to be highly correlated with the detection threshold, being
distinguishable just above threshold. The responses to stimuli at detection threshold
were averaged separately on the basis of whether the subject detected the stimulus. It
was found that the detected stimuli produced clear responses, those for which the
subject was uncertain produced less clear responses and the response to those stimuli
which were not detected showed no distinguishable components. Examination of false
positive detections eliminated the possibility of the response reflecting cognitive
expectation. Thus the late components of the visual evoked response components

correlate well with subjective threshold.

4.8.2 Luminance

The effect of luminance on the amplitude of the pattern reversal visual evoked
response 1s minimal (Halliday, 1977). There is a small effect on the latency of the P100
component with a reduction in retinal illumination by a factor of 10 resulting in an
increase in latency of 15ms (Halliday, 1977). The effect on the pattern onset response
is similarly small although the response is reduced and delayed when luminance
approaches threshold (Spekreijse et al., 1973). If the contrast is maintained at a fixed
level, a reduction in Juminance does not affect the amplitude of the response but the
latency increases by approximately 30ms for a factor of 10 reduction in the luminance
(Van der Tweel et al., 1979). A comparison of the VEP under photopic and scotopic
conditions was made by Benedek et al. (1993). At scdtopic levels, when the response
reflects rod activation, both flash and pattern reversal stimulation produced similar
responses. The amplitude was similar to the photopic pattern response but the latency
was markedly longer. The topography of the response was noted to be different to the
photopic VEP and this was attributed to the absence of a foveal response under
scotopic conditions.

4.8.3 Spatial frequency and check size

In general, the literature tends to suggest that an increase in check size or decrease in
spatial frequency will produce an increase in the amplitude of the response
components, up to a maximum, when further increases will then cause a decrease in
amplitude. For pattern reversal checkerboard stimuli, this maximum occurs at around
10-20' (Regan and Richards, 1971). This is also the case for the response to
checkerboard onset but not for offset, which exhibits less variation with check size
(Spekreijse et al., 1973). For gratings, this optimum spatial frequency is 4
cycles/degree for achromatic modulation (Jones and Keck, 1978). For chromatic
gratings, the peak resonse has been reported as 4 cycles/degree (Murray et al., 1987)
and 1-2 cycles/degree (Rabin et al., 1994). The situation is complicated by the
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confounding effects of contrast and position in the visual field. A change in contrast
affects the shape of the amplitude-check size curve (Spekreijse et al., 1973) and due to
variations in receptive field sizes with eccentricity, larger field sizes and different areas
in the visual field will provide different results (Meredith and Celesia, 1982). The
decrease in optimum spatial frequency with increasing eccentricity for gratings was
demonstrated by Parker and Salzen (1977) who found that the maximum N2-P2
amplitude was produced by a 6 cycles/degree stimulus for a 1° central field, 3
cycles/degree for a 3° field and 1 cycle/degree for a 1-3° annulus.

A comprehensive study of the effect of check size on both latency and amplitude of the
main components of the pattern reversal response was made by Kurita-Tashima et al.
(1991). They found that the latencies of the P100 and N145 components exhibited a
curvilinear relationship with check size with the minimum occurring at around 35'
Both the latency and amplitude of the N75 component decreased linearly with the
logarithm of the check size. Check size was found to modulate the latencies and
amplitudes of each component separately, which would indicate different cortical
generators for each component. The latency of the response to chromatic gratings was
also found to increase with increasing spatial frequency, although for low spatial
frequencies below 1-2 cycles/degree, the latency could show an increase (Rabin et al.,
1994). Indeed, latency was found to be a more consistent measure than amplitude and
Rabin et al. (1994) suggested that latency may be more indicative of response
characteristics than amplitude. This is a valid point as although the amplitude of the
evoked response may provide an indication of the number of units responding to a
given stimulus, it is the latency that can reflect the processing time of a recorded
component and can thus indicate the similarity of processing mechanisms of different
recorded responses.

An explanation for the increase in latency with increasing spatial frequency was
proposed by Kulikowski (1977a). He suggested that the effect may arise from the
decrease in apparent contrast at high spatial frequencies due to the visual system's
decreased sensitivity at higher spatial frequencies. When the increased threshold was
controlled for, the effect of spatial frequency was found to be insignificant. However,
this was only partly supported by Jakobson and Johansson (1992) who found that
when contrast was held at a constant level, there was a strong effect of spatial
frequency on latency. When the contrast was maintained at a fixed suprathreshold
level, the effect on latency was diminished but a small increase in latency with spatial
frequency persisted. By comparing the results with ERG latencies, it was concluded
that the latency effects arose in the retino-cortical pathway.
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Plant et al. (1983) found that the different components in the response behave
differently to changes in the spatial frequency of sinusoidal gratings and do so
independently of one another. Above 2 cycles/degree there was a monotonic increase
in latency with spatial frequency and the amplitude of the N2-P2 complex was found to
be sensitive to changes in spatial frequency. Below 1 cycle/degree onset and reversal
stimuli produced similar changes. Above 1 cycle/degree the reversal response was
found to be dominated by a positive component and the onset response by a negative
component. Above 2 cycles/degree this negative onset component was of higher
amplitude and peaked at a higher spatial frequency than the positive reversal
component. For both modes of presentation the N1 peaked at higher spatial
frequencies than the P1 which in turn peaked at higher spatial frequencies than the P2
component. Plant compared his results with those from checkerboard stimuli and
concluded that N1 seemed to parallel the checkerboard onset C2 component, showing
a similar increase in latency with decreasing check size. The amplitude of the response
evoked by checks does not vary as much as that evoked by grating stimuli and this may
be due to cortical cells responding to the spatial Fourier components of the
checkerboard (DeValois et al., 1979) so cells tuned to higher spatial frequencies will

also respond.

4.8.4 Field Size

There is an increase in the amplitude of the major components with increasing field
size, in accordance with the increase in cortical area stimulated. Nesfield (1992) found
no significant effect of field size on the amplitude or latency of the pattern reversal
N145 component but the P100 amplitude was significantly decreased following central
occlusion and decreased field size. Using sinusoidal gratings, Plant et al. (1983)
demonstrated that for any spatial frequency, the amplitude of the response increased
with increasing field size. Saturation occurred at a smaller field size for higher spatial
frequencies. They noted that saturation occurred when the stimulus contained
approximately 50 cycles. However, psychophysically measured contrast sensitivity is
independent of field size and cycle number when ten or more cycles are displayed
(Howell and Hess, 1978). This is consistent with reports of Rabin et al. (1994) that
the amplitude but not the latency of the chromatic evoked response increases with
increasing field size up to a saturation point of 20 degrees. The independence of
latency on field size may indicate a constant mechanism responsible for detection of the
stimulus, evidenced by the saturation of the contrast sensitivity at 4 cycles. The

increase in amplitude may simply reflect increasing number of cells responding to a
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more spatially extensive stimulus.

4.8.5 Position in the visual field

Due to cortical magnification, whether the fovea is stimulated or occluded has a
profound effect on the amplitude of the response. However, when eccentricity is held
constant, there remains a high degree of variation in both the amplitude and
distribution of the response when different regions of the visual field are stimulated.
Nesfield (1992) investigated the effect of the stimulus position in the visual field using
pattern reversal stimulation. She found the amplitude of both the P100 and N145 were
significantly decreased following upper half field compared with lower half field
stimulation. Perhaps the most marked effect of stimulus position is on the distribution
and polarity of the recorded response. The polarity of the major components are
reversed between upper and lower half fields for both pattern reversal (Michael and
Halliday, 1971) and pattern onset (Jeffreys, 1977, Lesevre and Joseph, 1980)
stimulation. This is in accord with the topographical representation of the visual field
in the cortex. As described in Chapter 3, the upper visual field projects to the inferior
surface of the calcarine fissure while the lower visual field projects to the superior
surface. Such a difference in active cortical regions would result in the observed
polarity shifts. Studies employing limited numbers of recording positions may find this

orientation shift manifested in amplitude changes.

4.9 The Chromatic Evoked Response

The number of evoked response studies investigating the chromatic mechanism have
been extremely limited. The chromatic response is usually recorded to isoluminant
red/green gratings or checkerboards which may be reversing or onset-offset. The
major finding is that the chromatic response is of opposite polarity to the achromatic
response, being dominated by a negative component that peaks some 15-20ms later
(Jeffreys, 1989; Murray et al., 1987; Crognale et al., 1992,1993; Rabin et al., 1994).

A major problem facing the recording of chromatic evoked responses is that of
removing luminance artefacts from the display. Due to chromatic aberrations and
display equipment alinearities a significant luminance artefact may appear and this is
especially marked at high spatial frequencies (Bradley et al., 1992). However, the
chromatic evoked response has been shown to arise from chromatic and not luminance
mechanisms (Regan, 1973). The chromatic evoked response to low spatial frequency

gratings has been shown to be robust and that the introduction of small luminance
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artefacts into the stimulus due to variations in the subjective isoluminance point
produce minimal effects on the recorded response (Crognale et al., 1992,1993; Rabin
et al., 1994).

Regan (1973) used a system of mirrors to remove chromatic aberrations and
demonstrated a polarity shift between upper and lower half fields using reversing
checkerboards. Red/black, green/black and red/green checks all showed similar
topography. A chromatic evoked response using checkerboard onset was
demonstrated by Regan and Spekreijse (1974). Deuteranopes were shown to have a
response to red/black and green/black checks but not red/green checks. Subjects with
normal colour vision, however, showed a clear response to all three stimulus types.
Again, the topography of the response was similar between isoluminant chromatic and

monochromatic stimuli.

However, this topographical similarity between luminance and chromatic modulated
stimuli was not supported by Murray et al. (1987). The effect of changing the ratio of
red to green and thus the luminance in the stimulus was investigated using sinusoidal
gratings. They found a polarity shift at isoluminance with the major component of the
response at 120-140ms changing from positive for luminance modulated gratings to
negative around the isoluminant point with no change in latency. This was most
marked at 4 cycles/degree but the changes were not so clear for 1 cycle/degree
gratings. The results contrast sharply with the those of Regan (1973) and this was
ascribed to the use of gratings rather than checks. Indeed, Murray et al. (1987) also
used checks of 15' and 30' and reported the change at isoluminance was not apparent.
The majority of the study used a single recording electrode so changes in the
topography of the response were not investigated. The results were attributed to

selective activation of the parvocellular opponent mechanisms for isoluminant gratings.

A comprehensive investigation of the response to gratings of various positions within
colour space was reported by Rabin et al. (1994). Like Murray et al. (1987) they
found the chromatic response was of higher amplitude when onset stimulation was
used rather than pattern reversal. This was attributed to reversal stimulation leading to
adaptation of chromatic mechanisms. They found that while the luminance response
was of low amplitude and variable, the response to gratings modulated along the L/M
and S axis were robust. The chromatic response was dominated by a negativity at
120-140ms although the S modulated response peaked some 25-30ms later. The
chromatic response was shown to have a bandpass spatial frequency tuning function,
peaking at 1-2 cycles/degree with a high frequency cutoff of 5-10 cycles/degree.
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Latency showed a bandpass function, with a slight tendency to increase for low spatial
frequencies although the main increase was for high spatial frequencies, consistent with
the decrease in chromatic contrast sensitivity for higher spatial frequencies (Mullen,
1985; Anderson et al., 1991). Temporal frequency tuning was also investigated using
pattern reversal stimualtion. Amplitude was found to decrease slowly with increasing
temporal frequency with a slight increase at 4.125Hz which was more marked for S

cone stimulation. No explanation was offered for this effect.

However, this study made use of only a single recording electrode 1.5cm above the
inion, referred to the earlobes. Such a limited recording area, typical of many VEP
studies, cannot distinguish between a reduction in amplitude and a change in response
topography. Descriptions are limited to the latency and amplitude of the recorded
signal and do not discuss details of the response topography or its cortical origins. An
exception to this, both in methodology and results, was a study of the response to
homogenous, unpatterned colours (Paulus et al., 1988). The VEP was recorded to the
appearance of a homogeneous colour which replaced a grey background. The
topography of the evoked response to full and half field stimulation was shown to be
similar to that following achromatic stimulation and the authors suggested a V1
source for the major component, the N87. However, the homogenous nature of the
stimuli may have activated a different class of cells than would be activated following
spatially structured stimuli. For example, the double-opponent cell would not be
activated by such a diffuse coloured stimulus (see Chapter 2 for a discussion of cell
types). Furthermore, the luminance of the coloured and grey screens were not
accurately matched and it remains possible the results obtained were due to luminance

modulations in the stimuli.

Such differences in chromatic and luminance modulated stimuli were noted in one of
two subjects by Krauskopf et al. (1989) in a magnetic evoked response study. Both
chromatic and luminance stimuli evoked triphasic responses although the latency of the
response to achromatic stimulation peaked 10ms prior to that evoked following
chromatic stimulation. One subject showed a 50 degree orientation shift of the dipole
source following chromatic rather than luminance stimulation and they claim this
provides evidence for spatially separate processing of chromatic and luminance
information. However, the chromatic stimulus comprised red/black circles and thus
combined chromatic and luminance information. The results cannot, therefore be

attributed solely to the presence of chromatic information.

The clinical applications of chromatic VEPs was explored by Crognale et al. (1993)
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who examined the changes in the morphology of the response as the stimulus passed
through different regions in colour space. While achromatic modulated stimuli
produced small, variable responses, those evoked by chromatic stimulation were of
high amplitude. The response to S cone modulation showed longer latencies than to L
and M cone stimulation. The latencies of the responses to different directions in colour
space were found to change with colour-deficient observers. Latency changes were
also noted along the S axis for subjects with diabetes. It was noted that small

deviations from isoluminance produced little or no change in the VEP.

These studies demonstrate that the chromatic evoked response has morphology
distinct from that of the luminance evoked response and that this is not due to
chromatic aberrations. The studies have too limited a recording area to determine if
this results from a different distribution of the same activity or if different mechanisms
are responsible for the chromatic and luminance evoked responses. However, the
change in latency that is consistently reported; the luminance evoked response peaking
some 10-20ms prior to the the chromatic response, suggests that a different processing

mechanism may underlie the two response types.

4.10 The Motion Evoked Response

Although it is assumed that pattern reversal stimulation activates motion sensitive
mechanisms, very few studies specifically designed to record from motion sensitive
areas have been reported. The motion VEP was recorded by Kuba and Zuzana (1992)
who examined the effect of temporal frequency, position in the visual field and stimulus
type; checkerboards versus random dots. The majority of their subjects displayed a
dominant negativity, the N160, usually preceded by a positivity, the P105. With
increasing temporal frequency the positivity became dominant and this was attributed
to blurring of the stimulus at motion onset imitating the pattern offset response.
Indeed, when an irregular structure, a random dot display, was used as a stimulus this
positivity disappeared. Optimal stimulus conditions were found to be low contrast
random dots at low luminance levels. Kuba and Zuzana concluded that the N160 is
motion specific whereas the P105 is pattern dependent.

However, not all studies agree with these conclusions and the positivity has been
described as the dominant component. Bach and Ullsrich (1994) examined the effect
of the stimulus cycle on the relative contributions of these two components. Duty

cycle was defined as the percentage of display time the stimulus was in motion and the
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negativity was found to decrease significantly with an increase in duty cycle. This was
attributed to adaptation effects.

A comprehensive study of motion evoked responses was that of Anderson et al. (in
preparation). Using neuromagnetometry, they recorded a biphasic component at
166ms and 220ms. Co-registering the dipole solution with MRI data they were able to
demonstrate that the response originated in an area in the minor sulcus immediately
below the start of the ascending limb of the superior temporal sulcus. The area was
shown to be selective for low spatial frequencies and a wide range of temporal
frequencies and saturated at low contrasts. They concluded that this was the motion
area MT (VS5) and that it represented a stage of motion processing within the
magnocellular pathway.

4.11 Summary

The evoked response studies described here have mapped in detail the morphology of
the visual evoked response and the effect of various stimulus parameters. The use of a
pattern onset stimulus appears to maximise differences in the evoked response
following presentation of stimuli of different luminance and chromatic content. Hence
this stimulus mode will be used for the experiments in this thesis. There has been
considerable debate as to the cortical origin of these responses but agreement has yet
to be reached. However, little attention has been paid to the implications of the
activation of these cortical regions. Evoked response measurements are unique among
techniques as they combine good spatial resolution with excellent temporal resolution.
It should therefore be possible to map out the sequence of activation of different
cortical regions. In this respect, previous studies have been of limited value in that
they rely on response properties to infer the cortical location of a particular response
component. With co-registration of signal information with MRI data it is now
possible to identify with much more certainty the active cortical areas and their

sequence in the visual process.

