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Abstract

Retino-Geniculate Pathways and the Spatio-Temporal Properties of the Human
Visual System in Normal, Aging, and Glaucomatous Vision

Jocelyn Faubert, Ph.D.
Concordia University, 1991

The series of experiments in this study attempted to determine how
changes in the visual system due to aging alone or due to glaucoma can affect
selective retino-geniculate pathways as assessed from psychophysical
responses. The first experiment evaluated the effect of aging on the spatio-
temporal threshold surface under a 70 td illuminance level where both the M
and P pathways can respond. The psychophysical procedure used throughout
the experiments was such that reaction time, observar biases, criterion shifts,
and optical effects such as miosis of the pupil were ruled out as possibly
influencing the results. As expected, a loss of sensitivity at the high-spatial-low-
temporal and low-spatial-high-temporal regions of the surface were produced
by aging. A loss at the middle spatial frequencies and middle temporal
frequencies was also found. This was taken as support for the notion of
"diffuse” cell loss in the visual system caused by aging.

The second experiment established the effect of aging under a low
illuminance condition (0.70 td) which presumably isolates the function of M
cells. As expected, very little sensitivity loss was observed for the older group
relative to the young normals. This implies that aging does not selectively affect
large fibers of the visual system which would have been represented by a large
sensitivity decrease of the spatio-temporal threshold surface under this
illuminance.

The third experiment assessed the effect of glaucoma and ocular

hypertension on the threshold surface obtained in a 70 td illuminance condition.
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Globally, glaucora patients showed a greater loss at the low-spatial-high-
temporal region of the surface, demonstrating that glaucoma selectively affects
large fibers. Individual data show that three out of five glaucoma observers
have a relatively greater loss for the high-temporal and low to medium spatial
frequency region of the threshold surface, another subject showed no loss, and
the last subject showed some loss for the high spatial frequency region relative
to aged matched normal observers. Ocular hypertensive observers did not
show significant loss relative to normals. However, they did demonstrate the
greatest sensitivity drop at higher temporal rates. |In fact, the ocular
hypertensive "sensitivity loss" profile was independent of spatial frequency and
responded primarily to temporal rates showing suprasensitivity for most
conditions with a dramatic sensitivity decrease at the highest temporal rate used
(15 Hz). Individual data show that two out of three ocular hypertensive
observers have a relatively greater loss at the low-spatial-high-temporal region
of the surface.

The fourth experiment assessed the effect of glaucoma and ocular
hypenrtension under a low illuminance condition (0.70 td). As expected, the
glaucoma group showed reduced sensitivity throughout the conditions
assessed. This is consistent with the hypothesis of large cell loss in glaucoma.
The three observers showing a selectively greater loss for the high-temporal
and low to medium spatial frequencies have a severe loss of sensitivity relative
to normals at 0.7 td. An interesting result was that the ocular hypertensive
group still showed suprasensitivity relative to normals with a drop of sensitivity
at the highest temporal frequency visible under these conditions (7.5 Hz). One
possibility is that this represents two distinct pathophysiological characteristics
which, in turn, may be useful in distinguishing between reversitle visual

dysfunction caused by ocular hypertension and irreversible glaucoma-related



damage. Another possibility is that the ocular hypertensive sensitivity profile
observed is a result of early glaucoma-induced damage. The individual data
shows only a small loss for the 'we observers that had some deficit at the high-
temporal-low-spatial region of the surface for the 70 td condition.

The results of the experiments, taken together, support the hypothesis
that glaucoma causes selective cell loss in some glaucoma observers resutting
in psychophysical deficiencies which are predictabie from "M cell-like"
responses. They also suggest that the study of glaucoma, in early stages of the
pathology, may be useful in understanding normal visual processes attributable
to different physiological mechanisms. However, the results also demonstrate
that the clinical classification of early glaucoma may not in itself represent an
instance in which there is a selective cell loss. A careful evaluation of the
glaucoma patient with measures such as the ones that were used in this study
appear necessary prior to making the assumption of a selective cell loss. The
results also suggest that aging alone causes some damage to spatio-temporal
sensitivities and that these small losses are probably due to a non-specific loss
of cell types when reaction time, observer biases, criterion shifts and optical

factors are ruled out.
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Statement of the Problem

In the past several decades much attention has been directed towards
the study of the physiological processes of the visual system and their spatio-
temporal properties. Most of the attention in this area has addressed the
possibility that spatio-temporal and chromatic information are segregated early
in the visual system and may not be altered significantly until reaching the
primary visual cortex. This "parallel” processing has been under substantial
scrutiny by vision researchers. Although there have been controversies in the
early reports about the extent of this segregation, dealing mostly with the cat's
visual system, there is little doubt at the present time that there are two major
and distinct physiological pathways in the higher primates which carry different
visual information. The present concerns deal mostly with the specific
information that is being transmitted by each physiological mechanism and how
distinct they are from each other.

In parallel with the study of spatial properties of the physiological
mechanisms, much interest has been directed towards human psychophysics
and the study of spatial vision. This interest has come about, to a great extent,
with the pioneering work of Hubel and Wiesel (1962, 1968) and the application
of Fourier analysis to the waveform properties of stimuli used in physiology
(Enroth-Cugell & Robson, 1966) aiid human visual psychophysics (Campbell &
Robson, 1968). In fact, this appiication has promoted the use of "fundamental”
waveforms as stimulus targets for a majority of the research in spatial vision.

Many studies have attempted to determine whether the visual system has
separate mechanisms which selectively respond to different size gratings (i.e.,
spatial channels) and whether these spatial mechanisms have similar or

different temporal properties. Thus, sine wave gratings have been modulated in
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time to determine whether thresholds differ as a combination of spatial and
temporal properties (i.8., spatio-temporal mechanisms). The spatio-temporal
properties in question have been assessed for many different stimulus
conditions, such as luminance levels, target size, and retinal location. These
properties have also been tested using many different psychophysical
procedures which, as will be discussed later, can influence the end result. One
concern of this study was to assess the spatio-temporal properties of the normal
human visual system using a more controlled psychophysical procedure than
has generally been utilized. The psychophysical procedure used is believed to
be free of criterion shifts or observer biases and is not affected by reaction time,
which may influence the response of observers particularly when dealing with
inexgerienced and/or elderly persons. Further, the stimulus itself was
generated so that no visible edges wers perceived, other then the intended
pattern, thus allowing better control of the stimulus features. The spatio-
temporal characteristics of the visual system for inexperienced and elderly
observers have not been previously determined under these conditions.
Stemming from the results obtained by the psychophysical and
physiological approaches mentioned above, an interest has been expressed by
some researchers regarding the extent to which the human visual experience
on the whole is segregated early by the parallel pathways and what kind of
information is processed in these stages. The next problem is to determine
what part of this visual experience is transmitted by each of the two pathways.
Clarification of these issues is one of the main attempts of this study. More
directly, the main objective of this dissertation was to examine what aspects of
the achromatic spatio-temporal thresholds are processed by one pathway as
opposed to another. Because it is impossible to eliminate the individual

pathways in human subjects, the attempt to isolate the mechanisms was made
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indirectly, based on knowledge of physiological responses obtained from single
cell recordings and on the pathophysiological evidence of glaucoma.

As described later in detail, there is evidence that one of the
physiological mechanism's responses to spatio-temporal properties can be
isolated by manipulating luminance levels. Specifically, it is possible to reduce
the luminous intensity to a certain degree where one of the mechanisms
virtually stops responding and the other still responds adequately (Shapley,
1988). The second way of controlling for physiological mechanisms is by using
people with early glaucoma as observers in the experiments. There is growing
evidence that one of the physiological mechanisms, characterized by large
fibers, is selectively damaged in early glaucoma (Minckler & Odgen, 1987,
Quigley, Dunkelberger, & Sanchez, 1987). Thus, by determining which spatio-
temporal functions are most affected, one can establish the functions that are
under the controi of one major mechanism as opposed to another.

Although controlling luminance levels to isolate a mechanism is relatively
simple, using individuals with glaucoma involves certain complications. One of
the highest risk factors for glaucoma, as for many other visual disorders, is age.
It becomes imperative, therefore, that the effect of aging on the psychophysical
functions to be determined in these experiments is established. Although there
is evidence of cell loss with aging, there are very few reports about whether
distinct cell types are more affected by aging. However, there is some evidence
showing a tendency for selective losses of large cells with age in the midfrontal,
superior temporal, and inferior parietal areas of the cortex (Terry, DeTeresa, &
Hansen, 1987).

To summarize, this dissertation was concerned with several issues. First,
it examined spatio-temporal characteristics using a technique which eliminates

criterion problems and the effect of different reaction times. Further, Gabor
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functions were used to control for visible edges and sharp temporal onsets.
Second, it determined spatio-temporal thresholds under two very different
luminance conditions which are presumed to bias the response of the two main
physiological mechanisms in different ways. Third, the effect of early glaucoma
on the psychophysical procedures mentioned was assessed. If the
pathophysiological data are correct, the sensory losses demonstrated by
glaucoma should reflect the reduction in sensitivity as a result of a diminution in
the number of cells of the large fiber pathway. Fourth, the effect of aging on the

spatio-temporal properties of the visual system was established.




introd:sction

Physlological Mechanisms and Parallel Processing

In 1966, Enroth-Cugell and Robson showed that, based on
electrophysiological and functional properties, there are distinct cell types
among cat retinal ganglion cells which they termed X- and Y-cells. Other
researchers soon confirmed these results and extended them to the dorsal
lateral geniculate nucleus (LGN) of the thalamus (Cleland, Dubin, & Levick,
1971, lkeda & Wright, 1972; So & Shapley, 1979; Stone & Hoffman, 1972).
Morphological counterparts of these cell types were soon confirmed in the
retina (Boycott & Wassle, 1974; Fukuda & Stone, 1974; Fukuda, Hsiao, &
Watanabe, 1985; Fukuda, Hsiao, Watanabe, & Ito, 1984) and in the LGN
(Fukuda & Stone, 1975; Hoffman, Stone, & Sherman, 1972). It is now known
that some of these cell types are found in many different species (Peichl, Ott, &
Boycott, 1987; Rodieck & Brenning, 1983). This discovery of parallel cell types
in the retinal ganglion cells and the LGN (retino-geniculate pathway or RGP)
had great significance for several reasons. First, it demonstrated that, in the
mammalian visual system, information is represented differently by different cell
types and that this distinction starts at the retina and is maintained up to higher
levels, presumably in areas of the primary visual cortex. This can be
distinguished from the notion that the retina and the LGN act like a camera as a
relay of sequential neural information to the visual cortex.

Briefly, it was found that Y-cells, relative to X-cells, had larger receptive
fields (Cleland, Harding, & Tulunay-Keesy, 1979; Linsenmeier, Frishman,
Jakiela, & Enroth-Cugell, 1982), larger cell bodies and axon diameters (Boycott
& Wassle, 1974; llling & Wassle, 1981; Leventhal, 1982; Leventhal, Rodieck, &

Dreher, 1985), and faster conduction velocities to electrical stimulation
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{Cleland, et al., 1971; Fukada, 1971; So & Shapley, 1979; Stone & Hoffmann,
1972), although there is controversy whether this can be generalized to visual
stimuli because it is not clear whether differences in conduction velocity
contribute to differences in responsiveness to higher temporal frequencies
(Lennie, 1980). Further, X-cells respond linearly and Y-cells non-iinearly to
spatial targets such as sine wave gratings (Enroth-Cugell & Robson, 1966,
1984; Hochstein & Shapley, 1976a, 1976b). Secondly, a direct consequence
from this research was the doctrine that these may be underlying mechanisms
for processing spatial and temporal properties of visual stimuli, one cell type
with better defined spatial properties and the other with better defined temporal
properties.

An interesting issue for visual psychophysicists and other behavioral
vision researchers is whether spatial and temporal properties in higher
primates, such as the monkey and man, are controlled under parallel
mechanisms as in the cat. Another question of interest is whether other visual
functions, such as sensitivity to colour, are processed in a parallel fashion.
There is evidence that the macaque visual cells can also be sorted into celi
classes (Blakemore & Vital-Durand, 1981; DeMonasterio, 1978a, 1978b, 1978c;
Gouras, 1968; Kaplan & Shapley, 1982; Schiller & Malpeli, 1978).