This thesis will explore the activity evoked by stimuli designed to selectively activate
functional areas of visual cortex. Both response properties and MRI data will be used
to determine the location, temporal sequence and spatio-temporal characteristics of the
processing of a number of visual attributes including colour and the interaction of

colour and motion.
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CHAPTER 5

CORTICAL ORIGINS OF THE CHROMATIC
EVOKED MAGNETIC RESPONSE

5.1 Introduction

In the human visual system, the segregation of information on a functional basis begins
at the retina with two distinct streams of information, the magnocellular and
parvocellular pathways (see Chapter 3 for a review). It has been proposed that the
magnocellular channel transmits low spatial frequency and high temporal frequency
information and its function has been linked with motion perception (Livingstone and
Hubel, 1984; Derrington and Lennie, 1984; Livingstone and Hubel, 1988b; Merigan et
al., 1991; Schiller, 1991; Van Essen et al., 1992). The parvocellular stream carries two
types of information, both chromatic signals and luminance signals which are thought
to form the substrate of colour and pattern perception respectively (Ingling and
Martinez-Uriegas, 1985; Livingstone and Hubel, 1984; Derrington and Lennie, 1984;
Livingstone and Hubel, 1988b; Merigan, 1990; Schiller, 1990; Van Essen et al., 1992).
There remains some debate as to how both these information types are transmitted
together while retaining their later separability. It has been proposed the information is
multiplexed and extracted at the level of the cortex (Ingling and Martinez-Uriegas,
1985; Ingling, 1991). Alternatively, a separate non-spatially opponent Type II cell has
been suggested as the carrier of chromatic information (Rodieck, 1991). Hence in
some manner, both chromatic and luminance information are transmitted in the

parvocellular channel, thus sharing a common pre cortical pathway.

Investigation of the primary processing of chromatic signals has been limited.
Descriptions of the chromatic evoked response tend to concentrate on the amplitude
and latency of the principle response peak rather than to characterise its distribution or
to determine its cortical origins. The recorded response arising from chromatic
mechanisms rather than luminance artefacts was demonstrated by Regan (1973). As
discussed in the previous chapter, the chromatic evoked response has been noted to be
of opposite polarity to the achromatic response and to peak some 15-20ms later
(Murray et al., 1987, Jeffreys, 1989; Rabin et al., 1994). However, little additional
characteristics of the response have been established. Although several studies have
described the response topography (Darcey et al., 1980; Krauskopf et al., 1989)
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red/black and green/black checks or gratings tend to be employed. As stimuli such as
these contain both chromatic and luminance modulations, the results cannot be
attributed solely to chromatic mechanisms.

This chapter therefore aims to investigate the evoked magnetic response to isoluminant
chromatic stimulation. Both retinotopic organisation and topographic distribution will
be used to determine the cortical origins of the recorded response. To ensure the
results do not arise as a consequence of luminance artefacts in the stimulus, two
control experiments will be performed. Firstly, the results will be compared with the
evoked magnetic response to achromatic gratings. Similarities between the response
evoked from the two different stimuli would indicate the chromatic waveform being
contaminated by luminance artefacts. Secondly, a small field size will be used to
estimate the effect, if any, of display equipment non-linearities and retinal
inhomogeneities. Finally, co-registration between MEG and MRI data will be used to
establish the cortical origins of the recorded response.

5.2 Method

5.2.1 Stimuli

Sinusoidal stimuli were generated using a Cambridge Research Systems VSG2/2
grating generator as described in section 2.9. Red and green gratings were generated
and modulated independently to provide physical isoluminance. The gratings were
then combined 180 degrees out of phase to produce physically isoluminant red/green
gratings. This is shown in Figure 5.1. The isoluminant point is typically determined by
heterochromatic flicker photometry. However, the contrast sensitivity to chromatic
gratings is not independent of spatial or temporal frequency and therefore such a
method cannot reliably identify the isoluminant point when the experimental stimulus is
set at lower spatial and temporal frequencies. An additional complicating factor is that
there appears to be a degree of variation in the spectral characteristics of colour
opponent cells, resulting in a lack of an absolute null point at which all red/green
opponent cells cease to respond (Zrenner, 1983b; Logothetis et al., 1990). Scalp
recorded evoked magnetic responses require in the order of one million synapses to
respond before a response can be measured (Hamaéldinen et al., 1993). Hence the
above considerations have little effect on the gross recorded response and the
isoluminant point was estimated to be at physical isoluminance. Similarly, small

departures from the isoluminant point due to chromatic aberrations and non-linearities
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Figure S.1. Generation of physically isoluminant gratings

in the display equipment were assumed to have minimal effect on the recorded results.
This approach is supported by the minor departure of subjective isoluminance from the
physical isoluminant point shown by studies which have used subjective measures of
isoluminance (Mullen and Boulton, 1992) and by the lack of change in VEPs when the
stimulus deviates slightly from subjective isoluminance (Crognale et al., 1992, 1993;
Rabin et al., 1994).

However, even if it is assumed that the stimulus display is at subjective isoluminance,
chromatic aberration can have the effect of introducing significant luminance
modulation in the stimulus (Bradley et al., 1992). Hence two control conditions were
recorded to ensure the results to chromatic stimulation were not due to luminance
artefacts. The first of these recorded the response evoked by 20% and 80%
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achromatic gratings. The second recorded the response evoked from a reduced field
size of 2 x 2 degrees to minimise artefacts induced by retinal inhomogeneities and
display equipment non-linearities. These control conditions therefore enabled the
contribution of luminance artefacts to the response to be estimated.

The mean luminance of the display was 12cd/m? for both stimulus conditions. The
spatial frequency was 1 cycle/degree and the gratings were presented horizontally
using a square temporal envelope of 1s. During an interstimulus interval of 500ms the
gratings were replaced with a homogeneous background of the same mean hue and
luminance. Pattern onset stimulation was selected as this mode of presentation
activates the sustained cells of the colour-opponent system and has been shown to
produce results that are able to differentiate between different colour contrasts more
effectively than pattern reversal stimulation (Murray et al., 1987). The phase of the
gratings was randomised for each stimulus presentation as this can increase the
amplitude of the response (Murray et al., 1987). All stimuli were viewed binocularly
through a system of front silvered mirrors at a distance of 3 metres and fixation was

maintained by use of a fixation mark.

To establish the retinotopic properties of the evoked response and therefore its likely
cortical origin, the stimuli were designed with reference to the cruciform model of
striate cortex (Jeffreys and Axford, 1972a,b), shown in Figure 5.2. This predicts the
orientation of dipole generators in striate cortex responding to stimulation of different

regions of the visual field.

The cruciform model therefore makes specific predictions regarding the orientation of
dipole generators within area V1 activated by stimulation of various regions of the
visual field. Stimulation with a half visual field would produce cancellation of the
vertical dipoles and a resultant dipole contralateral to the visual field stimulated,
pointing laterally towards the contralateral hemisphere. Stimulation of the right upper
quadrant would produce a resultant dipole pointing down and to the left and
stimulation of the right lower quadrant would produce a dipole pointing up and to the
left. Confining the visual stimuli to quadrants of the visual field therefore enables the
cruciform model to be used to assess the likelihood of a response originating in striate

cortex, or area V1.
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Figure 5.2 The cruciform model of striate cortex showing the projection of
different regions of the visual field. The arrows indicate the direction of dipole
generators activated by pattern onset stimulation of the right visual field.

The stimuli were therefore presented in each quadrant of the visual field separately.
Analysis of the results utilised a single equivalent dipole model so activation of both
hemispheres or spatially separate dipoles above and below the calcarine fissure would
reduce the validity of the results. To restrict input to a discrete region of area V1 and
to avoid activation of multiple regions of cortex due to dual representation of the
horizontal and vertical meridians the stimuli were displaced 0.5 degrees from the

principal meridians.

The field size selected for the experiment was 4 x 6 degrees. This was judged the
optimum size for minimising luminance artefacts due to retinal inhomogeneities while
ensuring the stimulated area of visual field extended sufficiently along the horizontal
meridian so that its representation projected onto the medial surface of the calcarine
fissure. MEG is sensitive only to the tangential components of the magnetic field so
that confining the stimulus to the central few degrees, while minimising the likelihood
of luminance artefacts, would render MEG relatively insensitive to the signal due to the
representation of this region on the occipital pole with its resulting radial orientation.
To ensure this field size did not result in the recorded response being contaminated by
luminance artefacts two control experiments were performed. The first recorded the
evoked magnetic response to gratings of 20% and 80% achromatic contrast. The

second recorded the evoked magnetic response to isoluminant chromatic gratings in a
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2 x 2 degree field. If luminance artefacts in the large field case are minimal it would be
expected that the small field case would produce similar but lower field strength
signals.

5.2.2 Procedure

The visual evoked magnetic response was recorded using the Aston 19-channel
SQUID magnetometer as described in section 2.9. The subjects were seated inside an
electromagnetically shielded room and viewed the stimuli binocularly by use of a
system of front-silvered mirrors. This enabled the dewar to be positioned above the
occipital cortex, directly above the back of the head. The dewar was centred above
EEG 10-20 electrode position Oz with the position of each gradiometer determined
more precisely using a Polhemus three-dimensional digitising system. The subjects
maintained position by use of a bite bar. The door to the shielded room was closed
and the bias voltage of each of the gradiometers adjusted so that the gradiometer
output lay within the dynamic range of the SQUID amplifier. The evoked response
from each quadrant of the visual field was then recorded, with the order of each
quadrant being randomised. The averaging epoch was 512ms and 100 epochs were
recorded and averaged together. On completion of the recording the position of the
bite bar, and therefore the subject, with respect to the dewar was digitised thus
enabling accurate co-registration of signal and MRI information. Data was analysed
using topographic contour mapping and source localisations performed using a single
equivalent current dipole model. The time of source analysis was determined by
maxima in the magnetic global field power. This is defined as the sum of squares of
the gradiometer output at each time instant. The equivalent current dipole position,
orientation and strength was examined with reference to the cruciform model. For
those subjects for whom MRI data was available (FF, IH and KS), Monte-Carlo error
analysis was performed thus yielding a confidence region which was co-registered with
the MRI. This enabled identification of the cortical volume generating the recorded
evoked signal.

5.2.3 Subjects
Three females (FF, VT and CS) and two males (IH and KS) volunteered for the
experiment. Their ages ranged from 28 to 39 and all had normal visual fields and

colour vision and a normal or corrected-to-normal Snellen acuity of 6/6.
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5.3. Results

5.3.1. Isoluminant chromatic gratings

The visual evoked magnetic response to isoluminant chromatic gratings for each of the
quadrants of the visual field is shown in Figures 5.3-5.13 for each of the subjects
investigated. In these and all subsequent figures, an upward trace deflection
corresponds to red on the field map which represents outgoing magnetic field. A
downward trace deflection, blue on the field map, represents ingoing magnetic field.
The map is viewed from the back of the head and the position of the recording
channels for each of the subjects is shown in Figure 5.22. The time of the map is
indicated for each quadrant and corresponds to the peak in the power spectrum, which
occurs at the time of the major component peak. The equivalent current dipole
calculated at the time of the map is shown in white. For those subjects for which
Monte-Carlo analysis is performed, (IH, FF and KS) the equivalent current dipole
statistics are shown in Table 5.1. For the remainder of the subjects, the equivalent
current dipole was calculated and is shown on the field maps. The colour scale on the
map indicates the maximum magnetic field recorded in units of femtoTesla. Global
field power is shown for a 500ms epoch and the latency of major peaks in the field
power are indicated. The evoked magnetic responses for each of the subjects will now

be described in more detail.

1. Subject VT: Figures 5.3-5.4

The responses evoked from each quadrant of the visual field were dominated by a
major component peaking at 97-100ms. The field strength of this component was
high, ranging from 325-715fT, with the lower quadrants being of higher field strength.
One quadrant, the right upper, displayed a second component of lower field strength
peaking at 156ms. The equivalent current dipole solutions were situated on the
midline with an orientation that changed consistently with visual field stimulated. The

orientations are as predicted by the cruciform model.
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2. Subject CS: Figures 5.5-5.6

The responses evoked from each quadrant of the visual field were dominated by a
major component, peaking at 105-108ms. Again, the field strength was high, ranging
from 316-713fT with higher field strength signals evoked by lower quadrant
stimulation. A single quadrant, the left uppér, displayed a second component which
peaked at 186ms. Three of the four quadrants evoked dipole generators whose
orientation was as predicted by the cruciform model. The fourth quadrant, the left
upper, evoked a dipole pointing downwards; rotated 45 degrees clockwise to that
predicted.

3. Subject FF: Figures 5.7-5.8

The responses evoked from each quadrant of the visual field were dominated by a
major component, peaking at 89-94ms. The field strength was high, ranging from 312-
528fT, the lower quadrants evoking higher field strength signals. Two of the
quadrants, the left upper and lower, showed evidence of secondary components. The
left upper quadrant response showed a second component at 146ms and the left lower
quadrant response showed two additional components at 123ms and 220ms.
Nevertheless, at the time of the major component peak for both left upper and lower
quadrant stimulation, examination of Table 5.1 shows the data to be explained by a
single current dipole. Stimulation with all but one of the quadrants evoked dipoles as
predicted by the cruciform model of striate cortex. The exception was the left lower
quadrant which evoked an equivalent current dipole pointed upwards and as such was
rotated 45 degrees anticlockwise. This can be explained by examination of the

calcarine fissure on the subject's MRI, shown in Figure 5.9.

Figure 5.9 demonstrates the asymmetrical nature of the calcarine fissure. The left
lower quadrant projects to the upper surface of the right hemisphere calcarine fissure
which in subject FF is angled upwards. The dipole generator, being oriented
perpendicular to the cortical sheet would then be pointing medially and not upwards.
With the vector addition of the lateral dipole, the resultant dipole generator would be

oriented upwards, as observed.

105



Cortical Origins of the Chromatic VEMR

1cpd red/green gratings
left upper quadrant
mapped at 165ms

subject CS

20 gip, 00

110,35

1cpd red/green gratings
left lower quadrant
mapped at 110ms

subject CS

Figure 5.5 Waveforms and field maps to left upper and lower quadrant

stimulation for subject CS

106



Cortical Origins of the Chromatic VEMR

“at, 0% 00 |

1cpd red/green gratings
right lower quadrant

subject CS
mapped at 108ms

lcpd red/green gratings
right upper quadrant
mapped at 106ms

subject CS

Figure 5.6 Waveforms and field maps to right upper and lower quadrant

chromatic stimulation for subject CS

107



Cortical Origins of the Chromatic VEMR

o
<
w
= @
- m
o
2
b3,
e u
£
w
g < -
£ iz
o E me
E c
oLe §i3e
§3& £33
o
mw.g muw.vﬂ
57 °
ESs® dmmc
23 La §
teel sobsg
L 4 fx o
ldup ] =
ER ] X E
L E
(TR -1

R R

e

v\%\u\%\&@x\% R

SR A

N
LRSI § VN. 2 .ﬁw;»))/é/ T ;ﬁs?f; &

T

i 11 T T

f A A R S U :\.\\\

R

R S AN

Waveforms and field maps to left upper and lower quadrant
108

chromatic stimulation for subject FF

Figure 5.7



Cortical Origins of the Chromatic VEMR

s
%§§%ﬂ§

e

T

§§§“§.

e i i s d i

A

1cpd red/green gratings
right upper quadrant
mapped at 94ms

subject FF

quadrant

RARNRS AR

éz&.rxw

1cpd red/green gratings

subject FF
right lower quadrant
mapped at 94ms

SASNSRR

Figure 5.8 Waveforms and field maps to right upper and lower

chromatic stimulation for subject FF

109



Cortical Origins of the Chromatic VEMR

Figure 5.9 Vertical MRI section of subject FF. The calcarine fissure is highlighted
in red.

4. Subject KS: Figures 5.10-5.11

The responses evoked from the lower quadrants of the visual field were dominated by
a major component which peaked at 101-104ms. The field strength of this component
was high, ranging from 312-475fT. The left lower quadrant also evoked a second
component of lower field strength at 134ms. The two upper quadrants were of low
field strength, 90-175fT, and were dominated by a later component which peaked at
159ms. An earlier component at 101-106ms was visible but of low field strength, in
the case of the right upper quadrant, of the same field strength as the background
noise. Nevertheless, the early components were topographically mapped and the dipole
solutions were found to have an orientation as predicted by the cruciform model.
However, only the lower quadrant solutions reached significance, evidenced by Table

5.1, so only these were subjected to further analysis.

5. Subject IH: Figures 5.20-5.23

The evoked responses for subject IH tended to be of low field strength, ranging from
159-480fT. Only the right upper and lower quadrants evoked a single early
component which peaked at 105-106ms. The left upper quadrant was dominated by a
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subject quadrant latency  correlation ¥ gamma- no.
(ms) co-efficient Q channels

LU 93 .96 14 387 18

FF LL 88 99 20 .040 16
RU 91 98 9.8 548 16

RL 94 .99 18 .079 17

LU 102 87 27 .002 15

KS LL 104 98 29 .983 15
RU 101 87 7.7 565 14

RL 101 98 11 327 15

LU 102 95 59 823 16

H LL 110 98 11 410 16
RU 106 96 7.7 .061 15

RL 105 .99 3.9 973 15

Table 5.1 Statistics of the equivalent current dipole for subjects IH, FF and KS.

Dipoles with correlation < .95 are rejected as non-significant.

late component at 203ms. An earlier component at 102ms was apparent in the
waveforms but occurred only at the level of the background noise. The left lower
quadrant comprised two major components, the first at 110ms and the second, of
slightly higher field strength, at 210ms. The early components were topographically
mapped and the equivalent current dipoles were found to be oriented as predicted by

the cruciform model of striate cortex.

Examination of equivalent current dipole solutions reveals that for every quadrant of
the visual field for each subject the dipole is located on or near the midline pointing
towards the contralateral hemisphere with its orientation changing consistently with
visual field stimulated. The dipole orientations are as predicted by the anatomy of the
calcarine fissure. The dipole statistics shown in Table 5.1 indicate that, with the
exception of the response to upper field stimulation for subject KS, all solutions reach
significance. The majority of the data is well described by an equivalent current dipole,

evidenced by the high gammaQ values and the low %2 values for the dipole solutions.
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The 95% confidence regions yielded by Monte-Carlo analysis of the data is
superimposed on the subjects’ MRI data in Figures 5.14-5.16. The higher field
strength of the lower visual field stimuli result in improved signal to noise ratios and
the dipole solutions have higher gammaQ values and smaller confidence regions. For
subject FF, shown in Figure 5.14, the confidence regions are small and it can be seen
that the lower visual field projects to the upper surface of the calcarine fissure while
the upper visual fields project to the lower surface of the calcarine fissure. All
confidence regions lie close to the midline. The activated volume of cortex is therefore

consistent with a V1 origin.

For subject IH the confidence regions, shown in Figure 5.15, are larger and the
calcarine fissure is less clearly defined. However, with the exception of the right lower
quadrant, which is displaced from the midline slightly to the left, all confidence regions
lie close to the midline. Both upper and lower quadrants lie on the ascending branch of

the calcarine fissure hence the results are consistent with a V1 origin.

For subject KS only the lower visual field quadrants provided significant dipole fits as
defined in section 2.11 and therefore only the lower quadrants were used to generate
Monte-Carlo confidence regions shown in Figure 5.16. These are positioned some
2cm away from the midline in the contralateral hemisphere on the level of the calcarine
fissure. The right lower quadrant response region is located more inferiorly than the
left lower quadrant response region. This can be explained by examination of the
vertical MRI slice in Figure 5.17 which has the lateral arms of the calcarine fissure
marked in blue. The two arms are asymmetric with the left hemisphere arm extending
more inferiorly than the right hemisphere arm. Thus the volume of cortex generating
the evoked response lies at the end of the lateral arm of the calcarine fissure. The
visual area within which this region is contained within is thus ambiguous, being on the
level of the calcarine fissure but somewhat more lateral than has been observed in
subjects FF and IH. However, the orientation of the dipoles would suggest that the
response 1s dominated by the activity of cells within V1.
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sebjest FF 95% confidence regions fos Topd redlureen praings

Figure 5.14 95% confidence regions of dipole locations following chromatic
stimulation of all four quadrants of the visual field for subject FF
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Figure 5.15 95% confidence regions of dipole locations following chromatic
stimulation of all four quadrants of the visual field for subject IH
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Figure 5.16 95% confidence regions of dipole locations following chromatic
stimulation of left and right lower quadrants for subject KS
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ubject KS 95 % confidence regions

Figure 5.17 Location of the 95% confidence regions with respect to the calcarine

fissure for subject KS

5.3.2 Control Experiment 1: achromatic gratings

The evoked response to achromatic stimulation was considerably more variable and of
lower amplitude than that evoked by isoluminant chromatic stimulation. The response
was no longer dominated by a single major component with between two and four
components present. This is shown by the waveforms and global field power in the
response to right upper and lower quadrant stimulation in Figure 5.18. As in the
response to chromatic stimulation there was a bias towards the lower hemifield but
analysis of the results reveals a lack of clear retinotopic organisation. This pattern was
observed for both 20% and 80% achromatic contrast hence only the response to 80%
contrast are shown. The initial peak of the response occurred at a latency of around
66ms and subsequent peaks occurred at 92 and 117ms although only the first of these
was well described by a single equivalent current dipole. There was much variability in
the latency of the response both between subjects and between different quadrants of
the visual field. The equivalent current dipoles generated at the time of the peaks do
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Figure 5.19 95% confidence region of dipole location following stimulation with
80% achromatic contrast in the right lower quadrant for subject FF
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not show the consistent shift in orientation with stimulation of different regions of the
visual field as observed in the chromatic response, as seen in the field maps at 66ms
and 92ms in Figure 5.18. Co-registration of MEG and MRI data is shown in Figure
5.19 for the first peak in the field power following right lower quadrant stimulation.

5.3.3 Control Experiment 2: 2 x 2 degree field

The visual evoked magnetic response to isoluminant chromatic gratings in a 2 x 2
degree field for each of the quadrants of the visual field is shown in Figure 5.20-5.21
for subject FF. The field strength was low, ranging from 133-365fT, with the lower
quadrants evoking higher magnetic field strengths. With the exception of the left
lower quadrant, the responses are dominated by a single component, peaking at 96-
111ms. The left lower quadrant comprises an additional component peaking at 145ms.
The evoked responses show similar morphology to the large field case, with the dipole
solutions positioned on the midline and their orientations changing consistently with
visual field stimulated. The dipole orientations are consistent with the cruciform model

of striate cortex.

5.4 Discussion

The evoked magnetic response to isoluminant chromatic gratings was recorded and its
topography and cortical location investigated. The evoked response was dominated by
a single major component peaking at 89-110ms. No latency differences were noted
between upper and lower visual fields. The latency of this component peak was highly
consistent both between different quadrants of the visual field and between subjects.
The response was of high field strength, 528fT in comparison with the equivalent

luminance response of 429fT for subject FF.

A second component was present in a small number of quadrants. This was more
variable, peaking between 136-209ms, and tended to be of lower field strength. In two
subjects, IH and KS, this second component occasionally dominated the response but
this occurred only in those quadrants evoking low field strength signals. A comparison
of the field maps of the primary and secondary response reveals both dipole solutions
to have similar positions but their orientation is rotated by 180 degrees. This suggests

that the second component may reflect a repolarisation process in the region of cortex
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Figure 5.22 Recording positions for each of the subjects in the chromatic

gratings experiment
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generating the initial response.

There was a bias towards the lower quadrants, which evoked stronger field strength
signals in every subject.  This field strength difference could be marked; comparison
of the right upper and lower quadrant for subject FF in Figure 5.8 reveals the field
strength to rise from 312fT to 528fT when lower rather than upper quadrant
stimulation was used. This effect can be explained by consideration of the anatomy of
striate cortex. The upper visual field projects to the lower surface of the calcarine
fissure while the lower field projects to the upper surface, shown in Figure 3.9. This is
demonstrated by the location of the confidence regions on the MRI of subject FF in
Figure 5.14. The upper quadrants clearly project to the inferior surface of the calcarine
fissure while the lower quadrants project to the upper surface. This results in the
representation of the lower visual field being closer to the gradiometer input coils. As
the magnetic field falls off with the cube of distance (see equation 2.5) this reduction in
measured field strength between upper and lower quadrants is as expected. Similar
reports of amplitude reductions for upper compared to lower field stimulation have
been made for electrical evoked potentials (Nesfield, 1992).

The topography of the response is highly consistent between subjects and the data is
well modelled by an equivalent current dipole, indicated by the high correlations and
gammaQ values shown in Table 5.1. For a number of dipole solutions, particularly for
subject FF, the 72 values are higher than would be expected if the model provides a
good fit to the data. However, the Monte-Carlo confidence regions shown in Figure
5.14 are small which supports the data being well described by a current dipole. The
dipole solutions are located on or near the midline pointing laterally towards the
contralateral hemisphere with an orientation that changes consistently with the
quadrant of visual field stimulated. This orientation shift is exactly as predicted by the
cruciform model of striate cortex. The only exceptions to this are from stimulation of
the left upper quadrant of subject CS which evokes a dipole pointing vertically down;
rotated some 45 degrees with respect to that predicted by the cruciform model and the
left lower quadrant for subject FF. These slight anomalies are likely to be due to
variations in the anatomy of the striate cortex (Stensaas et al., 1974, Wong-Riley et al.,
1993). Indeed, for subject FF the MRI is available and the orientation shift can be

explained by the angle of the calcarine fissure.
The pattern of results obtained is as described by the 90ms component of Darcey et al.

(1980) and is highly suggestive of activation of area V1. MRI data was available for
three of the five subjects (FF, IH and KS). The dipole solutions were subject to

127



Cortical Origins of the Chromatic VEMR

Monte-Carlo analyses yielding confidence regions within which the dipole generators
were assumed to lie. The confidence regions for subject FF are small hence co-
registration of this information with the MRI allows firm conclusions to be drawn
regarding the origin of the evoked response. Upper quadrants of the visual field
project to the lower surface of the calcarine fissure contralateral to the visual field
stimulated while lower quadrants project contralaterally to the upper surface of the
calcarine fissure. This is consistent with the known retinopy of striate cortex and as

such the data strongly suggests activation of units within area V1.

For subject IH the confidence regions are larger and it is not possible to conclude with
such certainty the exact location of the active cortical regions. Both upper and lower
quadrants project to a superior branch of the calcarine fissure. The main fissure runs
extremely inferiorly and neither upper or lower quadrants project to this branch. The
confidence regions of the lower field quadrants are suitably small to confine the active
regions to the upper surface of the contralateral calcarine fissure, although the right
lower quadrant projection is displaced slightly from the midline. Upper quadrants have
larger confidence regions centred over the midline, slightly displaced towards the
contralateral hemisphere. The lateral displacement of the right lower quadrant
projection raises the possibility of a contribution to the response from units in area V2.
However, if this were so, it would be expected that there would be a greater separation
between upper and lower visual field representations. Furthermore, the dipole
statistics in Table 5.1 show a gammaQ of .973 and a %2 of 3.9 and as such are highly
suggestive of the activity at the time of the power peak arising from a single equivalent
current dipole. Hence, although the right lower quadrant representation is slightly more
lateral than expected, these results are consistent with a V1 origin for the evoked

magnetic response.

This same lateral displacement is seen for the confidence regions for subject KS in
Figure 5.16. Both left and right lower quadrant representations are displaced some
2cm into the contralateral hemisphere. However, both project onto the level of the
calcarine fissure as seen on the saggital MRI slice; the dipole generator in the left
hemisphere being located more inferiorly than the corresponding dipole generator in
the right hemisphere. The dipole statistics shown in Table 5.1 indicate the data is well
described by a single equivalent current dipole model at the time of the power peak. If
extrastriate cortex contributed significantly to the evoked response it would be
expected that the lower quadrant dipole generators would be located above the level of
the calcarine fissure. Instead, the active area of cortex is located the lateral end of the

arms of the calcarine fissure. This is apparent in Figure 5.17 in which the extent of the
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calcarine fissure is highlighted. Indeed, this accounts for the more inferior position of
the dipole location for right lower stimulation. The calcarine fissure is asymmetrical in
subject KS, extending more inferiorly in the left hemisphere resulting in the
representation of the right lower visual field being located more inferiorly in the left
hemisphere. This location at the ends of the calcarine fissure is surprising as this
region usually contains a representation of the peripheral visual field although the
stimulus extended only 6.5 degrees along the horizontal meridian. However, if this
lateral position extends in to visual area V2, the mirror image organisation of this area
with respect to V1 would result in the dipole location also being in that region usually
representing the peripheral regions of the visual field and a V2 origin is therefore no

more likely than a V1 origin.

Hence although the results for subject KS show some ambiguity, those of subject FF
and IH indicate the visual evoked magnetic response to isoluminant chromatic gratings
arises from a single dipole generator located in V1 of human visual cortex. However,
to determine that this region is responding to the chromatic nature of the stimuli, the
results must be compared with those obtained from an achromatic, luminance

modulated stimulus and a small field chromatic stimulus.

Examination of the response to achromatic stimulation, shown in Figure 5.18, reveals
three points of note. Firstly, the response is of lower field strength than that evoked by
chromatic stimulation, 429fT compared with 528fT for the chromatic response.
Secondly, the achromatic response is more complex, comprising three distinct
components rather than the single component observed following isoluminant
chromatic stimulation. ~ Thirdly, the initial component peak following achromatic
stimulation occurs earlier than that of the single component peak following chromatic
stimulation.  From this it can be concluded that the signals recorded following
chromatic stimulation are as a result of its chromatic content and are not due to
luminance artefacts in the stimulus. If this were so, the chromatic response would be
of lower field strength than its achromatic counterpart as a result of the lower
luminance contrast modulation in the stimulus and the morphology would be expected
to be similar or more complex than that following achromatic stimulation. Instead, the
response to chromatic stimulation is larger and simpler, which suggests that we are
observing cortical activation solely due to a chromatic detecting mechanism.  The
higher amplitude signal recorded in response to chromatic stimulation was described
for electrical evoked potentials by Crognale et al. (1993). They found that luminance
only stimulation evoked small, variable responses while chromatic stimulation evoked

high amplitude signals. Similarly, intracortical electrical recordings in macaque (Givre
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et al., 1995) show that chromatic stimulation evokes a response which is of higher
amplitude and occurs later than that evoked by achromatic stimulation.

Finally, it is noted that the initial activity of the achromatic response occurs at a latency
much earlier than that of the chromatic response. The first achromatic component
peaks at 66ms compared with the chromatic response single component peak at 94ms.
This latency difference is consistent, although more marked than that reported by other
studies (Murray et al, 1987; Jeffreys, 1989, Krasukopf et al, 1989). As both
chromatic and luminance information travel within the parvocellular pathway and
should therefore arrive at striate cortex at the same time, this large latency difference
must be attributed to activation by the magnocellualr pathway. The magnocellular
pathway is sensitive to low spatial frequency luminance stimuli and not to chromatic
modulation. The response to achromatic and not, therefore, chromatic stimulation
should show evidence of magnocellular activation. Studies in area V1 of macaque
have shown that the activation of magnocellular and parvocellular recipient layers is
not simultaneous, with 4Co. becoming active some 20ms prior to 4CB (Nowak et al.,
1995; Givre et al, 1995). Hence in human, a difference in peak latency of 28ms is

consistent with differential magnocellular and parvocellular activation.

The evoked magnetic response to a small field chromatic stimulus displays similar
topography and dipole characteristics to that evoked by the larger field size. This
indicates that luminance artefacts due to display equipment non-linearities and retinal
inhomogeneities do not confound the results of the experiment. Any such luminance
artefacts in the larger field stimulus would have the effect of introducing additional
components into the response and this is not observed. There is a reduction in field
strength with the smaller field stimulus with a corresponding poorer signal to noise
ratio but this is consistent with the decreased volume of cortex activated. There is an
increase in latency of the component peak of between 7 and 17ms for the response
evoked by the smaller field size response, consistent with the findings of Plant et al.
(1983). Hence the differences in the responses evoked by small and large field
stimulation can be attributed solely to differences in the field size and not to the
introduction of luminance artefacts in the large field case. The results indicate that the
evoked magnetic response to chromatic stimulation is dominated by cells within area
V1 of visual cortex.
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CHAPTER 6

SPATIAL FREQUENCY CHARACTERISTICS OF
THE CHROMATIC EVOKED MAGNETIC RESPONSE

6.1 Introduction

The previous chapter describes the evoked response recorded to isoluminant chromatic
gratings. This chapter will examine the effect on the response of changing the spatial

frequency of the stimulus.

An investigation of the spatial frequency response properties of cells in macaque striate
cortex has been described by Thorell et al. (1984). The majority of cells were found to
respond both to chromatic and luminance stimuli but behaved in a manner dependent
on the stimulus type, their response peaking at lower spatial frequencies for chromatic
stimulation than for luminance stimulation. They distinguished complex cells which
showed a bandpass spatial tuning function to isoluminant chromatic stimuli and simple
cells which showed a lowpass function. However, Thorell did not specify which
cortical layers her cell population was taken from. It is now known that chromatic-
selective cells are concentrated in the blob regions of layers 2 and 3 of V1 hence their
work may not characterise the spatial frequency tuning properties of chromatic cells in
V1.

The contrast sensitivity function of the human chromatic system was determined by
Mullen (1985). By eliminating chromatic aberrations from the stimulus she was able to
show that the chromatic system has a lowpass spatial frequency function with a
resolution of 11-12 cycles/degree. This was true for both the L/M and the S/(L+M)
systems. In contrast, red/black and green/black monochromatic gratings revealed the
luminance system to have a bandpass spatial frequency response, peaking at 0.8-4
cycles/degree with a resolution of 32-33 cycles/degree. More recent work has
suggested that the resolution of the chromatic system may be higher than found was
originally thought, up to 21 cycles/degree in the fovea (Anderson et al., 1991).
However, while human psychophysical data can determine the output characteristics of
the chromatic system as a whole, it cannot reveal the response properties of cells at a
particular stage of cortical processing. As Chapter 5 demonstrated the striate origin of

the chromatic evoked magnetic response, it is of value to use these responses to
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investigate the spatial frequency tuning properties of chromatic sensitive cells in area
V1.

The chromatic electrical evoked potential has been described by Murray et al. (1987)
who noted the change in amplitude with differing spatial frequencies. The majority of
the study utilised a single electrode so that no information on the topography or origin
of the response could be ascertained. Also, the lowest spatial frequency used in the
study was 1 cycle/degree, hence the full spatial frequency tuning properties of the
response could not be determined. The response to gratings of 1 cycle/degree was of
low amplitude with the maximal amplitude signal obtained following stimulation with
gratings of 3-5 cycles/degree. However, no attempt was made to assess the effect of
decreasing the number of cycles displayed; an effect which may account for the low
spatial frequency attenuation found. Furthermore, the changes described were
marked in only one of the three subjects reported, and one of the subjects showed no

consistent response.