Cell types in the monkey A large body of evidence suggests that there
are two maijor divisions of cell types in the RGP of the macaque monkey
(DeMonasterio, 1978a; Dreher, Fukada, & Rodieck, 1976; Gouras, 1968;
Leventhal, Rodieck, & Dreher, 1981; Perry & Cowey, 1981; Perry, Oehler, &
Cowey, 1984; Schiller & Malpeli, 1977, 1978). These studies show no
substantial differences between the receptive field organization and functional

properties of the LGN cells and their respective retinal ganglion cells. For this



reason, a distinction between the LGN cells and their retinal ganglion
counterparts will be made in the present context only if there are differences
between the two in the characteristics discussed. Both cell groups have circular
receptive fields (concentric) and most have a center- surround organization as
defined by Kuffler (1953). One group of fibers projects to the four dorsal
parvocellular laycrs of the LGN and the other group to the two ventral
magnocelliular layers of the LGN (Perry, et al., 1984). The cells projecting to the
parvocellular layers are referred to as P cells and those projecting to
magnocellular layers are named M cells (Schein & DeMonasterio, 1987,
Shapley & Perry, 1986). The M cells have receptive fields which are
significantly larger than those of the P cells (DeMonasterio & Gouras, 1975) and
the conduction velocity of M cells is much faster (Schiller & Malpeli, 1977). The
cells projecting to the parvocellular layers comprise approximately 80% of the
total number of fibers leaving the retina (Perry, et al., 1984). The P cells are
colour sensitive with strong colour opponencies and respond in a sustained
fashion when the light stimulus is at the peak of the cell's spectral sensitivity.
They also respond phasically to achromatic light (DeMonasterio, 1978a). M
cells have little chromatic opponency; that is, they show little wavelength
selectivity. However, recent work by Derrington, Krauskopf, and Lennie (1984)
shows that they may receive antagonistic signals from different cones.

Other types of cells have been discovered which are neither P nor M
cells but these are rare (DeMonasterio, 1978c; Perry, et al., 1984; Schiller &
Malpeli, 1977). These cells, which cannot be classified as either P or M cells,
have similar characteristics to the W-cells found in the cat (Cleland & Levick,
1974), are not wavelength selective (DeMonasterio, 1978c; Marroco, 1976),
and mainly project to the superior colliculus (Marrocco, 1976; Perry & Cowey,
1984, Schiiler & Malpelli, 1977).



Physiological classification One of the first classifications, based on
physiological responses demonstrated in the monkey RGP neurons, is
presented by Wiesel and Hubel (1966). They separated the P units into three
distinct classes based on the chromatic and spatial characteristics of the
receptive fields and these were labeled Type | (chromatically opponent) Type |l
(chromatic opponency but no achromatic opponency), and Type Ill cells (no
antagonistic colour inputs). Recent spatial frequency analysis using both
chromatic and achromatic gratings demonstrates that Type | and Type [li cells
comprise only one group. This is evidenced by data showing that almost all P
cells are linear (Blakemore & Vital-Durand, 1981; Kaplan & Shapley, 1986;
Shapley, Kaplan, & Soodack, 1981), that achromatic spatio-temporal frequency
sensitivities of Type | and Type Il cells are identical (Derrington & Lennie,
1984), and that Type lil cells actually have chromatically opponent receptive
fields (Derrington, et al., 1984; Padmos & Van Norren, 1975).

The magnocellular units were separated into two classes of cells labeled
Type [l and Type IV by Wiesel and Hubel (1966). The distinction between the
magnocellular Type lll neurons and the parvoceliular Type Il neurons are that
these two types differ considerably in contrast sensitivity and conduction
velocity. In the light of recent evidence, the Type lil and Type IV distinction
probably does not have any classification value. Kaplan and Shapley (1982)
and Derrington and Lennie (1984) demonstrated that these groups are
indistinguishable based on achromatic contrast sensitivity and linearity
measures. Derrington and his coworkers (1984) also showed that all M cells
have weak colour opponency for chromatic gratings.

Several researchers have suggested that the P cells of the monkey are

analogous to the X-cells of the cat and that the M units represented the Y-cells
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(Dreher, et al., 1976; Schiller & Malpeli, 1978; Sherman, Wilson, Kaas, & Webb,
1976). Recent evidence demonstrates that this is not the case (Derrington &
Lenmig, 1984, Derrington, et al., 1984, Hicks, Lee, & Vidyasagar, 1983; Kaplan
& Shapley, 1932; Kaplan & Shapley, 1986). These studies show that the M
cells are more sensitive to contrast than are the P cells while in the cat the X-
cells are more sensitive to contrast. Secondly, most M cells show linear
responses as opposed to the Y-cells in the cat with only 15-25% of the M cells
showing non-linearity typical of Y-cells. Clearly, this demonstrates that there
are distinct differences between the M and P cells of the monkey as opposed to
the Y- and X- cells of the cat and that the use of this classification for the monkey

should not be encouraged since it confuses the issue.

llluminance levels and their effects on the pathways Shapley (1988) has
reported a series of experiments where different luminance levels were used to
establish if there were selective effects in relation to the parvocellular and
magnocellular pathways. He found that when the mean retinal illuminance is
reduced to 1 td or less, the response to contrast for both P and M cells declines.
However, although the response level of the M pathway is still relatively strong
at these illuminance levels, the response of the P pathway is virtually
nonexistent. This implies that the M cells are driven by rods to a substantial
degree which is not the case for the P celis. The second implication, which
relates to the present study, is that if illuminance in a human psychophysical
experiment was reduced to 1 td or lower, an isolation of the M pathway would
be obtained. The response of hypothetical M and P cells to illuminance change
is demonstrated in Figure 1. The X-axes represent contrast and the Y-axes

correspond to the cell response in impulses per second. As demonstrated in
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Figure 1 (b), the reduction of the illuminance level below 1 td virtually eliminates

the response of the P cell while the M cell is still active.

Parvocellular cells and chromatic information One of the first studies,
using the method of "neutral points", found that there were two classes of
chromatically opponent units of which the specific cone inputs were inferred
theoretically from spectral response properties of retinal ganglion cells
(DeValois, Abramov, & Jacobs, 1966). These are the red-green (R-G) type
receiving antagonistic inputs from the red (R) and green (G) cones and the
yeliow-blue (Y-B) type receiving opposite inputs from blue (B) cones and either
R or G cones (in some cases a combination of the two). However, this study did
not demonstrate clearly organized antagonistic properties and some cells of the
P layers were not identified as colour opponent. The neutral point technique
has been criticized and more recent studies using either the chromatic
adaptation technique (DeMonasterio & Gouras, 1975) or the chromatic
modulation paradigm (Derrington, Lennie, & Krauskopf, 1983) have
demonstrated more rigidly organized chromatic responses in the P cells.

Using the techniques just mentioned, it was found that almost all the P
cells received antagonistic inputs from more than one cone type. Clearly, a
group of P cells is driven only by R and G cones. In this group, one cone type
contributes primarily to orie antagonistic mechanism and the other cone type to
the other mechanism. The R-G group comprises approximately 80% of all P
cells. Most have a clearly defined center-surround organization with one cone
type responsible for the center and the other for the surround. DeMonasterio
(1978b) and Demonasterio, Gouras, and Tolhurst (1975) have demonstrated
that some R-G units can be influenced slightly by B cones under high chromatic

adaptation conditions.
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Another group of P cells is called the Y-B group and is driven by B cones
with the other antagonistic signals coming from some combination of R and G
cones. Virtually all cells from this group receive excitatory signals from the blue
cones. These cells are much rarer than the R-G units, have poorly defined
center surround properties, if any, and generally have larger receptive fields.
How much the R or G cones contribute to the Y antagonistic signal of the Y-B
group is not clear from the literature. All that can be said at this point is that
there is evidence for both R and G cones being involved (Derrington, et al.,
1983; DeMonasterio, et al., 1975).

Wiesel and Hubel (1966), along with Blakemore and Vital-Durand
(1981), have shown that the R-G cells respond well to achromatic spatial
contrast and can respond to very high spatial frequencies in the fovea. It would
appear from these data that the majority of P neurons (i.e., R-G) may play an
important role in the presumed spatio-temporal achromatic mechanism
proposed by psychophysicists and this casts doubt on the role of the M cells in
the latter. Further, the M units comprise a very small proportion of the fibers
leaving the retina. This complicates the argument which implies that M cells are
solely responsible for the achromatic system. Such arguments, among others,
have been used by Irgling and Drum (1973) and Ingling and Martinez-Uriegas
(1983, 1985) to propose the theory that R-G units are responsible for both
colour information and edge detection of higher spatial frequencies observed in
human psychophysics of foveal vision. Further analysis of the physiological
literature and some pharmacological studies, which will be discussed later,

lends support to this notion.

Linearity vs. non-linearity Prior{) identifying spatial filtering properties in

the monkey RGP, the notion of linearity vs. non-linearity requires some
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elaboration. In their study of X- and Y-cells in the cat, Hochstein and Shapley
(1976a, b) established a non-equivocal classification of linearity/non-linearity
now frequently used in physiological studies. This method is based on the
cell's response to a stationary sinusoidal grating {now many researchers use
counterphase flickering gratings at low temporal frequencies). They found that
the amplitude of the modulated response of X-cells was related to the position
of the grating on the receptive field. The strongest modulated response was
observed when the grating was placed approximately in the center of the unit's
receptive field. Using this test, it was possible to identify a "null" position for the
X-cells but not the Y-cells. That is, when the grating was shiited to one side or
the other, there was a position where the response of the ceil was not
modulated but, rather, was flat. This effect is assumed to be the result from
equally stimulating the antagonistic center and surround areas of the cell's
receptive field, causing them to cancel each other's excitatory and inhibitory
influences. The Y-cell response remains modulated regardless of the position
of the grating. Further analysis of cell responses, using Fourier methods,
showed that the X-cell response varied sinusoidally with the fundamental
frequency (first harmonic) of the spatial component. Given that X cells are
linear, this was the only frequency component determined in the response. Y-
cells showed additional components at twice the frequency of the fundamental
(second harmonic), regardless of the position of the grating.

Using this classification, it was found that 80% of the M units have only
fundamental frequency components and thus are linear (Blakemore & Vital-
Durand, 1981; Kaplan & Shapley, 1982). A few M cells are found to have
second harmonic components in their response levels. These differences,
however, are found to lie on a continuum which implies that the differences in

the linearity response represent two extremes of a continuum in the
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magnocellular layers. This is similar to the "linearity" hypothesis of the cat X-
and Y-cells proposed by Hochstein (1979). Almost alli the P cells that were
tested for linearity were found to have primarily fundamental frequency
components.

The contrast sensitivity of the monkey RGP cells has been studied
substantially in recent years (Derrington & Lennie, 1984; Hicks, et al., 1983;
Kaplan & Shapley, 1982; Marroco, McClurkin, & Young, 1982; Schiller & Colby,
1983; Shapley, et al., 1981). All these studies found that M cells are more
sensitive to contrast than are P cells. Particularly interesting are the results
obtained by Kaplan and Shapley (1986) which concern the "contrast gain" of
cells in the RGP. The contrast gain of a cell is its dynamic ability to respond to
the depth of modulation of the stimulus from the onset of the stimulus to
saturation of the cell's response. A sinusoidal grating at the cell's optimal
spatial frequency was presented with the grating temporally modulated at 4 Hz.
Contrast levels from 0.02 to 0.64 were tested and it was found, as expected from
previous research, that M cells responded more strongly than P cells. It was
interesting in the analysis that the M units increased firing rates quite rapidly,
started saturating just above the 0.1 level, and almost reached asymptote at the
0.32 level. The cell response of the P cells increased very slowly and steadily
as compared to the sharp increase for the M cells (i.e., this is the difference in
"contrast gain"). The contrast gain is high when there is a sharp increase in
firing rate with little contrast increase form zero modulation and low when when
the firing rate increases slightly under the same conditions. Further, the P cells
never reached maximum levels and the response curve was linear (see Figure
1a). As discussed earlier, reducing luminances has profound effects on

contrast sensitivity of a cell and consequently on the contrast gain. As shown in
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Figure 1b, below about 1 td the P pathway stops responding while the M

pathway is still relatively responsive.

Cortical levels receiving input from the LGN In discussing parallel
processing in the RGP, it is not automatically assumed that the process is
continuous at all levels of the central nervous system. As discussed earlier,
both colour and achromatic information goes through the P pathway. Therefore,
some decision making must occur at higher levels. However, it would appear
important that some of the earlier cortical levels, that is, levels which receive
input directly from the LGN should maintain the properties which are
characteristic of the two separate pathways of the RGP. This has been
demonstrated by several experiments examining the properties of layer 4 of the
visual cortex which receives direct input from the LGN. More precisely, the 4C-
alpha cells receive input directly from the M pathway and the 4A and 4C-beta
cells from the P pathway. Research by Blasdel and Fitzpatrick (1984) as well as
Hawken and Parker (1984) on these layers demonstrated that these cells have
response characteristics to spatial-contrast information which are very similar to
the LGN cells which supply their respective input. It was shown that the 4A and
4C-beta cells have generally low contrast sensitivity and small receptive fields
and the 4C-alpha cells have larger receptive fields and are very sensitive to
contrast, which corresponds well with their LGN counterparts. A summary of the

different characteristics of the P and M pathways is given in Table 1.

Pharmacological isolation of cell types Establishing the link between
visual physiology and human psychophysics is mostly based on indirect
comparison. An ideal situation would be to eliminate one cell class specifically

to allow the direct assessment of the other group using conventional, indirect,



Table 1

Summary of the P and M pathway characteristics

M-cells P-cells
Relative receptive larger smaller
field size
Relative axon and larger smaller
soma size
Relative axonal faster slower
conduction velocity
Relative dendritic larger smaliler
field diameter
Linear response no, yes yes
Colour opponency no yes
Chromatic selectivity no yes
Respond to luminance yes yes
Response to photopic strong strong
luminance conditions
Response to scotopic strong nil
luminance conditions
Contrast sensitivity high low
Contrast gain high low

16
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psychophysical means used in human vision. This could be done only recently
when it was demonstrated that acrylamide specifically affects the P cells of the
RGP (Eskin, Lapham, Maurissen, & Merigan, 1985; Eskin & Merigan, 1986;
Leventhal, et al., 1981; Perry, et al., 1984). Acrylamide produces axonal
swelling followed by degeneration and gliosis especially in LGN.

Merigan and his colleagues have studied the effects of acrylamide on
psychophysical performances in the monkey (Merigan, Barkdoll, Maurissen,
Eskin, & Lapham, 1985; Merigan & Eskin, 1986). Generally, they had monkeys
undergo acrylamide intoxication and the psychophysical studies were
undertaken at least three months after the last ingestion of the drug to allow
recovery (Merigan & Eskin, 1986). They used a forced choice procedure where
the monkey had to press one of two buttons corresponding to one of two
screens on which the stimulus was presented, and the mean luminance of the
screens was 17 cd/m2.

The spatio-temporal contrast sensitivity, visual acuity, and the flicker
fusion frequency of the monkeys were assessed. The spatio-temporal
parameters assessed varied in spatial frequency from 0.4 to 23 c/deg and in
temporal frequency from O (stationary grating) to 10 Hz. A staircase procedure
was used with initial contrast above threshold. A psychometric function was
established and a 75% response criterion was used as the critical measure.
The visual acuity data were obtained in a similar way but the grating was
maintained at maximum contrast and the spatial frequencies were varied in
0.18 octave steps. The flicker fusion frequency was also determined using this
staircase procedure with maximum contrast and varying frequency in 0.18
octave steps.

Results show that sensitivity to static gratings was severely impaired

across all frequencies when compared to data obtained before treatment or to
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data from control monkeys. At low temporal frequency (0 and 0.5 Hz) loss of
sensitivity of the acrylamide-treated monkeys was also evident for all spatial
frequencies. At the medium temporal frequency (2.3 Hz) and the high temporal
frequency (10 Hz), the treated animails did not show loss at the lowest spatial
frequency. The general sensitivity patterr: of the acrylamide treated monkeys is
that sensitivity to low spatial frequencies is decreased if they are presented at
low temporal frequencies and is not decreased if presented at high temporal
rates. Sensitivity to intermediate spatial frequencies is impaired when
presented at low to medium temporal frequencies but not high temporal
frequencies and, finally, sensitivity to high spatial frequencies is impaired when
presented at any temporal frequency. The fusion flicker fraquencies for a
diffuse non-patterned target was not affected by the loss of P cells.

This study suggests that the P and M layers both play a role in
achromatic spatio-temporal vision and that these roles are different. Given that
the P layers are destroyed in the acrylamide treated monkeys, it would appear
that the spatio-temporal function which remains is performed by the M units.
Therefore, these data suggest that the M pathway has band-pass characteristics
and is responsible for low-spatial/high-temporal information and the P pathway
is a low pass spatial filter and is sensitive to all spatial frequencies at low

temporal frequencies and specifically sensitive to high spatial frequencies.

Spatial Vision: Methodological Concerns

Prior to the theoretical discussion of spatio-temporal vision, and its
possible implication for the physiological research just mentioned, it is important
to understand the stimuli which are used under these conditions. Although the
study of spatial vision has used many different stimuli, the present work is only

concerned with spatial gratings and the rest of the discussion will focus on this




19

type of target. For most of the experiments in question, there are three
parameters of importance: spatial frequency, luminance (and illuminance), and
contrast. The spatial frequency of a target is usually expressed in cycles per
degree of visual angle (c/d).

Briefly, luminance can be defined as the stimulus intensity reaching the
eye. llluminance is the stimulus intensity reaching the retina factoring in the
pupil size. Luminance often varies in space, so it is commonplace to express
luminance for a given spatial area. The most common denotation for luminance
is candles per meter squared (cd/m2). Retinal illuminance is described in

trolands and can formally expressed as:

T=L*P (1)

where T is the intensity in trolands, L is the luminance in cd/m2, and P is the
pupil area in millimeters squared (mm?2). With the use of sinusoidal gratings,
the luminance varies in contrast and is often expressed with the Michelson

contrast:

Contrast =  -e-e-mecceeeemee- (2)
Lmax + Lmin

The luminance profile can also vary in time, that is, there can be a
temporal component to the stimulus. When temporal components are included
the luminance can be formally expressed by Ly yt, Where the x y represents the
spatial luminance condition and the t is the time luminance condition. The

spatial and temporal components can be factored out where:
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l-x,y.t = Lx.yf(t) (3)

As mentioned above, the spatial targets are expressed in spatial
frequency components. Thus, the luminance profile of vertical sinusoidal

gratings can be formally expressed as:

L(x,y) = [m * sin(2ntsx) + 1]Lo (4)

where fs stands for the spatial frequency and L is the mean luminance and m is
the relative contrast or depth of modulation of the grating. An example of the
horizontal luminance profile of a sine wave can be seen in graph (a) of Figure 2.
If, for example, counterphase flickering gratings are used the expression can be

extended to:

Lx,yt = [m * sin2nfsx)sin(2nft) + 1]Lo (5)

where fiis the temporal frequency in cycles per second (Hz).

Another stimulus display, though not as frequently used, involves
gradually eliminating visible edges of a display by filtering the spatial frequency
components with a Gaussian function. The resulting functions are called Gabor
functions. To produce such a function one merely has to include a Gaussian

expression in formula 4:

Lx,y = [W(x,y)s(x) + 1] * Lo (6)

where

w(x,y) = wq(x)wa(y)




21

-10 -5 0 5 10
Eccentricity (width)
(a)

10 50 5 10 -75 25 25 7.5
Eccentricity (width) Eccentricity (height)

(b) (c)

Eccentricity (width)
d

Figure 2. A sine wave function of 0.50 c¢/d (a), Gaussian functions for
screen width (b) and height (c), and a Gabor function (d)
obtained as a product of functions (a) and (b). The Y-axes
represent the luminance profiles, and the X-axes the retinal
eccentricities from fixation point.
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= exp[-(x2/cx? + y2/cy2)] 7
and

s(x) = m * sin(2nfxx) (8)

where s(x) is the sinusoidal component on the x axis, w(x,y) stands for weighted
functions in space, cx is the space constant for x and cy is the space constant for
y. The space constants used represent the position from the center (fixation
point), to the right or to the left for the x value and up or down for the y value,
where the contrast is reduced to 1/e or 37% of the peak contrast. A horizontal
luminance profile of the Gabor function can be seen in graph (d) of Figure 2.
This is obtained by multiplying the sine wave in (a) by the Gaussian function in
(b). A three-dimensional representation of formula (6) can be seen in Figure 3.
This was obtained by multiplying graph (a) with (b) (the w1(x) component) and
(c) (the wa(y) component) in Figure 2.

To complete the picture, if a counterphase flickering Gabor grating is
required to increase in contrast in a Gaussian fashion to control for sharp onsets

and offsets, the following formula would result:

Lxyt = [Wxyt)s(x.t) + 1]Lo (9)
where
WX,y t) = wy{x)wa(y)wa(t)
= exp[-(x2/cx? + y2/cy?)lexp(-(t2/ci?)) (10)
and
s(x,t) = m * sin(2rfxx)sin(2rht) (11)

These are the functions that were used to generate the stimuli in this study.
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Figure 3. A three-dimensional representation of formula (6) in the text.
This is a product of the functions in Figure 2. The X-axis
shows the width eccentricities from fixation and the Y-axis
the height eccentricities. The Z-axis is the luminance profile
of the function.
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Detection vs. discrimination The psychophysical procedures used to
determine spatial sensitivity generally fall into two main categories, dependent
upon what response criterion is required from the observer. In one condition,
the observer must indicate whether there is any stimulus at ali, and in the other
condition, he or she is asked to distinguish between two different stimulus
characteristics, such as, spatial and temporal factors or between two different
values of a given characteristic, for instance, distinguishing between two spatial
frequencies or two temporal frequencies. The first condition is called dstection
and the second is called discrimination. In discrimination experiments, the
observer is often presented with two stimulus patterns and asked if they are the
same or ditferent. This method is useful in determining channels or
mechanisms, for example, at what point spatial configurations are mutually
exclusive. Of particular interest for the present work is the method of detection.
In the detecticn paradigm, the dependent measure is usually contrast sensitivity
which is the reciprocal of the contrast measure described earlier.

The method most often used to establish detection thresholds is the
method of adjustment. Because it is the most widely used and since there may
be some potential problems with it, this technique requires some discussion. In
this method the observer adjusts the contrast until the stimulus is barely seen.
After several adjustments, the average is taken as the threshold value. One of
the major considerations to take into account when using such a method is that
the criterion response is never well established and can vary from observer to
observer. For instance, if a composite stimulus pattern containing both spatial
and temporal components is presented, one observer can establish the spatial
configuration as the critical component and another can use the temporal
factors. Further, the observer can establish the "just seen” level for a response

(liberal response criterion) while another uses a "surely seen" approach
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(conservative criterion). In essence, the resulting contrast sensitivity measure in
both these cases is sampled on different points of the psychometric function.
Another problem with this technique is that there is no assurance that the
observer will maintain the same criterion throughout the test sequence. The
main advantage for using the adjustment method is that a threshold can be
established relatively quickly.

An alternative approach is the forced choice method. In this procedure,
the observer is required to determine whether one of several presentations
contains the target stimulus as opposed to a uniform field at mean fuminance.
Some possibilities are that the presentations are shown sequentially (temporal
forced choice) or side-by-side (spatial forced choice). Further, the threshold
estimation can be determined using a staircase procedure. The advantage of
using such a procedure is that of eliminating individual biases by establishing
the set criterion through experimental control (Green & Swets, 1966). Thus, one
can assess a reliable and predetermined detection threshold. The
psychophysical procedure used in this study was a combination of temporal
forced choice and a staircase procedure (Graham, Robson, & Nachmias, 1978).

The main disadvantage of this procedure is that it is time consuming.

Factors affecting sensitivity There are many other factors which affect
the perception of gratings besides psychophysical procedures. Because the
method of detection is of particular interest, the present discussion on the
consequences of factors such as luminance, stimulus uncertainty, and number
of visible cycles will deal, for the most part, with detection experiments.