A more robust electrical evoked response to chromatic modulation was reported by
Rabin et al. (1994) who described the amplitude and latency dependence of the evoked
potential on spatial frequency, and to a lesser extent, temporal frequency. The spatial
frequency amplitude response function was found to be bandpass, peaking at 1-2
cycles/degree with a high frequency cut-off of 5-10 cycles/degree. The latency of the
response peak showed a curvilinear relationship with spatial frequency, increasing
above and below 1-2 cycles/degree. However, this study was also limited to a single
recording electrode and therefore cannot distinguish between changes in amplitude and

changes in topography.

A more thorough investigation of both the response topography and the spatial tuning
properties of chromatic sensitive cells in V1 was therefore considered appropriate.
This chapter aims to determine the spatial frequency tuning function of chromatic
sensitive cells in area V1 of human visual cortex by examining the magnitude of the
evoked magnetic response to isoluminant chromatic gratings of various spatial
frequencies. The results will be compared with single cell recordings in macaque
striate cortex and with the known human psychophysical properties of the chromatic
system. Co-registration of MEG and MRI data will be examined to determine any

change in the cortical region activated by differing spatial frequencies.
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6.2 Method

6.2.1 Stimuli

Isoluminant red/green gratings were generated as in section 5.2.1 and presented in the
right lower quadrant of the visual field. This quadrant has been shown to evoke a high
field strength response (see Chapter 5). The field size was 4 x 6 degrees and the
stimulus was displaced 0.5 degrees from the principal meridians to restrict cortical
input to a discrete region of area V1. The spatial frequency of the gratings was varied
between 0.25 and 8 cycles/degree. However, with the lowest spatial frequency used,
0.25 cycles/degree, only one cycle of sinusoid could be displayed which could result in
an artefactual reduction in magnetic field power. To asses the effect of the number of
cycles displayed, a control experiment was performed in which the field size was
doubled and the response to the lower spatial frequencies re-recorded. In this way an

estimate of the effect of low cycle number was obtained.

6.2.2 Procedure

The visual evoked magnetic response was recorded using the Aston 19-channel
SQUID magnetometer system as described in section 2.9 using a procedure as section
522, The evoked response from gratings of different spatial frequencies was
recorded and the data analysed using the magnetic global field power. The peak of the
field power was identified and its latency and magnetic field power determined. This
measure is appropriate as for each subject, recordings were made with the same dewar
position and hence the field power is directly comparable across spatial frequencies
within the same subject. Comparison between subjects was enabled by normalising the
field power to the percentage of maximum response. Analysis was based on the
magnetic field power in preference to the equivalent current dipole moment to avoid
obtaining spuriously large values of dipole moment resulting from low strength signals
being attributed to dipoles positioned deep within the cortex. Hence latency and
magnetic field power were analysed for each of the subjects and plotted as a function

of spatial frequency.

6.2.3 Subjects
Four females (KL, LB, JD and FF) and two males (IH and KS) volunteered for the
experiment. Their ages ranged from 28 to 39 years and all had normal visual fields and

colour vision and a normal or corrected-to-normal Snellen acuity of 6/6.
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6.3 Results

The global field power of the evoked magnetic response to isoluminant chromatic
gratings for a number of spatial frequencies is shown in Figures 6.1-6.6 for each of the
subjects. The time and magnetic field power of the peak corresponding to the V1
chromatic evoked response, as described in Chapter 5, is shown for each spatial
frequency. The time window is 500ms and the scale is shown individually for each
subject. When the component reached the level of the background noise and could not

be clearly identified, the magnetic field power of the component was taken to be zero.

In general the response was dominated by a single major component at all spatial
frequencies although for some subjects, particularly KS and JD, a number of spatial
frequencies showed evidence of additional activity. However, the major component
was readily identifiable in all subjects for all spatial frequencies up to 3-6 cycles/degree
and analysis was performed on the latency and magnetic field power of this

component.

6.3.1. The effect of spatial frequency on latency

For each subject response latency increased with increasing stimulus spatial frequency,
varying from 87-98ms for the 0.25 cycles/degree gratings to 134-142ms for the 4
cycles/degree gratings. Individual data is shown in Figure 6.7. Although there were a
few anomalies, the graphs of Figure 6.7 show a clear increase in the peak latency of the
response with increasing spatial frequency.

6.3.2 The effect of spatial frequency on magnetic field power

There was a clear dependence of magnetic field power on spatial frequency with each
subject displaying a bandpass function which peaked at 1-2 cycles/degree, shown in
Figure 6.8. The attenuation of magnetic field power was more marked for high spatial
frequencies and the field power of the recorded response fell to the level of the noise at

4-8 cycles/degree.
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Figure 6.1 Latency and magnetic field power for the peak of the evoked response

to isoluminant red/green gratings of various spatial frequencies for subject KL.
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Figure 6.2 Latency and magnetic field power for the peak of the evoked response
to isoluminant red/green gratings of various spatial frequencies for subject LB.
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Figure 6.3 Latency and magnetic field power for the peak of the evoked response

to isoluminant red/green gratings of various spatial frequencies for subject IH.
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Figure 6.4 Latency and magnetic field power for the peak of the evoked response

to isoluminant red/green gratings of various spatial frequencies for subject KS.
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Figure 6.5 Latency and magnetic field power for the peak of the evoked response
to isoluminant red/green gratings of various spatial frequencies for subject JD.
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Figure 6.6 Latency and magnetic field power for the evoked response peak to
isoluminant red/green gratings of various spatial frequencies for subject FF. 4, 6
and 8 cycles/degree recorded during a different session to the remaining traces
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Figure 6.7 Latency as a function of spatial frequency for all subjects
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6.3.3 Control experiment: the effect of cycle number on the evoked response

The results indicate an attenuation in field power of the evoked magnetic response at
low spatial frequencies.  Although not in agreement with the comprehensive
investigation of Mullen (1985), earlier psychophysical research (Granger and Heurtley,
1973) found a similar drop in sensitivity at low spatial frequencies. Mullen (1985)
suggests that this apparent drop in sensitivity was due to the low number of cycles
displayed at low spatial frequencies and adjusted her field size to control for this. To
examine the effect of cycle number on the magnitude of the evoked magnetic response,
the experiment was repeated for spatial frequencies between 0.25 and 3 cycles/degree

for subject FF using an 8 x 12 degree field. The results are shown in Figure 6.9.

Comparison with the global field power following 4 x 6 degree stimulation indicates an
increase in the magnetic field power of the response consistent with the increased area
of visual field stimulated. However, the response now saturates at a lower spatial
frequency than the 4 x 6 degree field case, as can be seen in Figure 6.10 which shows

the effect of spatial frequency on magnetic field power.

A direct comparison of the two field sizes used can be made by normalising the global
field power and plotting both sets of data together, as shown in Figure 6.11. The
graph in Figure 6.11 suggests that the reduced number of cycles displayed at low
spatial frequencies contributes towards the attenuation of the response at spatial
frequencies below 1 cycle/degree. The effect of number of cycles contained in the

stimulus is shown in Figure 6.12.

Figure 6.12 shows that at low cycle numbers the two data sets are similar but for
higher numbers of cycles the two curves diverge, with the smaller field size falling off
more rapidly. This indicates that at low spatial frequencies the magnetic field power is
limited by the number of cycles in the display and when higher numbers of cycles are

displayed the magnetic field power is limited by the spatial frequency of the gratings.

6.3.4 Cortical localisation of the response

To determine the cortical volume generating the evoked magnetic response an
equivalent current dipole inversion algorithm was applied and Monte-Carlo error
analysis performed to obtain confidence regions over a range of spatial frequencies.
The results are shown in Figure 6.13 for subjects FF and IH. The confidence regions
are larger for those spatial frequencies evoking lower field power responses but there

is no consistent change in cortical location with changing spatial frequency. For
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Figure 6.9 Latency and magnetic field power for the peak of the evoked response
to isoluminant red/green gratings of various spatial frequencies in an 8 x 12
degree field for subject FF
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Figure 6.12 Normalised global field power as a function of cycles in the display
for subject FF

subject FF all confidence regions are clustered together along the calcarine fissure.

6.4 Discussion

An analysis of the effect of spatial frequency on the latency and magnetic field power
of the evoked magnetic response was undertaken. Equivalent current dipole solutions
were obtained and Monte-Carlo simulations established the cortical regions generating

the evoked response for a range of spatial frequencies.

The results demonstrate a clear trend of increasing latency with increasing spatial
frequency. As such this is consistent with the results of Plant et al. (1983) who
demonstrated that above 2 cycles/degree there was an increase in latency with
increasing spatial frequency of achromatic gratings. The latency changes presented
here closely resemble those reported for chromatic evoked potentials by Rabin et al.
(1994) who also observed this curvilinear latency function, with latency increasing
above and below 1-2 cycles/degree. However, in a similar study of the chromatic
evoked potential, Murray et al. (1987) did not note any increase in latency with
increasing spatial frequency.

146




Spatial Frequency Characteristics

Figure 6.13 Confidence regions for the dipole locations evoked by a range of

spatial frequencies for subjects FF and IH
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Above 1 cycle/degree there was a monotonic increase in latency with increasing spatial
frequency. Below 1 cycle/degree, three subjects exhibited a curvilinear relationship
with an increase in spatial frequency producing no change or a decrease in latency. For
subject LB, Figures 6.2 and 6.8 show that although the response falls to noise levels at
4 and 5 cycles/degree, there is a small increase in magnetic field power at 6 and 8
cycles/degree with the response becoming more apparent. This is accompanied by a
decrease in latency, as shown in Figure 6.7. This re-emergence of the signal out of the
background noise may indicate the effect of chromatic aberrations producing
luminance artefacts in the higher spatial frequency gratings. For subject FF the
increase in latency with spatial frequency saturates at 2 cycles/degree, with the
response to 3 cycles/degree and 4 cycles/degree being of slightly shorter latency. This
occurred both for the small and large visual field conditions. Chromatic aberrations are
less likely to cause problems with luminance artefacts at spatial frequencies below 4
cycles/degree (Bradley et al., 1992) and if this was the cause of the latency shift it
would be expected that with increased spatial frequencies, and therefore more chance
of introducing luminance artefacts, the latency shift and field power would increase.
Although there is a slight field power increase at 4 cycles/degree, this is comparable
with experimental error and the response falls to noise levels at 6-8 cycles/degree.
Hence the results are not satisfactorily explained by a luminance intrusion in the
response to high spatial frequencies and the decrease in latency may be due to an

increase in synchrony caused by the lower number of responding neurones.

Previous explanations for the increase in latency of the response to achromatic
stimulation, discussed in section 4.8.3, are based on the decrease in contrast sensitivity
at high spatial frequencies hence the latency increase may be due to a decrease in
supra-threshold contrast. The chromatic contrast sensitivity function is lowpass and
sensitivity starts to decrease at 0.8 cycles/degree (Mullen, 1985). The increase in
latency observed may therefore reflect the decrease in sensitivity to the stimuli above 1

cycle/degree.

The spatial frequency tuning function of each subject showed bandpass characteristics
with the response peaking at 1-2 cycles/degree and falling to the level of the noise at 4-
8 cycles/degree. As such this is similar to the spatial frequency tuning function
recorded by Rabin et al. (1994) which also comprised a peak at 1-2 cycles/degree
although with a slightly higher cut-off frequency of 5-10 cycles/degree. A bandpass
function was also found in electrical evoked response recordings by Murray et al.
(1987) although the function peaked at the higher spatial frequencies of 3-5

cycles/degree. Thorell et al. (1984) summed the response to chromatic stimulation of
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108 cells in macaque striate cortex and found a lowpass spatial frequency function
peaking at 1-2 cycles/degree, similar to that described psychophysically in humans by
Granger and Heurtley (1973), showing a degree of low frequency attenuation.  This
was thought to reflect the activity of simple cells at low spatial frequencies and
complex cells at higher spatial frequencies. When the activity of simple cells was
examined separately, there was little low frequency attenuation and the results
resemble those of Mullen (1985) who in her psychophysical investigation of the human
chromatic system found that using field sizes of 2-23 degrees resulted in no low
frequency decrease in chromatic sensitivity. She suggested that previous
psychophysical reports of such a decrease (Granger and Heurtley, 1973; Kelly, 1983)
may be due to insufficient numbers of cycles displayed. Indeed, Howell and Hess
(1978) showed that the psychophysical contrast sensitivity is not independent of field

size and cycle number until four or more stationary cycles are displayed.

A control experiment was therefore performed to investigate the effect of field size and
therefore cycle number on the evoked response. When the field size was doubled from
4 x 6 degree to 8 x 12 degrees the response doubled in magnetic field power. This is
consistent with the increased volume of cortex stimulated. However, Figure 6.21
offers a normalised comparison of the response under the two conditions. The
magnetic field power bandwidth widens for the larger field condition as the response
saturates earlier, suggesting the limited number of cycles displayed for the low spatial
frequency gratings contributes towards the observed low frequency attenuation. This
is further demonstrated in Figure 6.22 which plots the normalised magnetic field power
against the number of cycles displayed in the stimulus. At the low cycle number end of

the graph, both field sizes give similar results while above 8 cycles, the curves diverge.

This indicates that when a low number of cycles are present in the stimulus, the
magnetic field power of the response is limited by the number of cycles displayed.
However, when more than 8 cycles of the stimulus are displayed, the signal field power
is limited by the spatial frequency of the stimulus. This saturation at 8 cycles contrasts
with the psychophysical observation that contrast sensitivity saturates when 4 cycles
are displayed (Howell and Hess, 1978) and with the results of Plant et al. (1983) who
noted that amplitude saturation occurs when 50 cycles are displayed. The high cycle
number of Plant et al. (1983) may represent a confounding effect of spatial frequency

and field size.

The discrepancy between the results of psychophysical observations and evoked

magnetic response data presented here can be explained by considering the neuronal
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activity necessary for detection by each technique. To perceive a stimulus, relatively
few neurones must signal the presence of the stimulus (Newsome et al., 1989). To
record a clear evoked magnetic response the number of simultaneously active neurones
must be in the order of one million so that the signal is sufficiently large to be
distinguishable from the background noise (Hamélainen et al., 1993). However, as
described in section 4.8.1, Kulikowski (1977a) demonstrated the electrical P150
component was highly correlated with the detectability of the stimulus. The evoked
responses were averaged separately on the basis of whether the subject detected the
stimulus pattern and it was found that while those stimuli that were detected gave clear
responses, those stimuli which were not detected gave no distinguishable response.
This may reflect a difference in the characteristics of the achromatic response recorded
by Kulikowski and the chromatic response described here. Also, the amount of
neuronal activity required to record an electrical and magnetic evoked response may
differ due to the relatively small magnetic field power of the magnetic evoked response

in comparison to the ambient magnetic field.

Hence although a reduction in field power at low spatial frequencies was caused by the
low number of cycles in the stimulus, due to physical restraints imposed by the
recording equipment it was not possible to establish if the response would approach a
lowpass function if sufficient cycle numbers were displayed. It remains possible that
the chromatic contrast sensitivity function is formed by an envelope of channels tuned
to different spatial frequencies with more neurones tuned to 1-2 cycles/degree than to

lower and higher spatial frequencies.

The second point on which the results presented here differ with previous
psychophysical and elecrophysiological reports of the spatial frequency tuning function
of the chromatic system is the resolution of the system. Mullen (1985) and Thorell et
al. (1984) reported a resolution of 11-12 cycles/degree. More recent psychophysical
investigation suggests that this may be as high as 21 cycles/degree, although resolution
falls off rapidly with retinal eccentricity (Anderson et al., 1991). The evoked magnetic
response falls to the level of the noise at between 4 and 8 cycles/degree with the
majority of subjects having a response at noise levels at 6 cycles/degree. This is
comparable with the results of Murray et al. (1987) who reported the chromatic
electrical evoked response being of low amplitude at 8 cycles/degree and Rabin et al.
(1994) who reported a cut-off frequency of 5-10 cycles/degree. These slightly higher
values may arise due to these studies utilising full field stimulation rather than the
relatively small field quadrants used here. The increased volume of cortex activated by

a large full field stimulus would result in a greater field strength and therefore the
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evoked response being recordable closer to threshold. The difference between the
evoked magnetic response data and the psychophysical and single cell
electrophysiology can be explained by the argument presented above in that many
neurones must simultaneously respond before an evoked response can be recorded. As
the sensitivity of the chromatic system decreases, less cells will respond and while there
may be sufficient numbers to allow detection of a stimulus and to be recorded directly
from single cells, their numbers may not be sufficient to produce a clear evoked
magnetic response. MEG may therefore provide a more accurate measure of the
relative numbers of units tuned to a particular spatial frequency than detection
thresholds used in psychophysical studies.

Finally, confidence regions for the equivalent current dipole cortical locations were
examined over a range of spatial frequencies. The volume of the confidence regions
increases in a manner consistent with the lower signal to noise ratio obtained from
higher spatial frequencies. Nevertheless it is apparent that there is no change in
cortical location as the spatial frequency of the stimulus increases. The data does not,
therefore, support the work of Aine et al. (1990) who found a change in the location
and orientation of the equivalent current dipole with changing spatial frequency of
achromatic gratings. However, the data reported here is consistent with the
anatomical arrangement of striate cortex. Within a cortical module spatial frequency is
encoded radially, with optimal spatial frequency increasing with radial distance from
the blob centres (Tootell et al., 1988e; Edwards et al,, 1995). Hence with many
cortical modules active, there should be no net change in cortex activated with
changing spatial frequency. The changes noted by Aine et al. (1990) may therefore be
due to poor dipole fits due partly to the use of a full field stimulus and only a two
dipole model. A full field stimulus will activate four spatially separate regions of
cortex, even if it assumed that only area V1 is active at the time of analysis. The use of

a two dipole model will inevitably lead to errors in the dipole solutions obtained.