Research shows that changing the intensity of the stimulus has profound
effects on the sensitivity functions of gratings (Campbeli & Robson, 1968; van

Nes & Bouman, 1967). First, the cutoff frequency, which is the highest
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frequency an observer is able to perceive under a given condition, decreases
with reduced luminance. Other effects include peak shifts to the left and a
change from band-pass functions to low-pass functions as the luminance levels
are decreased. The peak sensitivity refers to the highest contrast sensitivity
obtained on an observer's sensitivity function. Band-pass functions imply a
reduction of sensitivity at either end of the spectrum while the low-pass function
refers a sensitivity loss at the higher spatial frequencies but not at the lower
spatial frequencies.

In uncertainty experiments, a target grating can be placed in any one of
several positions in the visual field. This is known as spatial uncertainty.
Another type of uncertainty is frequency uncertainty which occurs when any one
of several possible spatial patterns can be presented in a given trial. Research
has shown that uncertainty effects, producing reduced sensitivities for a greater
number of possible outcomes, are present for both spatial and frequency
uncertainty (Cohn & Lasley, 1974; Davis, Kramer, & Graham, 1983; Davis &
Graham, 1981; Graham, et al., 1978). No effects of contrast uncertainty were
found (Davis, et al., 1983; Thomas, 1983).

Stimulus uncertainty is discussed here because a common method of
assessing spatial contrast sensitivity involves determining the threshold for one
spatial frequency at a time. The methodoiogy in this study involves a
randomized staircase procedure where spatial and temporal frequency
uncertainty are both present. This has the added advantage of controlling for
increased sensitivity with decreasing uncertainty within a block of trials of the
same spatial or temporal frequency.

Several reports have shown that the number of visible cycles interacts
with luminance to affect sensitivity measures (Campbell & Robson, 1968;

Hoekstra, van der Goot, van den Brink, & Bilsen, 1974; Savoy & McCann,
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1975). The higher the luminance the larger is the effect of number o1 visible
cycles. For example, at 2 cd/m2 a minimum of about three visible cycles is
required to reach maximum levels, at 25 cd/m2 about four cycles, and at 165
cd/m?2 about eight cycles, with no change at higher luminance levels. The usual
band-pass function observed in contrast sensitivity functions is probably due. in
part, to limited stimulus sizes which do not allow an appropriate number of
visible cycles at the lower end of the spectrum. When compensated for visible
cycles, the sensitivity functions show low-pass characteristics (Hoekstra, et al.,

1974). No selective effect of spatial frequency has been found.

Pupillary miosis and lens density Two of the well known effects of aging
on the optical properties of the eye are pupillary miosis and increasing density
of the lens. Pupillary miosis refers to the fact that the pupil gets progressively
smaller with age (Pitts, 1982). Several factors could be responsible for miosis
of the pupil some of which include atrophy of the dilator muscle fibers, hyaline
substance deposition below the sphincter muscles of the iris, and the loss of
retinal receptors responsible for the pupillary neural pathways (Pitts, 1982).

Another effect of aging is increased lens density (Spector, 1982), which
refers to the reduction of light transmission through the lens resulting in lower
luminance levels at the retina. The main cause of reduced transmission is the
yellowing of the lens which is produced by a combination of factors, of which,
increased susceptibility to oxidation due to a slowdown of turnover and
increased concentration of protein levels are probably major causes (Spector,
1982). Thus, the reduction of light reaching the retina can result from both
absorption of the lens and increased scatter.

It is obvious that yellowing of the lens would affect perception at shorter

wavelengths (blue spectrum) more than at longer wavelengths (red spectrum);
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therefore, colour sensitivity, particularly of blue/green colours would be
particularly affected. Verriest and his coworkers have demonstrated this by
testing a large sample of observers with the Farnsworth-Munsell 100-hue test
(Verriest, van Laethem, & Uvijls, 1982). They found a greater sensitivity loss for
the shorter wavelengths with aging. Coren and Girgus (1972), testing 265
individuals using a series of metameric stimuli, have demonstrated a consistent
linear decrease in performance to short wavelengths (in this case 490) which
they attribute to lens density. They express this sensitivity loss as a lens density
factor which can be represented by the following polynomial regression

formula.

D=104*A+(6* 105 *A2+0.124 (12)

Where D is the lens density and A is age in years. The regression formula
accounts for 83 percent of the variance. Clearly, based on these data, lens
density increases steadily with age.

Said and Weale (1959) did a series of dark adaptation experiments with
a variety of wavelengths ranging from 398 to 680. They found that there is an
increase of approximately 0.05 log units in density for each 10 years of age
(11% per year). The assumption is that dark adaptation depends on
transmittance of the ocular media. They also repornt a greater effect at shorter

wavelengths.

Human Psychophysical Data and Implications for Physiology
It is clear from physiological experiments that P cells do specifically carry
colour information. As predicted from the psychophysical literature, these

colour cells behave in colour opponent fashion, with a clearly defined R-G
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colour opponency and a less clearly defined but present Y-B colour opponency.
It is also clear from the physiological literature that the M cells are not
wavelength selective. At first glance this would imply that the M cells in the RGP
are responsible for the achromatic spatial vision observed psychophysically. As

discussed below, this is only partly true.

Spatially tuned mechanisms When licht patterns enter the eye, the
retinal circuitry structures the pattern of light into receptive fields by which retinal
ganglion cells may receive input from many receptors in some cases (mostly
rod-driven ganglion cells) and a few receptors in other cases (cone-driven cells
in the fovea). Consequently, some retinal ganglion cells respond to a greater
area on the retina and others to focus on smaller areas, thus, spatially
organizing the stimulation arising from the light into differently sized receptive
fields. The theory of spatially tuned mechanisms assumes that this process is
responsible, at least in part, for the perception of different spatial frequencies as
determined by grating sensitivity.

The evidence for spatially tuned mechanisms in psychophysics comes
generally from two different methodologies, namely, studies which assess the
interaction between different stimuli, such as masking and adaptation
experiments, and discrimination studies described earlier. In the interaction
experiments, the assumption is that, in a two-stimuli trial, if these stimuli are
independent of one another, the presentation of one stimulus should not affect
the sensitivity to the other. Presumably, if there is an effect, the mechanisms
responsible for the perception of these stimuli are partially overlapping. In the
discrimination experiments, when two stimuli are compared for example, one
should be able to tell the difference only when the respective mechanisms are

non-overlapping.
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Using an adaptation paradigm, Blakemore and Campbell (1969) found
that the mechanisms were about one octave apart when the test frequency was
above the adapted pattern and two octaves when the test pattern was below the
adapted pattern. In other words, if an observer was adapted to a 2 c/d grating,
there was no interaction if the test grating was 4 c/d. DeValois (1977) found a
small sensitivity increase to test gratings that were larger than two octaves
compared to the adapted grating.

Other researchers, using a masking paradigm where filtered noise
patterns were used as the mask and gratings as the test stimulus, found that the
effect of masking was at half its maximum when the masking stimulus and the
test grating were from 0.5 to 0.75 of an octave apart (Henning, Hertz, & Hinton,
1981; Stromeyer & Julesz, 1972). Similar results were found by Legge and
Foley (1980) when using gratings for both the test and adaptation stimuli.

Further evidence for spatial tuning comes from summation experiments.
In a summation experiment, gratings are superimposed and it is assumed that
the spatially tuned mechanisms for the spatial gratings comprising the
compound grating are the same when the sensitivity to the compound grating is
greater than the sensitivity to either component grating measured
independently. Some researchers have shown that only probability summation
at chance level is observed when the component gratings are separated by one
octave or more, that is, there is no summation effect produced by the gratings
alone (Graham & Nachmias. 1971; Sachs, Nachmias, & Robson, 1971). When
the gratings differ by less than an octave, the probability summation is greater
than chance levels. Other researchers have confirmed this and also found that,
when the difference between the component gratings is large, there is an

inhibitory effect (Hirsch, Hylton, & Graham, 1982; Olzak & Thomas, 1981).
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Finally, discrimination experiments where observers were asked to

determined the critical range of spatial tuning at about one octave (Furchner,
Thomas, & Campbell, 1977; Nachmias & Weber, 1975; Thomas, Gille, & Barker,
1982). In summary, there is psychophysical evidence to support the notion of
separate, spatially tuned, mechanisms which can be roughly estimated at one
octave apart. However, this does not necessarily imply that these mechanisms
are independent. As the research demonstrates, when stimuli are beyond an

octave apart, the mechanisms may have inhibitory-excitatory properties.

Temporally tuned mechanisms Using the same logic as above for
spatially tuned mechanisms, temporally tuned mechanisms can also be
described. For example, Watson and Robson (1981) used a discrimination
paradigm to distinguish between different temporal frequencies. It was

suggested that when two temporal frequencies can be discriminated, they

represent different temporally tuned mechanisms. Based on their data, they
report two temporally tuned mechanisms, as have other investigators (King-
Smith & Kulikowski, 1975; Roufs, 1974; Thompson, 1983). However, some
researchers report three separate temporal mechanisms (Hess & Plant, 1985;
Mandler, 1984; Mandler & Makous, 1984; Plant & Hess, 1985). Plant and Hess
suggest that the three mechanisms may have different band-pass
characteristics: specifically, that one mechanism has a low pass characteristic
and is tuned to lower temporal frequencies, another shows band-pass
properties and is tuned to middle temporal frequencies, and the third is also
band-pass and responsive to high temporal properties. The third temporal filter,
however, is only evident when using a low spatial frequency target. The

temporal filters can be said to range from approximately 0 to 4 hz, 4 to 20 Hz,
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and 20 to 32 Hz or higher. The 32 Hz frequency was the highest frequency

used.

Spatio-temporal interactions It has been proposed by Kelly (1979),
based on human psychophysical experiments, that the temporal and spatial
properties of the visual process are inseparable. This would imply that only one
physiological mechanism controls the achromatic spatial and temporal
interactions (Burbeck & Kelly, 1980). Based on the obvious chromatic vs.
achromatic nature of the P and M cells, one would be inclined to think that the M
cells are responsible for achromatic spatial vision.

Spatio-temporal interactions were first observed by Robson (1966) and
extended by a number of researchers (Kelly, 1969, 1972; Koenderink & van
Doorn, 1979; Kulikowski, 1971; van Nes, Koenderink, Nas, & Bouman, 1967)
using gratings flickering at different rates. The general result of these
experiments showed that, at high temporal frequencies, there was no selective
interaction with spatial frequency. At low temporal frequencies, however, there
was a dramatic decrease in sensitivity for the lower spatial frequency gratings.
This implies that, at high temporal and spatial frequencies, the sensitivity
functions are separable. That is, the sensitivity function can be expressed as
the product of the individual spatial and temporal sensitivities. At low
frequencies, the sensitivity function reflects interaction.

Later, Kelly (1979) assessed the spatio-temporal interaction using drifting
gratings and a stabilized retinal image. An eye tracking device was used to
slave the visual stimulus to the observer's eye movements. Based on his
results and those of the other researchers mentioned, he suggested the concept
of spatio-temporal surface. Basically, this is a three dimensional representation

which depicts the spatio-temporal interactions in a global fashion. In the spatio-
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temporal interactions, it is generally found that sensitivity to low spatial
frequencies is enhanced if presented at high temporal and diminished if
presented at low temporal frequencies. Sensitivities for high spatial
frequencies are not much affected by temporal rate but seem to prefer slightly
lower temporal frequencies. Thus, there exists a band-pass spatial contrast
sensitivity function at low temporal frequencies, and a low-pass spatial contrast
sensitivity function at high temporal frequencies. The spatio-temporal threshold
surface, as suggested by Burbeck and Kelly (1980), implies that these
processes are generated by a unique mechanism although it is not clear as to
why it should be so. Alternatively, the surface can be interpreied as an
envelope of the different spatio-temporal mechanisms.