Hence the results presented in this chapter show that the spatial frequency tuning curve
of the chromatic evoked response is bandpass, peaking at 1-2 cycles/degree and falling
to the level of the noise at approximately 6 cycles/degree. The reduction in magnetic
field power observed for low spatial frequencies was found to be influenced by the low
number of cycles present in the stimulus display. The cortical location of the dipole
generator of the evoked magnetic response was found to invariant with spatial
frequency. The results are in agreement with the known spatial frequency properties
of area V1 and add further support to the V1 origin of the chromatic evoked magnetic
response.
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CHAPTER 7

TEMPORAL FREQUENCY CHARACTERISTICS OF
THE CHROMATIC EVOKED MAGNETIC
RESPONSE: the contribution of colour to motion perception

7.1 Introduction

The contribution of colour to the perception of motion is an issue which attracts
considerable debate. Various hierarchical processing models of the visual system
indicate a clear dichotomy of colour and motion processing (Livingstone and Hubel
(1988a; Van Essen, 1985). In these models luminance provides the only input to
motion analysis and is carried by the magnocellular system and proceeds from layer 4C
a. to layer 4B in striate cortex, then to the thick stripes of V2 before arriving at the
motion area MT (VS5). Colour information, however, is carried in the parvocellular
system and travels via layer 4CP to layers 2 and 3 of striate cortex, then to the thin

stripes of V2 before arriving at the colour centre V4.

This separation of information is consistent with reports of decreased sensitivity of the
motion system at isoluminance. Ramachandran and Gregory (1978) reported that
when subjects viewed the apparent motion of a red/green checkerboard pattern, the
impression of motion disappeared when the checks were made isoluminant. They
concluded that colour and motion were analysed separately by the visual system and
that colour provides, at best, only a weak cue to motion perception. This was
followed by a number of reports of perceptual motion-related phenomena that were

reduced or abolished at isoluminance.

Many authors reported drifting chromatic gratings as appearing to move more slowly
than luminance gratings of the same spatial and temporal frequencies (Cavanagh et al.,
1984; Derrington and Henning, 1993; Henning and Derrington, 1994; Mullen and
Boulton, 1992). Ramachandran (1987) described how the motion of one feature could
be "captured" by another so that the two appear to move together. The effect was
more marked when the two features were isoluminant such that when a luminance
difference was introduced the motion capture was reduced. Luminance motion signals
were thought to capture stationary chromatic borders but moving chromatic borders

were thought to be incapable of generating motion capture. It was concluded that
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colour provides weak if any input to the perception of motion and that colour is merely
"painted in" to a scene.

While the direction of motion of an achromatic gratings can be discerned at its
detected threshold (Anderson and Burr, 1985), the threshold for detecting an
isoluminant chromatic grating is lower than that for identifying the direction of its
motion (Lindsay and Teller, 1990; Anderson and Burr, 1991). In this way Lindsay and
Teller (1990) examined the detection, orientation and discrimination threshold ratios of
chromatic and luminance modulated gratings. They showed that there are large, task-
specific losses in the ability to discriminate motion at isoluminance and concluded that
the residual capacity for motion discrimination at isoluminance may be due to

artefactual intrusion of luminance information.

This conclusion is questioned by the results of Logothetis et al. (1990) who examined
the performance on psychophysical tasks together with single cell recordings in the
LGN of rhesus monkey. They found that texture perception and motion and depth
perception were all compromised but not abolished at isoluminance.  Both
magnocellular and parvocellular cells were effected but the activity of neither system
was abolished. Their findings suggest that the impairment of vision at isoluminance
cannot be attributed solely to the inactivation of the magnocellular pathway. This was
supported by a number of lesion studies which selectively destroyed the magnocellular
or parvocellular layers in the LGN of rhesus monkey (Schiller, 1991) and macaque
(Merigan et al., 1991). While high temporal frequency motion information was
conveyed by the magnocellular pathway, lower temporal frequencies were found to be

carried by both magnocellular and parvocellular pathways.

However, it was generally assumed that it was the magnocellular pathway that
provided the major input to motion perception. Contrary to this, Anderson et al.
(1995) showed using psychophysical techniques that in the human peripheral retina, the
parvocellular pathway is capable of the detection and discrimination of motion and
limits motion acuity at all temporal frequencies. They argued that if this was true of
the peripheral retina under conditions favouring magnocellular cells, it is likely the
parvocellular system plays an important role in motion perception at all retinal

eccentricities
However, these studies examined the ability of different pathways to convey

achromatic motion information. While it is now apparent the parvocellular pathway is

capable of carrying such luminance based motion, is it also capable of using chromatic
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information in the perception of motion? Cavanagh and Favreau (1985) demonstrated
using the motion after effects that chromatic motion can be transferred to luminance
stimuli and vice versa. They concluded that colour provides an input to motion
perception that is unlikely to arise from luminance artefacts or residual activity in the
magnocellular pathway. The effect was shown to decrease with increasing spatial and
temporal frequencies in a manner typical of the chromatic parvocellular system and not
the luminance magnocellular system (Cavanagh and Anstis, 1991). This was supported
by Kremers et al. (1992) who measured both the sensitivity of macaque retinal
ganglion cells and the human psychophysical sensitivity function to chromatic and
luminance stimulation. The results indicated that magnocellular cells have a bandpass
temporal response to chromatic, luminance and combined chromatic and luminance
stimulation. Parvocellular cells, however, were found to have a lowpass temporal
frequency response to chromatic stimulation and a reduced sensitivity to luminance
stimulation. To stimuli with both chromatic and luminance modulation it was thought
that the chromatic channel underlies detection below 3Hz and the achromatic channel
above 3Hz. The results suggest the sensitivity function is an envelope of chromatic

and achromatic mechanisms supported by magnocellular and parvocellular systems.

There are several lines of support for the existence of multiple motion systems. Stone
and Thompson (1992) showed that the perceived speed of slowly moving luminance-
defined targets is contrast-dependent while that of fast moving targets is not. This was
thought to arise from the rapid contrast saturation of magnocellular cells underlying
the detection of fast-moving targets. Similarly, Hawken et al. (1994) showed that for
temporal frequencies greater than 4Hz, motion processing of both isoluminant and
luminance stimuli is contrast independent and that isoluminant stimuli do not appear to
be slowed down. They concluded that a single motion pathway is required to encode
motion at intermediate to high temporal frequencies but that two pathways are
required to account for motion sensitivity at low temporal frequencies. This was
supported by later work (Gegenfurtner and Hawken, 1995) which demonstrated that
the chromatic motion discrimination threshold is dependent both on temporal
frequency and retinal eccentricity. Motion discrimination of low temporal frequency
isoluminant gratings was thought to be undertaken by a mechanism specialised for
foveal vision. However, while retaining the concept of a high and low temporal
frequency motion systems, Gorea et al. (1993a,b) suggest the low temporal frequency
mechanism is capable of utilising both chromatic and luminance information at an early
stage of processing while the high temporal frequency system comprises separate
pathways for colour and luminance information.
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Evidence for two chromatic-sensitive motions systems was also found by Derrington
and Henning (1993) who noted a difference in threshold for the detection and direction
discrimination for chromatic but not for luminance modulated stimuli in the parafovea.
For foveally-viewed gratings, detection and discrimination thresholds were
approximately equal for both chromatic and luminance gratings. Their results were
attributed to a low level or first-order motion system which is not as sensitive to
isoluminant chromatic input as to luminance input. The high sensitivity to chromatic
gratings was thought to be due to a high level foveal system which is sensitive to both
chromatic and luminance information. This dual pathway for chromatic information
was supported by Cropper and Derrington (1994) who demonstrated that a fast, first-
order motion mechanism was used to analyse luminance and high contrast chromatic
gratings while for low contrast chromatic gratings, detection thresholds were
suggestive of a slow, second-order mechanism. A low and high level distinction was
suggested by Culham and Cavanagh (1994) to explain the results of their motion
capture experiment. Motion capture was found to occur at isoluminance and when the
direction of motion was ambiguous, observers perceived motion in the direction to
which they attended. They suggested motion capture arises from a low level
contribution of colour-opponent mechanisms and from higher attentional processes

utilising both chromatic and luminance information.

Hence recent psychophysical investigations point to the existence of more than one
motion system, although the form this division takes is debatable. The evidence is
suggestive of mechanisms for high and low temporal frequencies although it is unclear
whether colour and luminance information are combined or if they are analysed
separately. The mechanism governing the detection of low temporal frequency
chromatic gratings does not underlie the discrimination of its motion, evidenced by the
different detection/discrimination ratios described above. However, it is possible that
for low temporal frequencies, there is one motion mechanism which is more sensitive
to luminance modulations but can also discriminate chromatic motion with increased
contrast. The mechanism underlying the detection but not the discrimination of motion
of lower contrast isoluminant chromatic targets may be a non-motion-specific

mechanism which responds to the presence of a grating but does not signal its motion.

By examining the magnitude of the response evoked by isoluminant gratings which
vary in temporal frequency, it may be possible to discern the presence of distinct
motion detecting mechanisms. To investigate this issue the evoked magnetic response
was recorded to isoluminant chromatic gratings at temporal frequencies of 0-40Hz.
The response to stationary gratings has been shown to originate in area V1 (Chapter
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5). The latency and global field power of the evoked response will be examined for
evidence of single or multiple mechanisms responding to chromatic stimuli over a wide

range of temporal frequencies at the level of V1.

7.2 Method

7.2.1 Stimuli

Isoluminant red/green gratings were generated as in section 5.2.1 and presented in the
right lower quadrant of the visual field. This quadrant has been shown to evoke a high
field strength response (see Chapter 5). The field size was 4 x 6 degrees and the
stimulus was displaced 0.5 degrees from the principal meridians to restrict the primary
cortical input to a distinct region within V1. The spatial frequency of the gratings was
2 cycles/degree as this provides the maximum field strength response (see Chapter 6).
The temporal drift frequency of the grating was varied between OHz and 40Hz. For
the OHz condition, the phase of the gratings was varied between each stimulus
presentation. For the achromatic control condition the gratings were of 20% contrast

and were matched for mean luminance (cd/m?) and spatial frequency (2 cycles/degree).

7.2.2 Procedure

The visual evoked magnetic response was recorded using the Aston 19-channel
SQUID magnetometer system as described in section 2.9 using a procedure as section
52.2. The evoked response from gratings of different temporal frequencies was
recorded and the data analysed using magnetic global field power. This measure is
appropriate as for each subject, recordings were made with the same dewar position
and hence the field power is directly comparable across temporal frequencies within
the same subject. Comparison between subjects was enabled by normalising the field
power to the percentage of maximum response. Hence latency and magnetic field
power were analysed for each of the subjects and plotted as a function of temporal
frequency.

7.2.3 Subjects
Three females (KL, LB and JD) and two males (IH and KS) volunteered for the
experiment. Their ages ranged from 28 to 39 and all had normal visual fields and

colour vision and a normal or corrected-to-normal Snellen acuity of 6/6.

7.3 Results
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The global field power of the evoked magnetic response to 2 cycles/degree gratings
drifting between OHz and 40Hz is shown for each of the 5 subjects in Figures 7.1-7.5.
The latency and magnetic field power of the peak corresponding to the V1 chromatic
evoked response as described in Chapter 5 is shown for each temporal frequency. The
time window is 500ms and the scale is shown individually for each subject. When the
component reached the level of the background noise and could not be clearly

identified, the magnetic field power of the component was taken to be zero.

The response is dominated by a major component peaking at between 101-126ms.
The field power shows bimodal dependence on temporal frequency, tending to be
maximal for stationary gratings, dropping with increased temporal frequency before
rising again to maximal or near maximal values at 4Hz. The field power then decreases
with increasing temporal frequency, reaching a value comparable with the noise level at
40Hz. A second, low field strength component at 156-174ms is seen for some

temporal frequencies in four of the subjects but this is less consistent.

The temporal frequency tuning functions are shown in Figure 7.6 for each of the
subjects. For subject LB, the field power does not rise to maximum values at 4Hz but
nevertheless, a notch is apparent in the field power plot. For subject KL the field
power does not show a maximum for stationary gratings but increases with increasing
temporal frequency, reaching a maximum at 4Hz before falling slightly and remaining
constant until 32Hz when the field power drops abruptly, approaching the noise level
at 40Hz. To aid comparison between subjects the normalised field power as a function
of temporal frequency is shown for all subjects in Figure 7.7.

The latency of the evoked response peak is highly consistent between subjects and is
shown as a function of temporal frequency in Figure 7.8. The latency rises gradually
with increasing temporal frequency, reaching a peak at 8-16Hz before dropping again
to relatively low latencies, lower than are observed for the stationary gratings. This
drop in latency, associated with a low field strength, is suggestive of the response
being dominated by a different mechanism than for the lower temporal frequency
responses. There are two major possibilities for this alternative mechanism. Firstly
that the high drift rate changes the isoluminant ratio so that chromatic aberrations
introduce luminance artefacts into the display (Bradley et al., 1992). The recorded
response could then arise from luminance sensitive mechanisms. Alternatively, a sub-

population of chromatic sensitive cells may be responding. Such a shorter response
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Figure 7.1 Latency and magnetic field power for the peak of the evoked response

to isoluminant red/green gratings of various temporal frequencies for subject KS
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Figure 7.2 Latency and magnetic field power for the peak of the evoked response

to isoluminant red/green gratings of various temporal frequencies for subject JD
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Figure 7.3 Latency and magnetic field power for the peak of the evoked response

to isoluminant red/green gratings of various temporal frequencies for subject IH
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Figure 7.4 Latency and magnetic field power for the peak of the evoked response
to isoluminant red/green gratings of various temporal frequencies for subject LB
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Figure 7.5 Latency and magnetic field power for the peak of the evoked response
to isoluminant red/green gratings of various temporal frequencies for subject KL
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latency would be appropriate for cells sensitive to high temporal frequencies.

To determine which of these possible explanations is more likely to be correct, a
control experiment was performed in which the temporal frequency tuning properties
of the achromatic response was recorded for subject JD. The contrast of the gratings
was 20% as this value will exceed the contrast of possible luminance artefacts
introduced by chromatic aberrations (Bradley et al., 1992). The global field power is
shown as a function of temporal frequency together with the chromatic evoked
response in Figure 7.9. The field power of the luminance response is low and the
response itself is barely distinguishable from the noise and cannot be identified at
temporal frequencies above 16Hz. Although the recordings were made on different
days so that due to slight dewar positioning differences the amplitudes of the two
response sets are not strictly comparable, it i1s evident that the chromatic evoked
response at high temporal frequencies does not arise as a function of luminance

artefacts.

45
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global field 25
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Figure 7.9 Magnetic field power of the evoked response to chromatic and

achromatic gratings

To confirm that the response to all temporal frequencies is likely to arise from the same
cortical region, Monte-Carlo error analysis was performed for the data recorded from
subject [H. The 95% confidence regions obtained are shown in Figure 7.10. All
confidence regions overlap and lie along an ascending branch of the calcarine fissure,
as seen in Chapter 5. Hence the same cortical region responds to all chromatic

temporal frequencies.
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Figure 7.10 95% confidence regions for dipole locations following chromatic

stimulation at a range of temporal frequencies for subject IH

166



Temporal Frequency Characteristics
7.4 Discussion

The evoked magnetic response was recorded to 2 cycles/degree isoluminant chromatic
gratings drifting at between OHz and 40Hz. The response was dominated by a major
component whose field power and latency varied with the drift temporal frequency of
the stimulus. In three of the five subjects, the field power was bimodal, reaching near-
maximal values at 0-1Hz and again at 4Hz. In a fourth subject an increase in field
power for the 4Hz condition was apparent in the data but this increase was not

marked. A fifth subject showed maximal responses only at a drift rate of 4Hz.

Such an increase in amplitude of the VEP has also been noted by Rabin et al. (1994)
for pattern reversal stimulation, particularly for modulation of the S cone, at a
counterphase frequency of 4Hz. However, no discussion of the significance of the

amplitude increase was offered.

This consistent peak at 4Hz is surprising as psychophysical techniques do not indicate
an increase in sensitivity to chromatic gratings at this temporal frequency. The
chromatic evoked magnetic response has been shown to arise from area V1 (see
Chapter 5). It is possible that this increase in magnetic field power indicates the
activation of more than one cell population; the increased number of cells responding
at 4Hz resulting in the observed increase in recorded field power. This is supportive of
more than one mechanism responding to moving chromatic targets, either in the form
of multiple temporal frequency channels with overlapping sensitivity regions as is
found with achromatic motion sensitivity (Anderson and Burr, 1985; Hess and
Snowden, 1992), analogous to spatial frequency channels (Campbell and Robson,
1968), or two separate mechanisms responding optimally to stationary and 4Hz

temporal frequency stimulation.

Other than the peak in field power at 4Hz the results are consistent with
psychophysical observations of the chromatic temporal tuning function. There is a
decreased sensitivity with increasing temporal frequency and the response falls to the
level of the noise around 40Hz. Although many psychophysical studies do not
investigate frequencies as high as 40Hz, extrapolating their published threshold plots
gives a cut-off frequency consistent with the 32-40Hz indicated by this study
(Gegenfurtner and Hawken, 1995; Mullen and Boulton, 1992; Kelly, 1983). When a
difference occurs, the cut-off frequency for the evoked magnetic response data is
higher than that obtained psychophysically. This may be due to tracking eye

movements reducing the effective temporal frequency of the chromatic gratings for the
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long stimulus duration of this study.

The decrease in latency of the peak response above 8-16Hz is suggestive of a different
mechanism sensitive to high temporal frequencies. There are two possible explanations
for this drop in latency. Firstly, the response arises from luminance artefacts due to
display or retinal inhomogeneities. Secondly that a separate chromatic-sensitive cell
population or mechanism gives rise to the recorded response. A control experiment
recorded the response to achromatic, luminance modulated gratings of 20% contrast
over a range of temporal frequencies. The low field strength obtained indicates that
the cell population giving rise to the chromatic evoked magnetic response is relatively
insensitive to luminance modulations and the response is therefore likely to arise from
chromatic sensitive mechanisms over the entire range of temporal frequencies
investigated. That lower latencies were obtained for high temporal frequency gratings
suggests that the cells generating the response are coding the motion of the gratings
rather than signalling their presence. A mechanism that merely detected the presence
of gratings would not be expected to show a change in latency with changing temporal
frequency. The direction of latency change is as expected as a more rapid response
would be beneficial for cells encoding high temporal frequency information. The lower
field power of the response indicates that it is a relatively small population of cells that
respond to high temporal frequencies. To confirm that the cells responding are located
in the same cortical region as the cells sensitive to lower temporal frequencies, Monte-
Carlo error analysis of the data from subject IH were performed. The confidence
regions obtained, shown in Figure 7.12, confirm that cortical location that does not
change with increasing temporal frequency. The results are therefore not contaminated
by activity arising from additional cortical regions and demonstrate that cells within

visual area V1 code for chromatic motion over a wide range of temporal frequencies.
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CHAPTER 8

THE LUMINANCE EVOKED MAGNETIC RESPONSE:
SPATIAL FREQUENCY CHARACTERISTICS

8.1 Introduction

Within the human visual system it has been proposed that parvocellular units are
capable of encoding both chromatic and luminance information; the double duty
hypothesis (Ingling and Martinez-Uriegas, 1985; Ingling, 1991). This is supported by
single cell recordings in area V1 of macaque (Thorell et al., 1984) that demonstrate
that the majority of cortical cells are capable of responding to both chromatic and
luminance stimulation. Similarly, studies which selectively lesion magnocellular and
parvocellular pathway cells in macaque (Merigan et al., 1991) and rhesus monkey
(Schiller, 1991) demonstrate that parvocellular cells respond both to chromatic and to
luminance stimulation. Indeed, Thorell et al. (1984) reported that 53% of cells tested
responded equally well to chromatic and luminance stimulation. Single opponent cells
were shown to have lowpass characteristics for chromatic stimulation and bandpass
characteristics for luminance stimulation. Double-opponent cells demonstrated
bandpass behaviour towards both stimulus types. A summed population of 108
cortical cells showed lowpass chromatic response characteristics and bandpass
luminance characteristics. This is in agreement with psychophysical studies. Mullen
(1985) undertook a comprehensive investigation of the spatial frequency tuning
properties of the chromatic and luminance systems. The contrast sensitivity function to
chromatic modulation was found to be lowpass, as discussed in Chapter 6. In contrast,
the contrast sensitivity function to luminance modulation (green/black and
yellow/black) was bandpass, peaking at 0.8-4 cycles/degree with a cut-off frequency of
32-33 cycles/degree.

Previous evoked potential studies have demonstrated a response arising from
chromatic sensitive mechanisms (Murray et al., 1987; Jeffreys, 1989; Crognale et al.,
1992, 1993; Rabin et al., 1994). This chromatic response is negative, and as such is of
opposite polarity to the positive luminance generated response, and is of longer latency
than the equivalent luminance evoked response. These differences are not in accord
with single cell studies which find that the same cells respond to luminance and

chromatic stimulation. There are two explanations for these response differences.
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Firstly that different cell populations underlie the surface recorded response. Secondly,
the way in which the same group of cells respond is different following chromatic and
luminance stimulation, perhaps responding more sustainedly following chromatic
stimulation so that a different phase of the response dominates the negative surface

recorded response.

To investigate the differences between responses evoked by chromatic and luminance
stimulation this chapter aims to record the evoked magnetic response to luminance
modulated patterns. Stimulation with achromatic, yellow/black and red/black gratings
will be compared with the results obtained following isoluminant red/green stimulation.
The spatial frequency characteristics of the response will be determined and the results
compared with both single cell recordings within macaque visual area V1 and with the
psychophysical properties of the human visual system. The inverse solution of the
response will be obtained and the dipole cortical locations will be compared with those
obtained following isoluminant chromatic stimulation described in Chapter 6. In this
way the cortical activation patterns following chromatic and luminance stimulation will

be compared and the cell-type underlying the evoked response will be examined.

8.2 Method

8.2.1 Stimuli

Four stimuli were used during the course of the experiment. Red/green grating were
generated as in section 5.2.1 to produce isoluminant chromatic modulation. These
same gratings were combined in phase to produce luminance modulated yellow/black
gratings. To compare the spatial frequency tuning of isochromatic gratings, red/black
rather than green/black as used by Mullen (1985) was selected as cells within macaque
area V1 have been shown to give a larger response following stimulation with red light
rather than green (Givre et al., 1995). The red/black gratings were generated by use of
the same gratings as in section 5.2.1 but with the green phosphor turned off. The
mean luminance of the red phosphor was adjusted to match that of the red/green and
yellow/black conditions. Finally, achromatic gratings of 80% contrast were generated
to examine the effect of luminance modulation without a net chromatic component.
All gratings had a mean luminance of 12cd/m? and were presented in the right lower
quadrant of the visual field. This quadrant has been shown to evoke a high field
strength response (see Chapter 5). The field size was 4 x 6 degrees and the stimulus

was displaced 0.5 degrees from the principal meridians to restrict cortical input to a
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small region of area V1. The spatial frequency of the gratings was varied between
0.25 and 8 cycles/degree.

8.2.2 Procedure

The visual evoked magnetic response was recorded using the Aston 19-channel
SQUID magnetometer system as described in section 2.9 using a procedure as section
52.2. Data was analysed using the magnetic global field power which is appropriate
as for each subject, recordings were made with the same dewar position and the field
power is therefore directly comparable across spatial frequencies within the same
subject. Comparison between subjects was enabled by normalising the field power to
the percentage of maximum response. Hence latency and magnetic field power were

analysed for each of the subjects and plotted as a function of spatial frequency.

8.2.3 Subjects
Two females (FF and JD) and two males (IH and KS) volunteered for the experiment.
Their ages ranged from 28 to 39 and all had normal visual fields and colour vision and

a normal or corrected-to-normal Snellen acuity of 6/6.

8.3 Results

8.3.1 The response of subject FF to four stimulus conditions

The evoked magnetic response to luminance stimulation was more complex than the
isoluminant chromatic response described in Chapters 5-7, The response comprised a
major component and up to two additional components which were strongly influenced
by the spatial frequency of the stimulus. The response to red/black stimulation is
shown in Figure 8.1 for 0.5 cycles/degree (upper panel) and 4 cycles/degree (lower
panel). The time window is 500ms and the global field power is shown for both spatial
frequencies. The magnetic field was mapped at the peak of the response, 92ms for
both spatial frequencies and the equivalent current dipole is marked in white. The
orientation of the dipole is as predicted by the cruciform model of striate cortex (see
Figure 5.2), pointing up and to the left following stimulation of the right lower
quadrant.

The global field power of the evoked magnetic response to red/black, yellow black

and achromatic stimulation over a range of spatial frequencies is shown in Figure 8.2

for subject FF. For comparison, the response recorded during the same session for
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isoluminant chromatic stimulation is shown for 2 and 4 cycles/degree. A more
comprehensive range of spatial frequencies for isoluminance chromatic stimulation is
shown in Figure 6.6. The trace duration is 500ms and the time of the major peak is

shown for each spatial frequency.

The response to red/black, yellow/black and achromatic stimulation showed very
similar morphology, with the latency of the peaks of all three conditions lying within
12ms at each spatial frequency. The spatial frequency tuning of the major response for
each of the three luminance modulation conditions was similar. This is shown in
Figure 8.3. The response was bandpass, peaking at 4 cycles/degree with a cut-off
frequency of 12 cycles/degree. The spatial frequency tuning of the red/green response
is shown for spatial frequencies of 2 cycles/degree and 4 cycles/degree. The chromatic
response peaked at 2 cycles/degree and approached the level of the noise at 4
cycles/degree, consistent with the findings of Chapter 6 which showed the response to
be bandpass with a peak at 1-2 cycles/degree.

The latency of the major luminance component varied between 86ms and 114ms with
spatial frequencies above 4 cycles/degree evoking later responses. The field power of
the response was less similar between different luminance conditions with the red/black
gratings evoking the highest field power response and the achromatic gratings the
lowest. The response morphology was more complex than that observed following
isoluminant chromatic stimulation with up to three components being observed at all
spatial frequencies. For the red/black gratings the spatial frequency was reduced to
0.25 cycles/degree when the early component dominated the response. When present
this early component varied between 62ms and 79ms. An additional later component
was observed for the higher spatial frequencies and the latency of this component

varied between 123 and 172ms.

The effect of spatial frequency on the latency of the major response component 1s
shown for each of the four stimulus conditions in Figure 8.4. The three luminance
conditions show similar results with latency increasing slightly with spatial frequency.
The latency of the achromatic response shows more variability although the increase in
latency with spatial frequency is still apparent. The effect of spatial frequency on the
latency of the isoluminant red/green response is much more marked. Although only
two spatial frequencies are shown there is a large increase in latency and both latencies

are greater than those of the luminance conditions.
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and 16 cycles/degree for subject FF.
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each of the four stimulus conditions for subject FF
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The effect of spatial frequency on the field power and the latency of the early and late
components of the response is shown in Figures 8.5 and 8.6. The early components
are apparent only at and below spatial frequencies of 1 cycle/degree. In contrast, the
later component, while apparent for a wider range of spatial frequencies, peaks at 2
cycles/degree for the achromatic response and at 6 cycles/degree and 8 cycles/degree

for the red/black and yellow/black response respectively.

30 —&— red/black (e)
- —&— yellow/black (e)
i —&— achromatic (e)
25 - —#— red/black (1)
. —A— yellow/black (1)
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Figure 8.5 The effect of spatial frequency on the field power of the early (e) and

late (1) components of the luminance evoked response
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Figure 8.6 The effect of spatial frequency on the latency of the early (e) and late

(1) components of the luminance evoked response

8.3.2 The major response to red/black gratings for subjects JD, IH and KS

For the remaining three subjects, the spatial frequency tuning properties of the
luminance evoked response was investigated using red/black gratings which was
representative of the luminance response and evoked the highest magnetic field
strength signals. The global field power changes with spatial frequency are shown for
the three subjects in Figures 8.7-8.9. As with subject FF, the response was more
complex than the isoluminant chromatic response and comprised up to three distinct
components. The field power of the major component was low and both latency and

field power were more variable than the isoluminant response.

The spatial tuning characteristics of the major response component is shown in Figure
8.10 for each of the three subjects. The evoked response shows bandpass
characteristics for each of the subjects, peaking at 4-6 cycles/degree with the response
approaching the level of the noise at 16 cycles/degree. The effect of spatial frequency
on the latency of the major component is shown in Figure 8.11. For all three of the
subjects latency shows a curvilinear dependence on spatial frequency, above 4

cycles/degree showing a monotonic increase in latency with spatial frequency.
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8.3.3 Cortical localisation of the response components

Monte-Carlo error analyses of the equivalent current dipole solutions were obtained
and co-registered with MRI information to determine the cortical activation pattern
following presentation of the different stimulus conditions. For subject FF the time of
the peak response for each condition was selected (2 cycles/degree for isoluminant
red/green and 4 cycles/degree for the three luminance conditions) and Monte-Carlo
analysis performed. The resulting confidence ellipsoids, shown in Figure 8.12, are

clustered together in close proximity to the calcarine fissure.

Figure 8.12 95% confidence regions for the peak response for all four stimulus
conditions for subject FF
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However, the luminance response was composed of up to three distinct components.
To investigate the cortical localisations of these components an equivalent current
dipole model was applied to the peaks in the power plots for each subject. As a single
dipole model was used the analysis was performed at those time points for which the
response was dominated by a single component. The appropriate spatial frequencies
were 0.25, 1, 2, 4, 6 and 8 cycles/degree for subject FF, 0.5, 1, 6 and 8 cycles/degree
for subject IH, 2, 4, 6 and 8 cycles/degree for subject KS and 2, 4, 6 and 8
cycles/degree for subject JD.

The 95% confidence regions obtained by Monte-Carlo simulation are shown in Figures
8.13-8.16 for all the subjects. For subject FF, the early component produced good
localisations for 0.25 cycles/degree and 1 cycle/degree and these are shown in the
upper panel of Figure 8.13. The major component, however, provided good
localisations for a wide range of spatial frequencies, shown in the lower panel of
Figure 8.13. Monte-Carlo analysis was performed for the major and the late
components of the remainder of the subjects. In Figures 8.14-8.16 the major
component is shown in yellow and the late component in red for four different spatial
frequencies. The results provide evidence for the existence of multiple generators
underlying the luminance evoked response. The confidence regions for subject IH
show clear spatial separation of the two generators for each spatial frequency. Subject
JD shows the generators of the two response components originating in the same
cortical location. For subject KS the confidence regions indicate the generators may
be spatially separate. Furthermore, at 8 cycles/degree there is evidence of three

response generators originating in different cortical locations.

8.4 Discussion

The evoked magnetic response to luminance modulated sinusoidal gratings was
recorded from four subjects at spatial frequencies between 0.25 cycles/degree and 16
cycles/degree. As a comparison, isoluminant red/green gratings were also recorded at
2 and 4 cycles/degree. An analysis of the effect of spatial frequency on magnetic field
power and latency was undertaken and a comparison of the cortical activation patterns

following isoluminant chromatic and luminance stimulation was made.

The morphology and the latency of the major response to all three luminance

conditions was very similar. This is suggestive of the same mechanism generating the
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Figure 8.13 95% Monte-Carlo confidence regions for the early and major

components at various spatial frequencies for subject FF
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Figure 8.14 95% Monte-Carlo confidence regions for the major and late

components at various spatial frequencies for subject IH
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Figure 8.15 95% Monte-Carlo confidence regions for the major and late

components at various spatial frequencies for subject JD

187



The Luminance VEMR

Figure 8.16 95% Monte-Carlo confidence regions for the major and late

components at various spatial frequencies for subject KS
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evoked response to all three luminance stimulus types. Support for this is obtained by
examination of Figure 8.12 which shows the 95% confidence regions for the equivalent
current dipole location following stimulation with each of the luminance conditions at
the optimal spatial frequency of 4 cycles/degree for subject FF. The dipole location of
the red/green response at the peak response of 2 cycles/degree is also shown.
Although there are slight changes of position, all confidence regions are clustered
together along the calcarine fissure and as such are suggestive of a V1 origin. This is
supported by the orientation of the equivalent current dipole of the major component
of both red/black and isoluminant red/green gratings being as predicted by the
cruciform model of V1. The confidence regions generated from achromatic
stimulation was larger than the other conditions. This may be due to the lower field
strength of the response producing poorer dipole solutions and thus more uncertainty

in the location of the dipole generator.

As would be predicted by the receptive field properties of the cortical cells, the results
are consistent with the same cell population responding to all three luminance
conditions. While the different morphology and latency of the isoluminant red/green
response cannot support the same cell population giving rise to all components of the
chromatic and luminance responses, the similar equivalent current dipole orientation of
the isoluminant response and the major component of the luminance response suggest
that at least this major component is generated by cells of the same area. Indeed, co-
registration of the dipole confidence regions with MRI information are suggestive of
the same visual area, V1, underlying the peak of the surface recorded activity following

both luminance and isoluminant stimulation.

Although the response morphologies are very similar for the three luminance
conditions, the field power of the red/black response is generally higher than the
yellow/black and the achromatic response. This is indicative of a significant
contribution from L*/M- single opponent cells to the recorded response. These cells
would respond to the presence of red light but not to the addition of spatially co-
extensive green light as is present in yellow/black and in achromatic gratings. Indeed,
Tootell et al. (1988c¢) found the majority of cells within layers 2 and 3 of macaque area

V1 to be single opponent cells.