Evidence that the achromatic spatial mechanism is the M pathway comes
from physiological data demonstrating that the M cells have better contrast
sensitivity than P cells (Derrington & Lennie, 1984; Derrington, et al., 1984,
Hicks, et al., 1983; Kaplan & Shapley, 1982), and have a significantly superior
contrast gain (Kaplan & Shapley, 1982; Kaplan & Shapley, 1986). However,
this notion is not supported by several reports. Parvocellular R-G opponent
cells demonstrate a higher spatial frequency cutoff and respond better to
achromatic high spatial frequencies than to chromatic high spatial frequencies
(Wiesel & Hubel, 1966). Further, the evidence that the M cells comprise only
10% of all fibers leaving the retina, as opposed to 80% for the P cells (Perry, et
al., 1984), argues against the notion that the M pathway is solely responsible for
the spatio-temporal surface. It would appear that placing so much function on
only 10% of the fibers, which are more highly concentrated in the peripheral
retina, is not a good strategy for the visual system. This is counterbalanced to a

certain extent by the superiority of the M cells' contrast gain.
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The most direct evidence against a unique achromatic pathway comes
from the studies by Merigan and his colleagues on acrylamide treated monkeys
inducing selective P cell loss (Merigan, et al., 1985; Merigan & Eskin, 1986).
Clearly, some achromatic spatio-temporal functions were severely impaired by
losing the P fibers. Particularly, the high spatial frequencies (which confirms the
Wiesel & Hubel data) were aftected, as were some intermediate spatial
frequencies but only at low temporal frequencies. Low spatial frequencies were
also affected but only when presented at low temporal frequencies. However,
some functions were clearly spared, particularly the low spatial-high temporal
functions which implies that these are served by the M celis regardless of their
small numbers.

From these resulits, it would appear that the P cells are responsible for
the intermediate to high spatial frequencies and the M cells for the low to
intermediate frequencies which would certainly correspond to their respective
morphologies. However, this is contradicted by Merigan's data which show a
loss of low spatial frequencies for static gratings. This is perplexing to the extent
that P cells have small receptive fields and have low contrast sensitivity. A
possible explanation for this comes from the proposition that probability
summation alone could account for increased contrast sensitivity (Watson,
1979), and has been used to explain differential contrast sensitivity for target
sizes (Kelly, 1984; Robson & Graham, 1981). Merigan and Eskin (1986)
calculated Weibull functions for their data to determine if the slope of the
response function was the same for treated and untreated monkeys and found
that they were indeed the same. Funther, these slopes were similar to those
calculated for human psychophysics for summation over 1 to 30,000 neurons
(Robson & Graham, 1981). They conclude from this that the loss of sensitivity

for low spatial frequencies at very low temporal frequencies can be the result of
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loss of P cells based on probability summation and is not a result of M cell loss

which has not been identified histologically.

Transient/sustained dichotomy Since the distinction was made for the
cat's transient (Y-cells) and sustained (X-cells) properties (Cleland, et al., 1971;
Enroth-Cugell & Robson, 1966), many attempts have been made to identify
separate transient and sustained mechanisms by psychoptiysical means in the
human visual system. It is important to discuss these implications in the light of
more recent physiological evidence in the monkey.

Evidence for such a psychophysical distinction in humans comes from
several methodologies. One group of studies has demonstrated that sensitivity
for low spatial frequency gratings varies more with stimulus duration than
sensitivity to high spatial frequencies and has been interpreted as representing
two separate mechanisms (Breitmeyer & Ganz, 1977; Legge, 1978; Spitzberg &
Richards, 1975). Similarly, Wilson (1978, 1980) obtained different spatial
characteristic responses when testing for line-spread functions if the stimulus
was presented in either an abrupt or gradual way. Other evidence stems from
work by Breitmeyer, Levi, and Harwerth (1981) and Stromeyer, Zeevi, and Kilein
(1979). Breitmeyer and his colleagues assessed the sensitivity to gratings
which were masked by a uniform field flickering at 6 Hz and found that their
frequency response curves were significantly affected by the presence of flicker.
The Stromeyer study also used a uniform flicker but assessed its effect on wide
and narrow bars. Similarly, Green (1981) had subjects adapt to a uniform
flickering field and then assessed the sensitivity to drifting gratings. All these
studies found evidence for the notion that uniform fields and lower spatial
frequencies are detected by a different mechanism than are high spatial

frequencies. Other studies have also found evidence for this dichotomy
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(Kulikowski & Tolhurst, 1973; Tolhurst, 1973; Tulunay-Keesy, 1972) but have
been challenged on methodological grounds (Burbeck, 1981; Derrington &
Henning, 1981).

Generalization from the psychophysical data to the physiological data
has been put in doubt by Lennie (1980). However, most of the arguments put
forth by Lennie condemn the direct comparison between X- and Y-cells of the
cat and the human psychophysical results. Clearly, much physiological data on
the monkey has been acquired more recently, so this question must be
reconsidered. Further, as was implicit in earlier data and argued explicitly by
Kaplan and Shapley (1986), the X- and Y-cells of the cat and the P and M cells
of the monkey cannot be equated. Based on filtering properties, the X/Y
distinction should rather be regarded as a subset of the M cells representing
extremes of a continuum. That is, M cells show responses ranging from linear
to non-linear characteristics. The presence or absence of linearity vs. non-
linearity was a major distinguishing factor applied to the X- and Y-cells in the
cat. Another distinction is that the P pathway and the M pathway are much more
clearly distinguished morphologically than are the X- and Y-cells of the cat
(Perry, etal, 1984).

One of the arguments made by Lennie (1980) against the notion of
separate transient and sustained mechanisms was that the difference in
conduction velocities between X- and Y-cells was too small to represent the
differences obtained in the psychophysical studies. Although this is true for the
cat, the differences between conduction velocities of the P and M cells of the
monkey are much greater (Schiller & Malpelli, 1977). Another statement by
Lennie was that the X-cells of the cat were not found to be less sensitive to large
spatial targets than the Y-cells. M cells in the monkey are not only equally

sensitive to lower spatial frequency gratings but it has been shown that they are
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even more sensitive to contrast in general (Derrington & Lennie, 1984;
Derrington, et al.., 1984; Hicks, et al., 1983; Kaplan & Shapley, 1982, 1986).
However, given the much greater number of P cells (80% of total fibers leaving
retina) as opposed to M cells (only 10%) it has been suggested that, by
probability summation alone, one can account for the greater sensitivity of P
cells collectively for lower spatial frequencies at low temporal frequencies
(Derrington & Lennie, 1984; Merigan & Eskin, 1986).

In addition to the arguments above, evidence that the M cells and the P
cells represent the transient and sustained mechanisms, as defined
psychophysicaily, comes from other findings. It has been demonstrated that M
cells are tuned for higher temporal frequencies, when using spatial targets, than
are P cells (Derrington & Lennie, 1984). Further, it is clear that P cells have a
higher spatial frequency cutoff than do M cells (Wiesel & Hubel, 1966). The
most direct and powerful argument for this separation comes from the Merigan
and Eskin (1986) study with acrylamide-treated monkeys. The fact that flicker
fusion frequency and spatial contrast sensitivity for low spatial frequencies
presented at high temporal frequencies was not affected by acrylamide
treatment is indicative that indeed the M pathway is specifically tuned for low-
spatial/high-temporal achromatic targets as would be predicted from the
psychophysical data. This can be argued on the basis that the P cells were
severely, if not totally, destroyed and that the M cells were spared, as attested
by histological examination (Eskin, et al., 1985; Eskin & Merigan, 1986).

Moreover, the contrast sensitivity loss of lower spatial frequency targets
presented at low temporai requencies and the loss of high spatial frequencies
presented at any temporal frequency demonstrates that the P cells are
specifically tuned for high spatial frequencies and low spatial frequencies at low

temporal frequencies. These results corroborate well with the
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transient/sustained distinction advanced by the psychophysical literature.
However, the transient/sustained nomenclature is not appropriate and is often
misleading because there is a tendency to equate the transient and sustained
terms of psychophysics with those of physiology or vice versa. The properties of
the single cells in the retino-geniculate pathway cannot be taken as directly
representing the experience of vision.

The transient distinction in physiology can be taken to represent a rapid
burst of firing with a rapid decline. Clearly, this kind of response can be
obtained from almost any cell under certain conditicns. There is obviously
some modulation of visual stimuli which is not obtained at the lowest levels of
the visual system and requires further processing at the cortical level. For
instance, the notion that P cells carry achromatic and chromatic information
(Ingling & Martinez-Uriegas, 1985) requires that an ambiguous message
coming from this system is interpreted at higher levels than the RGP. This
notion is supported by the data summarized thus far. It is obvious, from what
nas been reported above, that P cells respond to chromatic parameters. It is
also clear, that these cells are responsible for the sensitivity to higher spatial
frequencies.

Another interesting conzept discussed by Ingling and Martinez-Uriegas
(1985) is that the R-G cells, which comprise 80% of P cells, are also sensitive to
spatially uniform achromatic flicker, that is, the opponent chromatic inputs
become additive instead of subtractive (Gouras & Zrenner, 1979). It is
interesting that, although this is the case at the single cell level, it does not
translate when tested as a group of cells, as demonstrated by Merigan and
Eskin's (1986) data. A possibility is that both are sensitive but one mechanism
takes precedence over the other at the decision level. At a level where both

mechanisms are equally or similarly stimulated, a particular mechanism's
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sensitivity can represent either a positive, negative, or neutral signal to higher
cortical levels. That is, there are interactive effects between cell types for a
given stimulus pattern which may be the source of the distinction made at
higher levels.

It is possible that at certain extremes or under certain conditions, visual
information about a given stimulus type is specifically carried by a particular cell
group without requiring further processing at higher levels. Chromatic
information is evidence of such parallel processing where it is clear that this
information is primarily transmitted by the P cells. Further, it is logical to assume
that the system would not reinterpret information which has already been
segregated at lower levels. For example, if a particular stimulus pattern
optimally stimulates the M pathway and does not stimulate the P pathway, this
could be a clue to higher cortical levels of what visual information is available.
This stimulus pattern could possibly be distinguished from another which
optimally stimulates the M pathway but also produces a response in the P

pathway.

Aging Vision

Brightness sensitivity and aging Pitts (1982) reports studies which
assess brightness contrast differences caused by aging. Three main
conclusions can be derived from the data. First, the variability of performance
increases with age. Second, an increase of contrast by a factor of 1.17 to 2.51
is needed to maintain the same level of performance between the ages of 20-30
and 60-70. Third, a minimum background luminance of 0.34 cd/m2 is needed
for a 60-70-year age group in order to compare the results with those of
younger observers because the differences increase dramatically at lower

luminance levels. With a 3 mm artificial pupil, this represents 2.4 td. The
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problem with relating these results to the present experiments is that brightness
contrast experiments generally use small target sizes on a background. It is
possible that lens density is more of a factor with smaller targets as

demonstrated with data below on spatial contrast sensitivity.

Spatial and temporal factors in aging vision More relevant to the present
research are the reports on spatio-temporal contrast sensitivities of the aging
individual. Sekuler and Owsley (1982) tested people ranging from 20 to 90
years of age for contrast sensitivity of sine wave gratings. The spatial
frequencies tested were 0.5, 1, 2, 4, 8, and 16 c/d at a mean luminance of 103
cd/m2. They found no differences in sensitivity for the lower spatial frequencies
(0.5 and 1 c/d). Older observers had lower sensitivities starting at about 4 c/d
showing greater decrements as they got older. A peak shift was also apparent,
where the peak sensitivity was at 2 c/d for 60 year-olds and about 4 c/d for the
younger observers. Thus, the loss of spatial contrast sensitivities with age is
more evident at middle and high spatial frequencies.

To establish whether the cause of middle and high spatial frequency
losses were due to transmittance reduction, Sekuler and Owsley (1982) tested
20-year-old observers under the same conditions but with the addition of a 0.5
neutral density filter which reduced the retinal illuminance to about 1/3 the
original value and compared the results with the data of 60 year-old observers.
This approach was based on the estimation, made by Weale (1963), that a 60-
year-old eye transmits about 1/3 the luminance of a 20-year-old eye. Their
results indicate a reduction of sensitivity only for the middle and high spatial
frequencies but not for the lower spatial frequencies. However, the loss of

sensitivity in the experimental condition did not reach that of the 60-year-old
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observers, implying that parn of the loss at middle and high spatial frequencies
for the latter group is due to factors other than media opacities.

Sekuler and Owsley (1982) also report studies on spatio-temporal
sensitivities using a 1 c/d grating drifted at low (0.5 degrees per second) and
high (10 degrees per second) temporal rates for young and older observers.
The results indicate that young observers were much more sensitive to high
temporal rates than older observers. Although there was a difference at low
temporal rates, this difference was much smaller. Therefore, aging causes a
selective loss of sensitivity to large gratings flickering at high temporal rates but
not at low temporal rates. This may represent a selective loss of large fibers
which, based on evidence cited earlier, might be responsible for the lower

spatial frequencies flickering at high temporal rates.

Aging and neural loss Balazsi and his coworkers counted nerve fibers of
the human optic nerve in eyes obtained from people ranging between 3.5 and
82 years-of-age (Balazsi, Rootman, Drance, Schulzer, & Douglas, 1984). They
found a significant effect of age on nerve fiber loss and estimated that about
5,637 fibers are lost per year. Repka and Quigley (1988) did not find a
significant loss of fibers due to age; however, they did report a small reduction
of mean fiber diameter with age. Other researchers, using an image-analysis
apparatus, have found a selective loss of large fibers in the three cortical areas
examined (Terry, et al., 1987). These areas were the midfrontal, superior
temporal, and inferior parietal areas. However, no data were available on the
visual cortical areas. Thus, it would appear that aging does cause nerve cell
loss but it cannot be determined with assurance that some cell types are more
affected than others. A reasonable assumption is that aging causes a diffuse

loss of nerve fibers.
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Glaucoma

Although there are several types of glaucoma, the most common, and the
one of interest here, is open angle glaucoma. Glaucoma is a disease of the eye
where there is axonal damage to the optic nerve head. Some
pathophysiological data on glaucoma are of particular interest since they
demonstrate that glaucoma selectively damages the large fiber cells in early
stages of the disease (Minckler & Odgen, 1987; Quigley, et al., 1987). This
makes sense in the light of the well known initial visual defects caused by
glaucoma, which are expressed by peripheral field losses, and in the fact that
the peripheral retina is supplied primarily by large fibers. This study attempted
to exploit this effect by testing individuals with early glaucoma and ocular
hypertensives. The rationale is that the losses experienced under the different
experimental conditions by glaucoma patients and suspects should reflect the
loss of the M pathway. This would allow a greater insight as to what role the
different mechanisms play in the spatio-temporal properties of the visual
system.

Because the clinical symptoms of glaucoma are limited and the
diagnosis is often based on the psychophysical procedure of visual field testing,
there has been much interest in the spatial and temporal sensitivities of
glaucoma patients. A number of reports have shown that glaucoma patients
can demonstrate loss of grating sensitivity to static gratings (Faubert, Balazsi,
Overbury & Brussell, 1987; Faubert, Brussell, Overbury, Balazsi & Dixon, 1987;
Hitchings, Powell, Arden, & Carter, 1981; Stamper, Hsu-Winges, & Sopher,
1982). Although patients who show decreased sensitivity often show losses for
all spatial frequencies, some glaucoma patients show only low spatial
frequency deficits (Faubert, Brussell, et al, 1987). Other research, using

flickering gratings, also demonstrates sensitivity losses in glaucoma (Atkin,
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Bodis-Woliner, Wolkstein, Moss & Podos, 1979; Neima, LeBlanc & Regan,
1984; Wolkenstein, Atkin & Bodis-Wollner, 1980). Wolkenstein and coworkers
have looked at specific frequency losses and report losses for lower and middle
spatial frequencies with flickering gratings (Wolkenstein, et al., 1980).

There have been several reports showing temporal resolution deficits
with non-grating targets (Brussell, Muermans, White, Faubert & Balazsi, 1989;
Faubert, Balazsi, et al., 1987; Faubert, Brussell, et al., 1987; Faubert, Balazsi,
Muermans, Brussell & Kasner, 1989; Tyler, 1981). Some of these studies have
used a single luminous target at foveal fixation (Brussell, et al., 1989) and at
one point viewed peripherally at 20 deg eccentricity (Tyler, 1981). Others have
assessed flicker sensitivity throughout the visual field (Faubert, Balazsi, et al.,
1987, Faubert, Brussell, et al., 1987; Faubert, et al., 1989). All these reports
show that flicker deficits precede static visual field deficits. The reports by
Faubert and his coworkers show that the earlier flicker deficits appear in the
periphery. It was also demonstrated that flicker deficits correlated with the
neuro-retinal rim area (Faubert, et al., 1989). This implies that the observed

flicker deficits may represent neural damage identified anatomically.

Present study

In a series of experiments, the present study attempted to elucidate
sevoral issues. First, it examined the spatio-temporal characteristics of the
human visual system using a technique which controls for visible edges,
response criterion, and reaction time. This was done by using a two-alternative
temporal forced-choice staircase procedure and by Gaussian filtering the
spatial and temporal components of the stimuli.

Second, the effect of aging under these conditions was established.

Based on the literature review, a loss of higher spatial frequency sensitivity w.as
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to be expected, as well as a loss of sensitivity for low spatial frequencies
flickered at high temporal rates.

Third, the effect of early glaucoma on spatio-temporal properties was
assessed. It was expected that the sensitivity loss due to glaucoma would not
be significantly greater for high spatial frequencies or low spatial frequencies at
low temporal rates. However, a loss of sensitivity for large gratings flickered at
high temporal rates was expected to be significantly different from the age-
matched normal control group as a consequence of the selective large fiber
loss. This allowed the determination of which spatio-temporal properties under
the present conditions are under the control of one physiological mechanism as
opposed to the other.

Finally, in another condition, the illuminance level was reduced to
approximately 0.70 td so that isolation of the M pathway would be possible.
This was done for all the groups and established, for the normals, the function of
the M pathway. It was expected that the glaucoma group would show sensitivity
loss for all visible combinations under this condition. In turn, this would be
further evidence that large fibers are selectively affected in glaucoma. I such
results were obtained, this would establish that the use of glaucoma could be a
good experimental control in the understanding of visual mechanisms by
presumably eliminating the M pathway. Consequently, it would allow the
determination of the selective role of the M and P pathways in the photopic

spatio-temporal properties of the human visual system.
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Experiment 1

A major objective of this experiment was to determine whether the spatio-
temporal threshold surface reported in previous research for
achromatic/photopic luminances can also be obtained for similar luminance
levels but under different experimental conditions. A forced-choice staircase
procedure was used with Gaussian filtering of the spatial and temporal stimulus
properties to control for spatial edges and sharp temporal onset. Another
objective was to determine the effect of aging on the spatio-temporal threshold

surface when controlling for observer biases, criterion shifts, and reaction time.

Method

Subjects Ten eyes of 10 different observers were used in this study. Five
observers were between 23 and 33 and another five between 58 and 65 years
of age. All participants had 6/7.5 (20/25) or better corrected visual acuity. The
observers underwent an ophthaimological exam and were free of visual
pathology. A list of individual ages and acuities along with other relevant
information for the subjects used in this study are listed in Appendix A.

Apparatus Sine wave gratings counterphased at several temporal
frequencies were presented on a 40x30 cm RGB monitor, equipped with a P22
phosphor (Gigatek - 1931CC) interfaced with graphics boards (Matrox - PG641)
under the control of a 386 IBM AT compatible computer. The monitor had a 120
Hz noninterlaced full-screen refresh rate. A joystick was used to record the
responses and a chin rest to maintain constant viewing distance. Observers
were required to wear their own distance correction over a 3 mm artificial pupil

during testing.
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Procedure The psychophysical thresholds of 12 different spatial and
temporal frequency combinations were assessed for all observers. Sine wave
gratings of three spatial frequencies were paired with four different temporal
frequencies. The temporal component consisted of counterphase flickering
gratings with a sinusoidal temporal function. The three spatial frequencies were
0.50, 2.0, and 8 c/d and the four temporal frequencies were 0.0, 3.75, 7.5, and
15 Hz. The window size was 20 degrees of visual angle wide and 15 degrees
high at 114.3 cm viewing distance. The temporal and spatial waveforms were
Gaussian filtered, thus producing a three-dimensional Gabor function (the two
spatial dimensions and the temporal dimension).

The entire spatio-temporal, three-dimensional, Gabor function is
represented by Formula 11. The target area, that is, the area containing one
space constant (37% contrast and higher) to the right and left of fixation and one
space constant above and below fixation (Formula 7) subtended 10 degrees in
height and 13.3 degrees in width. This allowed for a minimum of six complete
cycles within the target area. The target stimulus resulted in an oval shape.
Luminance was maintained at 10 cd/m2 and a 3 mm artificial pupil was used.
Thus, the retinal illuminance was maintained constant throughout testing at 70
td.

The stimulus was achromatic using a Dgs white as defined by the u',v’
1976 chromaticity coordinates (u' = .198; v' = .456). A fixation point was located
in the center of the screen. With the stimulus functions used, a node is present
in the center of the display where the fixation point was located. The node is
defined here as the junction point between the sine and cosine portions of the
spatial sinusoidal functions. Within a counterphase flickering paradigm, the

mean luminance always remains the same at this particular point. Thus, by
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fixating directiy at the node, the eyes have less of a tendency to follow the
movement of the grating.

Each trial consisted of a set of two consecutive presentations of 3
seconds. The temporal constant used was 750 milliseconds so that for 1.5
seconds the stimulus was presented above 37% of the contrast being
evaluated. The other 1.5 seconds of the presentation consisted of the rise time
up to the 37% level (750 milliseconds) and fall time from the 37 % level (750
milliseconds). The first presentation was preceded by one beep, and the
second by two beeps. Only one of the presentations contained the stimulus
pattern. The observer responded by moving the joystick to the left if the stimulus
pattern was in the first presentation and to the right if the pattern was presented
in the second interval. Feedback was given for every response in the form v a
tone to indicate whether the response was correct or incorrect. The correct
response was followed by a high pitched tone and the incorrect response by a
low pitched tone.

A temporal two-alternative forced choice staircase procedure with five
reversals was used to determine the thresholds. Contrast was initially set
above threshold, based on values predetermined from pilot data. The average
of the five reversals was taken as the threshold level for the particular spatio-
temporal combination. The contrast was decreased by 0.175 log units until the
observer responded incorrectly. When the first incorrect response had been
made, the contrast was raised 0.175 log units and the five reversals used to
estimate the threshold started only at this point. Four trials were performed at
this contrast level. This constituted one step in the staircase. The contrast
changed by +4, +3, +2, +1, or -1 units. This change depended on whether the
observer made zero, one, two, three, or four correct responses respectively.

After each step of four trials the contrast unit changed in the same manner. That
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is, the contrast unit after zero, one, two, three, or four reversals would be

changed to 0.175, 0.125, 0.0875, 0.0625, or 0.05 log units.

Results

Figure 4 shows the group data obtained from this experiment for both
young and older subjects. The individual graphs represent the different spatial
frequencies. Graphs (a), (b), and (c) in Figure 4 show the data for 0.50, 2.0, and
8.0 c/d stimuli respectively. Log contrast sensitivity is plotted as a function of the
four temporal rates. The two functions in each graph correspond to the mean
values for the young observers, and the older group.

The data for the 0.50 c/d stimuli show a band-pass temporal function for
both groups with the highest sensitivity at the medium temporal rates (3.75 Hz
and 7.5 Hz). The young group has the lowest sensitivity for the 0 Hz condition
while the older group has a similar sensitivity for the 0 Hz and the 15 Hz
conditions. The function is generally lower for the older group except for the
static condition where the values overlap. The greatest difference between the
young and the older group, for the 0.50 c/d gratings, appears when these
gratings are counterphase flickered at 15 Hz. The functions obtained from the
two groups are virtually identical under the 2.0 ¢/d degree condition except for
the 3.75 Hz temporal rate where the older group has lower sensitivities than the
younger group (Graph (b)). The younger observers show a band-pass temporal
function with a peak sensitivity at 3.75 Hz while the older group has a low-pass
temporal function with a peak sensitivity at 0 Hz. Figure 4 (c) shows a clear
difference between the young and older observers for the 8.0 c/d gratings. This
difference is evident for the three lowest temporal rates but not for the 15 Hz

stimuli. Low-pass temporal functions are observed for the two groups.
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Figure 4. Contrast sensitivity as a function of temporal frequency for

the 0.50 c/d (a), 2.0 c/d (b), and 8.0 ¢/d (c) stimuli of young
and older observers obtained using a 70 td illuminance
condition.
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Both groups have low-pass spatial functions for all temporal rates except
for the 0 Hz condition showing a spatial band-pass function with a peak
sensitivity at 2.0 ¢/d. The interrelationship between spatial and temporal
components is shown by the three-dimensional spatio-temporal threshold
surface for the young observers in Figure 5 graph (a), and the threshold surtace
for the older observers in graph (b). For Figure 5, the z-axis represents the log
contrast sensitivity, the y-axis represents spatial frequencies on a log scale, and
the x-axis represents temporal frequency on a log scale. Interpolations of the
data for the three-dimensional plots were obtained using a least squares
method by MclLain (1974). Examples of the threshold surface obtained for a
young and older observer are shown in Figure 6. These graphs show a spatial
band-pass function at lower temporal frequencies changing to spatial low-pass
functions when moving towards high temporal frequencies. We can also
observe a temporal low-pass function changing to a temporal band-pass
function when moving from high to low spatial frequencies. Individual data for
all the observers can be seen in Appendix B.