Despite this relative increase in magnetic field strength for the red/black condition, the
luminance modulated response is of lower field strength than the chromatic response of
equivalent spatial frequency. For subject FF the response to isoluminant red/green

gratings was recorded in the same experimental session as the luminance modulated
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response. The highest field strength was evoked by a 2 cycles/degree red/green grating
although the maximal field strength evoked by red/black gratings was only slightly
lower. However, the spatial frequency tuning function shown in Figure 6.8 reveals the
red/green response to peak at 1.5 cycles/degree. Hence the peak red/green response
recorded during the luminance experimental session would be considerably higher than
the peak red/black response. Indeed, although recorded during different experimental
sessions so not strictly comparable, examination of field strength for red/black
stimulation in Figures 8.7-8.9 and for red/green stimulation in Figures 6.1-6.5 reveals
the isoluminant chromatic response to be consistently larger in all subjects. Again, this
is suggestive of a significant contribution from single opponent cells to the recorded
response. These cells would respond both to red/black gratings and to red/green
gratings. As the red/green gratings would stimulate both Lt/M- and M*/L- cells it
would be expected that this stimulus type would produce the largest response. This 1s
consistent with previous reports of a robust visual evoked potential to isoluminant
chromatic stimulation which is of higher amplitude than that evoked by luminance
stimulation (Crognale et al., 1993; Rabin et al., 1994).

The spatial frequency tuning of the luminance response for all three conditions is
shown in Figure 8.3 for subject FF and for red/black modulation for the remaining
three subjects in Figure 8.10. For all subjects the luminance response is bandpass,
peaking at 4-8 cycles/degree and approaching the level of the noise at 12-16
cycles/degree. This is consistent with previous reports of the optimal spatial frequency
of the response to achromatic gratings being between 4 cycles/degree (Jones and Keck,
1978) and 8 cycles/degree (Plant et al., 1983). The results are also comparable both
with single cell recordings from macaque striate cortex (Thorell et al., 1984) and with
psychophysical results (Mullen, 1985), shown in Figure 3.4, which demonstrate that
the luminance response is bandpass, peaking at 0.8-4 cycles/degree with a cut-off
frequency of 32-33 cycles/degree. Furthermore, Thorell et al. (1984) showed single
opponent cells to have bandpass characteristics to luminance stimuli and lowpass
characteristics to isoluminant chromatic stimuli. This is consistent with the major
response peak of the chromatic and the luminance evoked magnetic response being

generated by the same cell population; single cells within area V1.

The peak frequency found in this study is a little higher than these previous reports,
peaking at 4-8 cycles/degree, although as discussed in Chapter 6 the shift to higher
spatial frequencies may be partly an effect of the lower number of cycles displayed for
low spatial frequencies. In addition, as Thorell et al. (1984) did not specify the cortical
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layers from which their recordings were made, it is possible that the surface recorded
response is dominated by parvocellular cells within layers 2 and 3 of V1 which may be
tuned to higher spatial frequencies than magnocellular cells. Furthermore, the spatial
frequency tuning functions described here are based on the field power of the major
component. As discussed below, the earlier component is more apparent at low spatial
frequencies and this low frequency activation may shift the psychophysical and single

cell spatial frequency tuning curves to lower spatial frequencies.

The cut-off frequency found in this study, 12-16 cycles/degree, is lower than that
found psychophysically and from single cell studies. However, even at 16
cycles/degree the majority of subjects had a clearly identifiable response and it is
possible that a response, even if reduced to the level of the noise, could be recorded to
spatial frequencies higher than 16 cycles/degree. In addition, as discussed in Chapter
6, the lower cut-off frequency observed here may be due to the requirement of a large
number of neurones to respond in order for the surface recorded signal to be
observable above background noise. Nevertheless, the spatial frequency tuning
function is consistent with psychophysical and single cell studies and is clearly different
from the lowpass isoluminant chromatic function, indicated in Figure 8.3 and shown in

more detail in Figure 6.8.

A further difference between the luminance modulated and isoluminant chromatic
response is the relative complexity of the signal. With few exceptions, the chromatic
response shows a single, major component. The luminance response, however,
comprises up to three distinct components. Figures 8.3 and 8.5 show the spatial
frequency tuning of the major (Figure 8.3) and early and late (Figure 8.5) components
of the evoked magnetic response for subject FF. The major component was present
for all spatial frequencies while the early component was apparent only at low spatial
frequencies and the late component, which was more persistent for the achromatic
condition, mainly at moderate to high spatial frequencies. The early and late
components were more variable and showed a greater difference between the three
luminance conditions than did the major component. Indeed, the late achromatic
response peaked at 2 cycles/degree while the remaining luminance conditions peaked
at 6-8 cycles/degree. This may be due to the relatively low field strength making
identification of the power peaks more difficult for these components. However, this
Jate achromatic component spatial frequency tuning peak at 2 cycles/degree is
consistent with the spatial frequency tuning of the N2-P2 component of the achromatic
evoked potential to grating onset described by Plant et al. (1983) and shown in Figure
47 The differences in the early and late components of the evoked magnetic response
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to different luminance conditions may therefore indicate the recruitment of different

cell populations.

The latencies of these components were stable between luminance conditions, as
shown in Figure 8.4 for the major component and Figure 8.6 for the late component.
Again, this is suggestive of the same cell population generating all three responses.
The latency of the major component showed a curvilinear relationship with spatial
frequency, increasing above and below 2 cycles/degree. The achromatic condition
showed more variability although the increase in latency with spatial frequency
remained clear. The remaining three subjects confirm this trend, shown in Figure 8.11.
By comparison, the latency of the red/green response for subject FF was longer and
increased steeply between 2 and 4 cycles/degree. However, examination of Figure 6.7
indicates the red/green response to show a similar dependence on spatial frequency

although latencies are longer and are shifted towards lower spatial frequencies.

Any trend of latency with changes in spatial frequency for the early component (62-
79ms) was more difficult to identify as the component was apparent only at low spatial
frequencies. This early component may parallel the CO component described by
Lesévre and Joseph (1979) for achromatic checkerboard onset. Its presence may
reflect early activation of the cortex by rapidly conducting magnocellular pathway
afferents. This explanation would be consistent with the lack of such an early response
in the isoluminant chromatic response. Furthermore, Nowak et al (1995) showed that
the initial activation of layer 4Ca of macaque area V1 by the magnocellular pathway
occurred some 20ms earlier than the initial parvocellular activation. Although MEG
has spatial resolution comparable with PET and fMRI (Hamaldinen et al., 1993), this is
not sufficient to distinguish between magnocellular and parvocellular layers within V1.
However, the early component of the 0.25 cycles/degree and 1 cycle/degree red/black
response for subject FF, shown in Figure 8.14, demonstrate a V1 origin. As the major
component, occurring some 20-30ms later also localises to V1, the results support a
sequence of activation of first the magnocellular layers and then the parvocellular

layers of V1.

The late component was not of sufficient magnitude to afford localisation analysis for
subject FF. However, subjects [H, JD and KS demonstrate high field strength later
components and such analysis is shown in Figures 8.14-8.16. These figures reveal a
large degree of inter-subject variability. The 95% confidence regions for subject IH,
shown in Figure 8.14, show consistent spatial separation of the two components for all

of the spatial frequencies. The major component is located along the ascending arm of
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the calcarine fissure and as such is consistent with a V1 origin. The location of this
component is very similar to that of the isoluminant chromatic response. The late
component, however, consistently localises to the fissure above that of the major
component. There is also a lateral shift but this is not marked for all spatial
frequencies. The results are therefore consistent with a V1 origin for the major
component and a V2 origin for the later component. The later component peaks at
123-151ms and as such occurs 43-67ms later than the V1 response. This is a longer
delay than would be expected for the initial activation of V2. Nowak et al. (1995)
showed that in macaque, V2 is activated, at least within the magnocellular layers,
nearly simultaneously with V1. However, the activity may represent a later response
within area V2.

The remainder of the subjects do not show such a clear spatial separation of the major
and late components. The confidence region for both the major and late components
for subject JD, shown in Figure 8.15, localise to above the calcarine fissure, on the
cuneal gyrus and its superior fissure. Although the confidence regions are relatively
large for 2 cycles/degree and 4 cycles/degree, the higher field strength signals of 6
cycles/degree and 8 cycles/degree produce uncertainty primarily in the depth of the
dipole, which is as expected if there is activation along the length of the fissure. Hence
both the major and the late components are consistent with a V2 origin. For
comparison, the lower left panel also shows the confidence region for the response to 2
cycles/degree red/green gratings. This lies on the upper surface of the calcarine fissure
and is therefore consistent with a V1 origin. Hence for subject JD, there is a clear
difference in the activation sequence between stimulation with chromatic and

luminance patterns.

For subject KS, shown in Figure 8.16, the major component lies along the upper
surface of the calcarine fissure and as such is consistent with a V1 origin. The later
component at 123-154ms, although generally positioned superiorly with respect to the
major component, produces large confidence regions and thus no conclusions can be
drawn about the active area of cortex this component represents. It is possible that the
component arises from distributed activity in many cortical regions. A single dipole
model would therefore be inappropriate and would result in the large confidence
regions observed. An interesting point to note in the response to 8 cycles/degree is
that a third component occurs at a latency of 183ms. This third component lies in
approximately the same region as the late component observed for the other three
spatial frequencies and the middle component, at 131ms, is shifted inferiorly. As the
confidence region is large, no firm conclusions can be drawn regarding the cortical
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origin of the component. However, if the response is confined to a small region of
cortex and not the cerebellum, the remaining area enclosed by the confidence ellipse is
the fusiform gyrus. This region has been described as the V4, the colour centre of the
cortex (Zeki, 1983a,b,c; Zeki et al, 1991; Zeki, 1993) and may well be activated by a
stimulus that contains both chromatic and luminance components. However, this
component is not apparent at any of the other spatial frequencies and the localisation
obtained from this experiment is not sufficiently good to conclude with certainty that a

V4 response has been identified.
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CHAPTER 9

HIGHER CORTICAL PROCESSING OF
CHROMATIC INFORMATION

9.1 Introduction

The concept of segregation of visual information on a functional basis has gained
increasing popularity over the last 15-20 years with hierarchical processing models (for
example, Livingstone and Hubel, 1988a; Van Essen, 1985) considering the processing
of colour is seen as a distinct mechanism, projecting via layer 4Cf to the blobs of
layers 2 and 3 of striate cortex, then to the thin stripes of area V2 before arriving at
V4, the colour centre.

More recently, the functional distinction between blobs and interblobs has blurred and
there is evidence of magnocellular input to the blobs (Livingstone and Hubel, 1984,
Edwards et al, 1995). As magnocellular pathway cells do not carry chromatic
information (Merigan et al., 1991; Schiller, 1991), the function of blobs as regions of
colour processing has been called into question. Indeed, there have been suggestions
that blobs are specialised for the analysis of low spatial frequency information rather
than colour information (Tootell et al., 1988c,e; Edwards et al., 1995).

Nevertheless, the concept of a cortical centre specialised for the analysis of colour has
been retained. The first such evidence of a colour centre came from clinical cases of
achromatopsia; the selective loss of the ability to perceive colours (Verrey, 1888;
Damasio et al., 1980). Such cases typically have lesions of the lingual and fusiform
gyri, although there have been cases reported with lesions solely of the fusiform gyrus

resulting in achromatopsia.

Electrophysiological evidence of the existence of functionally separate areas within
visual cortex was provided by single cell studies in rhesus monkey (Zeki, 1978b).
Areas containing a high proportion of directionally sensitive cells were thought to be
indicative of a motion analysis area, which was termed MT or V5. An additional area
was found to contain a high proportion of colour sensitive cells and it was suggested
that this was the location of a colour area, which was termed V4 (Zeki, 1983a,b,c).
The response of cells within V4 appeared to reflect the perception of colour rather
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than the wavelength composition of the stimulus and it was suggested that the area
may be involved in colour constancy (Zeki, 1980). However, in monkey, lesions to V4
also result in deficits in form perception and object recognition (Heywood and Cowey,
1987). Hence although the evidence suggests that V4 plays a major part in colour
perception, this may not be its only function.

Recently, there have been several attempts to locate V4 in humans. Using PET, a
comparison was made of rCBF when subjects viewed a chromatic and achromatic
mondrian (Zeki et al., 1991). In addition to the activation of areas V1 and V2, which
occurred for all stimulus types, the chromatic stimulus resulted in activation of the
fusiform and lingual gyri. It was reported that this demonstrated the location of the
human colour centre, V4. However, the differences in metabolic activity found using
PET are very small so that averages across subjects are made. Due to the differences
in cortical anatomy between subjects (Ono et al, 1990) this is not an optimal
procedure. In addition, PET has poor spatial resolution and temporal resolution of the
order of minutes (Haméldinen et al., 1993; Harding, 1993). Hence it is inappropriate
as a tool with which to investigate the temporal activation sequence of different areas

of visual cortex.

While fMRI offers excellent spatial resolution, its value as a functional imaging tool is
again limited by its poor temporal resolution. However, with the development of echo
planar techniques the problem of temporal resolution has been partially addressed.
Nevertheless, while scan times of seconds offers an improvement over more traditional
fMRI methods this is still insufficient to follow cortical activation patterns. In addition,
echo planar techniques improve temporal resolution at the expense of spatial
resolution; in order to reduce scanning time the volume of cortex scanned is reduced

and the investigation is often confined to a small region of cortex.

Such an approach was used by Sakai et al., (1995) in their fMRI investigation of the
fusiform gyrus. They examined changes in BOLD when subjects looked at coloured
circles and grey circles and they reported greater correlation of activity with the
stimulus when the subjects looked at coloured circles. They claimed the results
demonstrate the location of the human colour centre within the fusiform gyrus.
However, the colour stimulus used in the experiment was not isoluminant but
contained both colour and luminance modulation. This fact alone may have caused a
higher correlation of cortical activity with the stimulus. Furthermore, scanning was
confined to the fusiform gyrus. The evoked magnetic response data presented in

Chapters 5-8 show a stronger response in area V1 following chromatic rather than
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achromatic stimulation yet this does not imply that V1 contains the human colour
centre. Sakai et al., (1995) cannot therefore demonstrate the location of the colour

centre without comparing the results with other cortical areas.

It appears, therefore, that only MEG offers sufficient spatial and temporal resolution to
distinguish between the activation of different cortical regions. Previous chapters have
recorded the chromatic evoked magnetic response and have shown that the major
response component arises in V1. In Chapter 8 the response to luminance and
chromatic modulation was examined and it was demonstrated that in some subjects,
distinct peaks in the magnetic field power arose from different cortical regions. In one
subject Monte-Carlo error analysis suggested that one such peak may have been
generated in the fusiform gyrus, which has been described as area V4. This chapter
describes preliminary recordings of the evoked magnetic response generated by higher
cortical processing of chromatic information and in particular, attempts to localise the
human colour centre, V4. The temporal characteristics of the response will be
examined to investigate the sequence and duration of activity within human extrastriate

visual cortex.

9.2 Method

9.2.1 Stimuli

Isoluminant red/green gratings were generated as in section 5.2.1 and presented in a
field size of 4 x 6 degrees. The spatial frequency of the gratings was 2 cycles/degree
as this provides the maximum field strength response (see Chapter 6). Chapter 5
demonstrated the response to isoluminant chromatic gratings comprised a dipole
located on or near the midline with orientation as predicted by the cruciform model of
the calcarine fissure. To record the V1 response, left lower quadrant stimulation was
used, displaced 0.5 degrees from the principal meridians as in Chapters 5-8. However,
the pronounced activation of V1 is sufficiently high to obscure the activity arising from
areas such as V4 which may be located some distance away from the gradiometers. In
order to decrease the resulting dipole originating in V1, full field stimulation was also
used. With stimulation of all four quadrants of the visual field, the dipoles generated
will act to cancel and thus reduce the recorded magnetic field from this area. This is

shown in Figure 9.1.

As the dipoles are not all of equal moments and slight anomalies of orientation have
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been observed, it is unlikely that a full field stimulus will result in complete cancellation
of the V1 source. However, the use of such a stimulus should lead to a decrease in
the resultant field strength and activity arising from higher cortical processing may be

more apparent.

cuneal gyrus

e

aN
calcarine fissure
N

lingual gyrus

Figure 9.1 Predicted dipole activation within area V1 following full field

stimulation.

9.2.2 Procedure

The visual evoked magnetic response was recorded using the Aston 19-channel
SQUID magnetometer system as described in section 2.9. Both clinical and PET
studies have suggested the location of area V4 as the fusiform and lingual gyri. The
recording position was therefore moved laterally and inferiorly with respect to the
usual Oz recording position and was centred approximately 3cm below O2 with the
position of each gradiometer determined more precisely using a Polhemus digitising
system. The evoked response to gratings presented in the left lower quadrant and in a
full field was then recorded. The averaging epoch was 512ms and 200 epochs were
recorded and averaged together. For subject VT the primary V1 response was also

recorded for 100 epochs with the dewar centred over Oz.