A 2x3x4 ANOVA with one between factor (age category) and two within
factors (spatial x temporal) was calculated on the data. The ANOVA table
obtained from the analysis is shown in Appendix C. The overall main eftect of
groups was not significant at the preset alpha requirements of 0.05, F (1, 8) =
4.27, p = 0.073. As expected, the overall main effects of spatial frequency, F (2,
16) = 97.31, p < 0.001, and temporal frequency, F (3, 24) = 51.05, p < 0.001,
and the temporal by spatial interaction, F (6, 48) = 13.13, p < 0.001, were
significant. The group by spatial frequency and the group by temporal
frequency interactions were not significant. However, the group by temporal by
spatial interaction was significant, F (6, 48) = 3.52, p = 0.006. Post hoc pairwise

comparisons using the Tukey test show a significant difference between groups
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Individual Threshold Surfaces: examples
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Figure 6. Spatio-temporal threshold surface for a 23 (a) and 60-year-old
(b) observer obtained under a 70 td illuminance condition.
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for the three lower temporal frequencies at 8.0 c/d, for the 0.50 c¢/d grating
flickered at 15 Hz, and for the 2.0 c/d gratings flickered at 3.75 Hz with the older
group showing lower sensitivities. These five significant pairwise comparisons
can easily be identified from graphs (a), (b), and (c) in Figure 4 by the fact that
they are the five points where the standard error bars of the two groups do not

overlap showing lower sensitivities for the older observers.

Discussion

Figure 5 graph (a) demonstrates the interaction which occurs between
the spatial and temporal frequency components on modulation sensitivities of
young observers. The transition from a low-pass to a band-pass spatial
frequency function with decreasing temporal frequency and from a low-pass to
a band-pass temporal function as a result of decreasing spatial frequency are
typical of previous findings (Kelly, 1969, 1972; Koenderink & van Doorn, 1979;
Kulikowski, 1971; Robson, 1966; van Nes, Koenderink, Nas, & Bouman, 1967).
Therefore, although these studies have used a variety of techniques which were
different from the one presently employed, the data generally demonstrate the
same form. This is evidence that the psychophysical technique used presently
did measure the appropriate detection threshold. The data of previous research
were obtained from a few experienced observers who were probably aware of
the criterion shift and observer bias issues and, thus, consciously controlled for
it. Graph (b) in Figure 5, which displays the data for the older group, also has
the same general form, regardless of the fact that these observers were not
experienced psychophysical observers and were unaware of what was being
assessed. However, it was observed from the statistical analysis that a
significant loss was apparent at the higher spatial frequency (8.0 c/d) flickered

at the lower three temporal frequencies (0 Hz, 3.75 Hz, & 7.5 Hz) and for the
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lower spatial frequency only when the latter was flickered at a high temporal
rate (15 Hz). These results imply that there was no selective large fiber loss. |f
the latter were the case, one would primarily expect the sensitivity to large
targets flickered at high temporal rates to be affected. On the other hand, these
results exclude the purely optical explanation for reduced sensitivity due to
aging. This argument cannot explain the loss of sensitivity for the 0.5 ¢/d-15 Hz
and the 2.0 ¢/d-3.75 Hz targets.

The results support previous research by Sekuler and Owsley (1982)
showing a sensitivity loss for high spatial frequencies and large moving targets
and extend their work. What was not determined by them, but is shown here, is
the fact that this loss of higher spatial frequencies due to aging spans a range

of temporal frequencies.
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Experiment 2
One primary purpose of this experiment was to establish the spatio-
temporal threshold surface under relatively low luminance levels. The aim was
to isolate and establish the magnocellular pathway contribution to the spatio-
temporal characteristics obtained psychophysically under low illuminance
wvoncitions. Another objective was to determine the effect of aging on the
psychophysical thresholds established under these conditions and, thus, to

determine the effect of aging on the specific visual pathway.

Method

Subjects The same 10 eyes of the 10 observers were used for this study.

Apparatus The same setup was used for this experiment as in
Experiment 1 with the addition of a 2.00 log unit Kodak Wratten gelatin neutral
density filter (#96).

Procedure The two-alternative forced choice paradigm used in the first
experiment was also used in this experiment. The luminance was reduced from
10 crd/m2 to 0.10 cd/m2 by using a 2.00 Log unit neutral density filter. Therefore,
with an artificial pupil, 3 mm in diameter, the illuminance level was mairtained
at 0.70 td. Given the low luminance levels used in this experiment, the
observers were dark adapted for a 30-minute period before the testing
procedure. Two spatial frequencies and four temporal fraquencies were
assessed. The spatial frequencies were 0.5 c¢/d and 2.0 ¢/d, and the temporal

frequencies were 0 Hz, 3.75 Hz, 7.5 Hz, and 15 Hz.
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Results

Figure 7 shows the group means obtained for the 0.50 c/d (a) and 2.0 c/d
conditions (b). Log contrast sensitivity is plotted as a function of temporal
frequency.

The results show that the functions obtained from the young group and
those obtained from the older group overlap for the most part, except at the 0 Hz
condition. The low-pass temporal functions tend to part from one another only
when the gratings are static. Figure 8 shows the same data in the form of a
spatio-temporal threshold surface. Graph (a) of Figure 8 is the threshold
surface for the younger observers and graph (b) is the surface for the older
observers. The axes represent the same variables as in Figure 5. In the
present graphs, the data show both spatial low-pass functions and temporal
low-pass functions within the visible portion of the spatio-temporal threshold
surface. This is true for both young and older observers. The striking difference
between these data and those obtained in Experiment 1, besides the obvious
loss of sensitivities at high spatial and temporal rates and the general reduction
in sensitivity, is the disappearance of the spatial band-pass function under static
temporal conditions. The data also show that sensitivity to the lower spatial
frequencies is generally higher than for high spatial frequencies. Examples of a
threshold surface for a young and older observer obtained under this condition
is given in Figure 9. Three young observers were tested for 8 c¢/d gratings and
show no sensitivity for this frequency under the 0.7 td condition. Individual data
are shown in Appendix B.

A 2x2x3 between-within ANOVA with one between factor (groups) and
two within factors (spatial x temporal) was performed on the data. The data
obtained for the 15 Hz condition were excluded from the statistical analysis

because most of the observers from both groups did not sie these stimuli.
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Figure 7. Contrast sensitivity as a function of temporal frequency for
the 0.50 c/d (a) and 2.0 c/d (b) stimuli of the young and older
observers obtained using a 0.70 td illuminance level.
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Individual Threshold Surfaces: examples
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Appendix C contains the ANOVA table obtained from the analysis. No
significant main effect was found for the between-groups factor. As expected,
significant main effects were found for the spatial frequency factor, F (1, 8) =
29.83, p = .001, and the temporal frequency factor, F (1, 8) = 112.27, p < .001.

No significant interactions were found.

Discussion

These results corroborate well with previous data showing a decreased
sensitivity to higher spatial frequencies (Campbell & Robson, 1968; van Nes &
Bouman, 1967) and higher temporal frequencies (Faubert, 1991; Tyler &
Hamer, 1990) as a consequence of reducing luminance. Faubert (1991) found
that the stimuli most affectec by reducing luminance were small flickering
targets. The current results demonstrate that this effect is present for both the
young and older group. The results imply that aging does not have a signi‘.cant
effect on the M pathway when the latter is isolated by reducing illuminance
levels. lt is interesting, however, that the group means virtually overlap when
the gratings are counterphase flickered but tend to separate for the static
conditions, with the young observers having better sensitivity. The results
clearly demonstrate that the visual system becomes more sustained as the

luminance levels are reduced.
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Experiment 3

This experiment assessed the performance of observers with glaucoma
and those who have elevated intraocular pressures on spatio-temporal
thresholds under photopic luminances. This attempted to establish whether
glaucoma affects specific spatio-temporal conditions. Several assumptions
were made for this experiment. The first assumption was that the human visual
system is segregated into P and M pathways, analogous to the macaque
monkey. The second assumption follows from the first , that is, if large fibers are
affected in glaucoma then this should represent a loss of M cells and
consequently of "M cell-like" spatio-temporal responses. As mentioned earlier,
this should represent the low-spatial-high-temporal characteristics of the

achromatic spatio-temporal threshold surface.

Methods

Subjects Fifteen eyes of 15 observers were used for this study. Five
observers were diagnosed as having early glaucoma and five as being ocular
hypertensives. The performances of these 10 participants were compared with
the resuits of the normal observers of, the same age category who had
participated in Experiment 1 and 2.

The glaucoma patients and ocular hypertensives had intraocular
pressures greater than 21 mm Hg. Glaucoma patients were categorized on the
basis of early visual field defects as determined by the Humphrey 30-2 program
and/or disc cup abnormalities as established by any of the three referring
glaucoma specialists. Ocular hypertensives showed no signs of visual field or
optic disc cup abnormalities.

Apparatus The apparatus was the same as used in Experiment 1.
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Procedure The psychophysical procedure was the same as in

Experiment 1.

Results

Figure 10 shows the group data for the glaucoma patients and the ocular
hypertensives along with the data from the age-matched normal observers
obtained in Experiment 1. The individual graphs represent the different spatial
frequencies. Graphs (a), (b), and (c) show the data for 0.50, 2.0, and 8.0 ¢/d
stimuli, respectively.

The graphs show that the glaucoma group consistently shows lower
sensitivities than the normal or ocular hypertensive groups. The glaucoma
group also shows greater variability than do the other two groups. Figure 11
represents the “magnitude of loss” of sensitivities for the glaucoma group (a)
and the suspect group (b). The “magnitude of loss” was calculated by
subtracting the normal data from the group data of interest. The positive values
were replaced with a zero and the absolute value of the negative scores was
used. The results of these calculations are shown in Figure 11 producing a
“magnitude of loss” spatio-temporal threshold surface (MLS). The MLS is
plotted in log units on the z-axis. The y-axis represents spatial frequencies and
the x-axis shows temporal frequencies, both presented on a log scale.

Graph (a) of Figure 11 demonstrates the pattern of sensitivity loss for the
glaucoma group relative to normal observers of the same age category. It is
evident from this graph that a sensitivity loss is present throughout the surface
but at different levels. A greater loss is apparent under high temporal frequency
conditions for middle to lower spatial frequencies. Other than at the high-
spatial-high-temporal end of the scale where sensitivity is depressed for all

observers and, therefore, no sensitivity difference is expected, the region of the
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hypertensive, and glaucomaious observers obtained undera 70
td illuminance level.
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surface that is least affected by glaucoma is the mid-spatial-mid-temporal
region. The ocular hypertensive group's MLS (b) shows very little loss
compared to the normals, with some loss only at the higher temporal rates.

Individual MLS plots are shown in Figure 12 for the glaucoma observers
and Figure 13 for the ocular hypertensives. The data show that three of five
glaucoma observers have reduced sensitivities for the high-temporal and mid to
low spatial frequency region of the surface. For the glaucoma observers,
subject 19 shows no loss throughout the surface and subject 17 shows loss
only at higher spatial frequencies. Only observers 11 and 12 of the ocular
hypertensives show loss relative to normals with the loss generally observed in
the low-spatial-high-temporal region of the surface.

A 3x3x4 ANOVA with two between factor (patient category) and two
within factors (spatial x temporal) was calculated on the data. The ANOVA table
obtained from the analysis is shown in Appendix C. No significant main effect
between groups was found. As expected a significant main effect for the spatial
factor, F (2, 24) = 138.94, p < 0.001, and the temporal factor, F (3, 36) = 222.49,
p < 0.001, was found. The group by spatial and the group by spatial by
temporal interactions were not significant, while the spatial by temporal
interaction, F (6, 72) = 30.33, p < 0.001, was significant. The most interesting
resuit comes from the group by temporal interaction which was significant, F (6,
36) = 2.82, p=0.024.