9.2.3 Subjects
Two females (JD and VT) volunteered for the experiment. Their ages ranged from 27
to 32 years and all had normal visual fields and colour vision and a normal or

corrected-to-normal Snellen acuity of 6/6.
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9.3 Results

Figures 9.2-9.3 show the waveforms, global field power and field maps evoked by
isoluminant chromatic stimulation recorded from two subjects using left lower
quadrant and full field stimulation. The primary component from area V1 dominated
the response for both subjects. For subject JD, due to the inferior recording position,
the response was of low field strength. For subject VT the inferior recording position
resulted in a response to left lower quadrant stimulation that was of high field strength
but whose dipole fit did not reach statistical significance. The measurement was
therefore repeated with the dewar positioned above Oz to enable a signal to be

recorded that was suitable for cortical localisation.
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Figure 9.2 Waveforms and field map of the response of subject VT to chromatic

gratings in the left lower quadrant
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Figure 9.3 Waveforms and field map of the response of subject VT to chromatic

gratings with full field stimulation

For the both subjects, the major response to left lower quadrant stimulation peaked at
104-113ms and the equivalent current dipole pointed up and to the right, as predicted
by the cruciform model of striate cortex. For subject VT an additional component
occurred at 146ms with an orientation that was rotated 90 degrees with respect to that
of the major response. This later component was of lower field power than the major
component and was not apparent following full field stimulation. For both subjects,
full field stimulation resulted in a decrease of the major component. Although this
component dominated the full field response its magnetic field strength fell from
57x10%T? for the left lower quadrant condition to 32.3x10*fT? for the full field
condition for subject VT and from 7.6x10°fT? to 4.5x10°fT? for subject JD. A later
component was noted for the full field condition which peaked at 183-195ms. This
component was of lower field strength, 17.3x103fT2 for subject VT and 4.1x10°fT? for
subject JD.
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Figure 9.4 Waveforms and field map of the response of subject JD to chromatic
gratings for left lower quadrant (upper panel) and full field (lower panel)
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An equivalent current dipole model was applied to each of the power peaks in the
response of the two subjects; this was appropriate as the peaks were distinct and it was
therefore assumed the response was dominated by a single mechanism at the time of
the peak. This was supported by the correlation coefficients, and gammaQ values
obtained. These statistics and the value of the dipole moment, Q, are shown in Table
9.1

subject stimulation latency(ms)  probable  correlation gammaQ X2 Q (nAm)

location co-efficient

left lower 104 V1 0.98 0.001 30 8.8
VT left lower 146 V2 0.96 0.046 17 53
full field 195 V4 0.97 0.076 17 8.6
D left lower 113 V1 0.99 0.512 8.2 5.0
full field 183 V4 0.96 0.563 7.7 3.5

Table 9.1 Parameters of the single equivalent current dipole fits for subjects VT
and JD. Number of active channels was 15 for VT and 14 for JD.

Monte-Carlo analysis of the data was performed which yielded 95% confidence
regions for the dipole locations. Co-registration of this data with MRI information 1s
shown in Figures 9.5-9.6. The confidence regions for the power peaks in the response
were found to be small and spatially distinct. Figure 9.5 shows the location of the
volume of cortex generating the three power peaks for subject VT. These correspond
with the calcarine fissure, the fissure superior to the cuneal gyrus and the fusiform
gyrus. All three regions lie on the midline

The confidence regions generated by the two power peaks for JD shown in Figure 9.6
are also small and spatially distinct. The regions activated are the calcarine fissure for
the first component and the lingual and fusiform gyri for the second. The later
component is more lateral with respect to the earlier, lying within the right hemisphere

while the earlier component is situated on the midline.
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Figure 9.5 Confidence regions of the dipole locations following chromatic

stimulation for subject VT
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Figure 9.6 Confidence regions of the dipole locations following chromatic

stimulation for subject JD
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9.4 Discussion

The evoked magnetic response was recorded to isoluminant chromatic gratings in
order to investigate higher cortical processing mechanisms in human visual cortex.
The waveforms and magnetic field power for the two subjects to left lower quadrant
stimulation, shown in Figures 9.2 and 9 4, indicate that the response is dominated by a
major component. This component, which peaks at 104-113ms, is well modelled by a
single dipole for subject JD, evidenced by the high correlation and gamma Q and low ¥,
2 values in Table 9.1. For subject VT the x?* values are higher than would be expected
for a good fit of the model to the data. However, the correlation co-efficients and
gammaQ values are significant and the Monte-Carlo confidence regions generated are
small. Hence it can be concluded that the model provides an a sufficiently good fit to
the data for subject VT.

The dipole moments of 8.8nAm for subject VT and 5.0nAm for subject JD are the
strongest components found throughout the recording epoch. Co-registration of the
dipole solution with MRI information reveals the active volume for both subjects to lie

along the calcarine fissure, consistent with a V1 origin.

Examination of the field power of subject VT in Figure 9.2 reveals a second
component at 146ms.  Although of lower field power and dipole moment, this
component is also well modelled by a single current dipole, indicated by the dipole
statistics in Table 9.1. The Monte-Carlo confidence region is small, again indicating a
good fit by a single dipole model, and is situated on the superior cuneal fissure. As
such this is consistent with a V2 origin.

Investigation of the late component at 183-195ms was complicated by the high field
power V1 component which dominated the response and obscured the late component.
Presentation of the stimulus in a full field resulted in a decrease in field strength of the
V1 response and the late component became more apparent. Although this approach
results in the V1 response being unsuitable for modelling with a single current dipole,
this is not true of V4. In macaque (Zeki, 1993) and probably human (Clarke and
Miklossy, 1990, Zeki, 1991) V4, situated on the lingual and/or the fusiform gyri,
contains a representation of both upper and lower visual fields. Hence the use of a full
field stimulus should not result in the cancellation of dipole moments as will result for
V1. If this were not so and there exists a dorsal V4, the spatial separation of dorsal

and ventral V4 should not result in any cancellation of the response.
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The equivalent current dipoles are 8 6nAm for subject VT and 3.5nAm for subject JD
and as such are of lower strength than the V1 component. Co-registration of the
Monte-Carlo confidence regions with MRI data reveal the active cortex to lie on the
posterior fusiform gyrus for subject VT and on both the lingual and fusiform gyri for
subject JD. This is consistent with reports of the location of a colour centre gained
from single cell studies in monkey (Zeki, 1980; 1993), PET studies (Zeki, 1991), post-
mortem evidence (Clarke and Miklossy, 1990) and from fMRI studies (Sakai et al,
1995).

There have been previous intra-cortical recordings made within macaque V1 and V4,
although in response to flashes of white light rather than to spatially modulated
isoluminant patterns (Givre et al, 1994). They show that while V1 contributes mainly
to the surface recorded N40, and P55-80ms activity, V4 contributes mainly to the N95,
P120 and late negative responses. As the flash response has different morphology to
the pattern response (see Chapter 4) the latencies are not directly comparable.
However, the latency of the V4 response of 183-195ms recorded here is not
unrealistic. The time between the peak responses recorded from V1 and V4 is 91ms
for subject VT and 70ms for subject JD. This is longer than expected for initial
activation times as Givre et al., (1994) found that there was a 25ms delay between
commencement of activity in V1 and V4. The response recorded from V4 is therefore
unlikely to correspond to the initial activation of this area. This is consistent with the
reports of Givre et al, (1994) whose results show that the strongest response recorded
directly from V4 was not the initial P8O but the later N95 and P120. Similarly, the
latency between the peak response from V1 and that from V2 for subject VT is 42ms.
This is longer than would be expected from the response of single cells within macaque
areas V1 and V2. Nowak et al. (1995) demonstrated that in macaque, processing
commences nearly simultaneously within V1 and V2. Hence the V2 response is also
unlikely to represent the initial activation of this area. The temporal characteristics of
the evoked response therefore indicate that activation occurs over a prolonged period

within extrastriate cortical areas.

Chapter 8 notes possible activation of the fusiform gyrus at 131ms following
stimulation with red/black gratings. This is considerably earlier than the latencies
recorded here to red/green gratings and may either represent processing differences
due to the different stimuli used, or a different phase in the activity of this region of
cortex. Indeed, Givre et al., (1994) note considerable variability in the later responses

recorded directly from cells within macaque V4. The variation in latencies between
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subjects may therefore represent variability in the response of V4 itself. This is clearly
a subject which requires further investigation. The visual evoked magnetic response,
particularly for the later components, may reflect secondary activation of higher
cortical areas. These reverberatory responses may arise from feedbackward
connections from higher areas, or subsequent feedforward connections from V1 and
V2.

Given the short latencies between initial activations of areas V1, V2 and V4 suggested
from macaque data, the prolonged nature of the dominant V1 response may obscure
the activity arising from these higher areas. The use of a single dipole model precludes
the identification of simultaneously active areas but is applicable to those time periods
which are dominated by the activity of a single area, as evidenced by the dipole
statistics in Table 9.1. Hence by limiting analysis to distinct peaks in the evoked

magnetic response power, activation of areas V1, V2 and V4 have been identified.
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CHAPTER 10

CONCLUSIONS

The results of this thesis show that MEG is a valuable tool for examining the properties
of different areas and populations of neurones within the human visual cortex.
Specifically, the results indicate that it is possible to activate preferentially different
populations of neurones within area V1-and different visual areas (V2 and V4) by

using appropriately designed stimuli.

The evoked magnetic response recorded to isoluminant red/green gratings was
described in Chapter 5. The response was dominated by a major component which did
not arise from possible luminance artefacts in the stimulus. At the time of maximum
magnetic field power the response was well described by an equivalent current dipole
which was positioned on or close to the midline. The orientation of the dipole changed
consistently with the visual field stimulated in a manner consistent with anatomical
models of the calcarine fissure. Co-registration with MEG and MRI data revealed the
upper visual field to be represented on the lower surface of the calcarine fissure and the
lower visual field on the upper surface of the calcarine fissure. This demonstrates the

origin of the chromatic evoked magnetic response as striate cortex, visual area V1.

Having isolated a neuronal population within a specific area of cortex, if a sufficiently
high signal-to-noise ratio is obtained it is possible to characterise the spatio-temporal
characteristics of that cell population. Chapter 6 examined the spatial frequency tuning
properties of chromatic sensitive cells within area V1. The spatial frequency tuning
curve of the chromatic evoked response was found to be bandpass, peaking at 1-2
cycles/degree and falling to the level of the noise at approximately 6 cycles/degree.
The high spatial frequency cut-off point, while consistent with that found by previous
evoked response studies, was lower than that found by single cell electrophysiology
and by psychophysical measures. This was thought to be due to the larger number of
responding neurones required to record an evoked magnetic response. While the
organism as a whole can perceive a stimulus when a very small number of neurones
respond to that stimulus (Newsome et al | 1989), MEG requires in the order of fifty
thousand neurones to be simultaneously active before a clear evoked response is
recorded (Pizella and Romani, 1990). Hence MEG may provide a more accurate

measure of the magnitude of cells tuned to a particular spatial frequency than the
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detection thresholds traditionally used in psychophysics.

The decreased sensitivity to low spatial frequency patterns was found to be influenced
by the small number of cycles displayed at the lower spatial frequencies tested. Due to
physical restraints imposed by the recording equipment it was not possible to establish
if the response would approach a lowpass function if sufficient cycle numbers were
displayed. It remains possible that the chromatic contrast sensitivity function is formed
by an envelope of channels tuned to different spatial frequencies with more neurones
tuned to 1-2 cycles/degree than to lower and higher spatial frequencies. The cortical
location of the dipole generator of the evoked magnetic response was found to be
invariant with spatial frequency in agreement with the known spatial frequency

properties of area V1.

Chapter 7 examined the effect of temporal frequency on the magnetic field power and
latency of the chromatic evoked magnetic response. There were two peaks in the
temporal frequency tuning function with maximal field power obtained at 0-1Hz and at
4Hz. Such bimodal sensitivity is not apparent in psychophysical investigations
(Gegenfurtner and Hawken, 1995; Mullen and Boulton, 1992; Kelly, 1983) and may be
indicative of two chromatic mechanisms with overlapping temporal frequency

sensitivities.

The latency of the evoked magnetic response increased to a maximum at 8-16Hz
before dropping again to values which were lower than those observed following the
presentation of stationary gratings. This suggests the cells generating the evoked
response encode the motion of the stimulus rather than simply detecting its presence.
The response to achromatic gratings at a range of temporal frequencies was of low
field strength and thus luminance artefacts did not underlie the response to chromatic
gratings at any temporal frequency. This drop in latency following high temporal
frequency chromatic stimulation therefore suggests the activation of a sub-population
of cells tuned for high temporal frequencies.

Monte-Carlo analysis demonstrated that there was no change in cortical origin of the
response for different temporal frequencies, providing evidence to suggest that cells in

V1 encode the motion of chromatic targets over a wide range of temporal frequencies.
Having established the spatio-temporal tuning properties of chromatic sensitive cells in

V1, Chapter 8 examined the spatial frequency tuning characteristics of the cells
generating the luminance evoked magnetic response. The evoked response was shown
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to be more complex than the isoluminant chromatic response, comprising up to three
distinct components. The spatial frequency tuning function, based on the magnetic
field power of the major component, showed bandpass characteristics, peaking at 4-6
cycles/degree with a cut-off frequency of 12-16 cycles/degree. This is consistent with
single cell recordings in macaque (Thorell et al., 1984) and with human psychophysical
data (Mullen, 1985) although with a more marked low frequency fall off. This may be
due to the effect of low cycle numbers displayed in the stimulus and also that the early
component which dominated at low spatial frequencies was not included in the spatial
frequency tuning curve. The lower high frequency cut-off may be due to, as discussed
above, the requirement that a large number of neurones respond for the evoked

response to be detected above background noise.

The spatial frequency tuning characteristics of the responses to chromatic and
luminance data suggest that single-opponent cells within area V1 underlie both the
isoluminant chromatic response and the major peak of the luminance response. While
it is known that double-opponent cells exist at the level of the cortex (Livingstone and
Hubel, 1984), the results suggest that the majority of cells within area V1 are single-
opponent. Although the data indicates that the same population of cells responds to
chromatic and luminance stimuli, the luminance response was more complex than the
isoluminant chromatic response. This is suggestive of the activation of an additional
cell population. The early component observed following luminance stimulation may
reflect activation of magnocellular layers within area V1 while the later component
may arise from the activity of higher processing mechanisms. The results provide
evidence to suggest that differences in processing of chromatic and luminance

information occur as early as area V1 of human visual cortex.

Monte-Carlo analysis of the power peaks revealed a degree of inter-subject variability.
Confidence regions tended to be large, supportive of widespread cortical activation.
The data showed evidence of a progression of cortical activation from V1 to V2. For
one subject, Monte-Carlo analysis also revealed possible activation of the fusiform
gyrus.

To further examine the sequence of cortical activation patterns as information 1s
analysed within progressively higher centres, Chapter 9 aimed to identify area V4,
which has been described as the colour centre of human visual cortex. The statistical
parameters of the dipoles obtained indicated that at the times of the power peaks, the
response could be modelled by a current dipole. Three such peaks were observed in

the response of subject VT and two in the response of subject JD. Co-registration of

210




Conclusions

Monte-Carlo analysis and MRI data revealed the dipole generators to lie within areas
consistent with V1, V2 and V4 for subject VT and areas V1 and V4 for subject JD.
The locations of these extrastriate areas match those indicated in PET and fMRI
studies. MEG therefore provides validation for these techniques which offer only

indirect evidence of cortical activity.

The data indicates that it is possible to follow sequences of cortical activation using
MEG. The latencies observed for activation within extrastriate visual cortex imply that
the activity dominating the evoked response does not arise from the initial activation of
these cortical areas. The data thus provides evidence to suggest that activation of
extrastriate cortex occurs over a prolonged time interval. Currently, the localisation
algorithm is limited to time periods in which the recorded activity is dominated by a
discrete cortical region. Hence although MEG offers the temporal resolution to follow
the initial activation of V1, V2 and higher cortical areas, a single equivalent dipole

algorithm is not sufficient to achieve this.

Considering the complexity of the human visual cortex it is perhaps suprising that a
single equivalent current dipole can be used to model the data. However, such models
have been successfully utilised in many studies and the dipole statistics in Tables 5.1
and 9.1 indicate that such a model provides a good description of the data presented in
this thesis. Hence it can be concluded that if the stimuli are designed to restrict the
activation of cortex to a discrete region a current dipole can be used to model the
response at times in which the response is dominated by a single component. This is
particularly true when the active regions of cortex is close to the sensing coils; as
cortical dipolar-like activity falls off with the square of the distance then the activity
from cortical generators some distance away from the sensors will contribute less to

the recorded response.

The results presented in this thesis point to the value of MEG as a method of validating
other functional imaging techniques and also to enlarge upon the results of
psychophysics and single cell studies. The spatial tuning properties of cells within area
V1 were found to be similar but not identical to human psychophysical data. The
differences for low spatial frequencies may to some extent be due to limitations in the
size of the display equipment. However, for higher spatial frequencies, the differences
can be accounted for by the requirement that a large number of neurones be
simultaneously active before a clear evoked magnetic response is recorded. This
contrasts both with psychophysical measures and with single cell electrophysiology.

Single cells studies examine the response of a small sample of cells and it is difficult to
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determine if this sample is representative of the whole neuronal population. Similarly, a
psychophysical decision can be based upon the activity of very few neurones
(Newsome et al., 1989) so when the detection of a stimulus is above threshold, there is
no way of knowing if very few or very many neurones are responding to that stimulus.
Furthermore, psychophysical measures reflects the output of the whole visual process
and cannot distinguish between the response of cells at different stages of visual

processing.

In contrast, once a neuronal population has been identified, by examining the
magnitude of the response over a range of spatio-temporal frequencies MEG can
provide an estimate of the relative number of cells tuned to a particular spatial and
temporal frequency. The use of masking techniques may reveal the number of spatial
and temporal frequency channels present and also the relative number of cells within
that channel. This can be achieved for cells at any level of the visual processing
mechanism. Co-registration of MEG and MRI information enables the location of the
responding cells to be determined so that a description of the spatio-temporal

properties of cells within different areas of visual cortex can be obtained.
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