Figure 14 represents the sensitivity loss relative to normals when
collapsed across all spatial frequencies. Means for the three groups were
calculated for the four temporal rates across all the spatial frequencies. The
means from the normal group were subtracted from the means of the ocular
hypertensives and the glaucoma patients. The result is a graph which displays

the amount of sensitivity loss, in log units, produced by the respective
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categories. This kind of graphical representation has been termed a
“visuogram” (Bodis-Wollner, 1972). The y-axis represents the sensitivity loss
relative to normals and the temporal frequencies are shown on the x-axis. The
straight line drawn perpendicular to 0 log units 0. the ordinate represents the
value obtained when subtracting the normal data from themselves. Figure 14
demonstrates the obtained temporal frequency by group interaction. The ocular
hypertensives generally show better sensitivity tnan the normals except for the
highest temporal frequency. The glaucoma group is worse than the normals for
all temporal rates and this difference consistently increases with the glaucoma
group getting progressively worse as the temporal frequency increases. Post
hoc pairwise comparisons using the Tukey test show that the difference
between the glaucoma group and the control group is statistically significant at
all temporal frequencies. The difference between the ocular hypertensives and
the normals is not statistically significant. However, the drop of sensitivity from
the three slower temporal rates to the 15 Hz condition is greater for the ocular
hypertensives than it is for the normals or the glaucoma patients. This can be
seen in Figure 14 where the relative sensitivity of the ocular hypertensives

drops sharply at 15 Hz while the glaucoma group shows a monotonic function.

Discussion

The results show that three of the five glaucoma observers , regardless of
the normal acuity levels for their age, have sersitivity losses relative to normals
which would be consistent with the notion of a selective large cell loss.
However, the results also show that the most important factor in determining
glaucoma related loss is the temporal component. Emphasis on temporal
components of centrally fixated targets in the evaluation of glaucoma has been

suggested by several researchers for grating stimuli (Atkin, et al., 1979;
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Wolkenstein, et al., 1980) and uniform targets (Brussell, et al., 1989). Others
have emphasized the role of temporal components for both central and
peripheral targets for gratings (Neima, et al, 1984) and uniform targets
(Faubert, Balazsi, et al., 1987; Faubent, Brussell, et al., 1987; Fauber, et al.,
1989; Tyler, 1981). Generally, the research dealing with grating stimuli has
been limited to a few spatio-temporal combinatinns. The 12 spatio-temporal
combinations utilized in this study allow a better determination of the selective
effects of glaucoma on the spatio-temporal threshold surface. The graph in
Figure 11 (a) shows the selective loss of the surtace due to glaucoma. This
graph shows that some loss is apparent throughout the surface except for hign-
spatial-high-temporal combinations where sei:sitivity levels are down for
normals. The greatest loss is apparent for middle to high temporal frequencies
preserted in combination with middle to low spatial frequencies. These results
support the notion that primarily large fibers are affected in early glaucoma.
Figure 14 is particularly suggestive of what happens with ocular
hypertensives. For data collapsed across spatial frequencies, a drastic drop of
sensitivity occurs at 15 Hz, although this particular suspect group generally
showed better sensitivities for the slower temporal rates. These results and
those from the glaucoma group support Tyler's results using uniform targets,
that glaucoma loss is most evident with increased temporal frequency up to
about 40 Hz (Tyler, 1981). From the results obtained thus far, one could argue
that the sensitivity profiles obtained from the glaucoma and ocular hypertensive
groups are consistent with the theory that glaucoma primarily affects large fibers
for some but not all observers. However, the observers which do not show this
pattern have no loss or very little loss reiative to normals which suggests that

these individuals probably have not incurred glaucoma related damage.
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Further, it suggests that in very early stages, the component of the surface that is

affected prirmarily is temporal in nature.
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Experiment 4
This experiment assessed the spatio-temporal thresholds of
glaucomatous vision at relatively low illuminance levels. As suggested by
Shapley (1988), under low illuminance levels (below about 1 td or less), the
parvoceliular pathway is not active (see Figure 1). Thus, it is possible to
observe the effect of glaucoma, which is thought to selectively destroy large

fibres, on the M cells responding under these conditions.

Methods

Subjects The same 15 subjects who participated ir Experiment 3 were
tested in this experiment.

Apparatus The apparatus used in this experiment was identical to that
used in Experiment 2.

Procedure The same psychophysical procedure was used as in

Experiment 2.

Results

Figure 15 shows the group means obtained for the 0.50 ¢/d and 2.0 c/d
conditions. As in the previous experiment, the glaucoma group consistently
shows lower sensitivity levels than does the normal group. As seen in Figure
15, the difference is greater for the 0.50 c/d conditions than the 2.0 c/d
conditions.

Figure 16 shows the “magnitude of loss” of sensitivities for the glaucoma
group and the suspect group. The “magnitude of loss” is plotted in log units on
the z-axis. The y-axis represents spatial frequencies and the x-axis temporal

frequencies both presented on a log scale. One can observe from graph (a) of
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Figure 16 that the magnitude of loss increases in the range of low spatial
frequencies and low temporal frequencies. There is a low-pass spatio-temporal
sensitivity loss function. Graph (b) shows the magnitude of loss for the ocular
hypertensive group. In this case, the loss is only evident at the highest visible
temporal frequency. No loss can be observed at 15 Hz because the sensitivity
is virtually zero for all observers, including the normal group. Like Figure 11 (b)
in the previous experiment, Figure 16 (b) does not adequately represent the
drop of sensitivity from 0 Hz, and 3.75 Hz to 7.5 Hz condition demonstrated by
the ocular hypertensive group because all positive differences, as a result of
B subtracting the normal data from the ocular hypertensives, were equated to zero
! on the z-scale. Figure 17 shows the group means when collapsed across
spatial frequericy. A large drop of sensitivity from 0 Hz and 3.75 Hz to 7.5 Hz is
experienced by the ocular hypertensive group. The graph also demonstrates

that the two experimental groups show opposite trends regarding the sensitivity

reduction relative to normals. The glaucoma group shows greater loss as the
targets become more static and the ocular hypertensive group’s sensitivity

levels decrease with increasing temporal rates.

Figures 18 and 19 show the individual MLS plots for the early glaucoma

and ocular hypertensive observers respectively. The same three glaucoma

f observers showing the mid- to low-spatial-high-temporal frequency losses in
the previous experiment show dramatic sensitivity decrements under 0.7 td.
Only subject 12 of the ocular hypertensive group shows a small loss.

} A 3x2x3 ANOVA with one between factor (group) and two within factors
(spatial x temporal) was petformed on the data (Appendix C). The 15 Hz
condition was excluded from the analysis because these targets were not
visible under the illuminance condition used. No significant main effect of group

was found. A significant main effect of spatial frequency, F (1, 12) = 37.35, p<
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Figure 18. MLS for early glaucoma observers (subjects 16 to 20) obtained
under a 0.7 td illuminance condition,
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Surtaces: Ocular Hypertensive Observers
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0.001, temporal frequency, F (2, 24) = 116.41, p < 0.007, and a significant
spatial by temporal interaction, F (2, 24) = 6.14, p = 0.007, was found. No
significance was found for the group by spatial, group by temporal, or the group

by spatial by temporal interactions.

Discussion

The results are consistent with the notion of M cell loss in glaucoma for
three of five glaucoma observers who show a profound loss of sensitivity.
According to the electrophysiology data, reducing the illuminance to 1 td or less
will isolate the M pathway. The present experiment used a retinal illuminance
level of 0.70 td, well within this range. As evidenced by Figures 15 to 18, the
glaucoma group demonstrates sensitivity losses under these luminances. An
interesting result is the fact that the glaucomatous observers who show losses
show a large loss under this illuminance condition.

The most intriguing result is that the ocular hypertensives show sensitivity
decrements relative to normals only at the highest visible temporal rates while
the glaucoma observers show the greatest loss at low temporal rates. It is
possible that ocular hypertensives are showing a sensitivity loss due to a
mechanism which is different than that of the gilaucoma patients. Another
possibility is that this high temporal frequency drop in ocular hypertensives
represents very early damage caused by glaucoma where the temporal

components are the first affected independent of the spatial characteristics.



80

General Discussion

The series of experiments in this study attempted to identify the different
retino-geniculate pathways responsible for the production of the spatio-
temporal threshold surface. Specifically, it attempted to isolate the different
pathways via psychophysical and pathophysiological means. Another interest
was to determine the effect of aging alone on the spatio-temporal threshold
surface.

Iin Experiment 1, the sensitivities of a young group with normal vision and
of an older group with normal vision were assessed with a series of 12 spatio-
temporal combinations. The psychophysical technique controlled for criterion
shifts, observer biases, and reaction time to avoid any sensitivity differences
due to these factors. The spatio-temporal threshold surface obtained under
these conditions was similar to those obtained in previous research. Generally,
detection of small spatial targets is facilitated by low temporal rates and large
spatial targets by rapid flicker. This relationship is best demonstrated in Figure
5 (a) showing the sensitivity levels obtained for the young observers in
Experiment 1. The results from the older group demonstrated that the greater
loss on the surface is found in three distinct areas: the smaller targets at lower
temporal rates, the larger targets at the higher temporal rates, and the middle
size targets at medium temporal rates. These data do not support the notion
that aging selectively affects large fibers. However, they do support the notion
that nerve fibers are affected indiscriminately by aging and that these losses are
best detected at the preferred temporal rates of the spatial targets used.

The latter conclusion is further supported by the results of Experiment 2.
In this experiment an attempt was made to isolate the M pathway by reducing

the illuminance levels below 1 td which, according to Shapley (1988), inhibits
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the P pathway from responding altogether while the M pathway is still relatively
active. The difference between the young observers and the older group was
less evident under these conditions. The small difference that was observed,
however, resided in the low spatial frequency targets under the static condition.
This is the optimal cell response condition under these illuminance levels.

Based on the results from Experiment 1 and Experiment 2, several
conclusions may be drawn. First, that under 70 td illuminance conditions, the
threshold surface shows the typical shape that has been shown by other
researchers using different psychophysical procedures. Second, aging does
not selectively affect certain physiological pathways and, in fact, there seems to
be a general loss of sensitivity which is best detected for optimal stimulus
combinations. Third, the threshold surface is very much affected by reducing
the illuminance level to 0.70 td, a level which presumably isolates the M
pathway. The surface essentially demonstrates a low spatio-temporal band-
pass function, with aging preferentially affecting the low spatial and low
temporal combinations.

The results of Experiment 3 lend support to the hypothesis that the
spatio-temporal properties of the threshold surface for which the M pathway is
responsible ara the low-spatial and high-temporal ends of the surface. The
results obtained from the glaucoma patients, which are thought to have
selective M cell loss according to pathophysiological evidence, fit nicely with the
results obtained from Merigan and his coworkers on acrylamide treated
monkeys (Merigan & Eskin, 1986). Figure 11 (a) shows the MLS of the
glaucoma observers relative to normals. This function which is essentially the
part of the spatio-temporal threshold surface that is affected by glaucoma is
complementary to the data obtained by Merigan and Eskin (1986). The

sensitivity profile that they were left with, after destroying the P pathway in
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monkeys (presumably leaving the M pathway to respond), demonstrated
unaffected sensitivities for large targets flickered at higher rates. The glaucoma
group also shows losses throughout the surface but these are small relative to
the low-spatial-high-temporal combinations. A loss throughout the surface is
expected because glaucoma, although assumed to affect primarily large fibers
early, does produce some small cell loss. The individual data from the
glaucoma observers shown in Figure 12 clearly demonstrates that, in
individuals showing a loss, this loss is typically seen in the low- to mid-spatial-
high-temporal regions of the surface consistent with the large cell loss
hypothesis.

The results obtained from the glaucoma group in Experiment 3 are also
consistent with the proposition that glaucoma destroys M cells and that these M
cells can be isolated under low illuminance conditions. Figure 16 (a)
demonstrates that the glaucoma group shows a sensitivity loss which is greatest
at the low-spatio-temporal region of the surface. The most significant finding is
shown in Figure 17 where the same three observers with a low-spatial-high-
temporal loss for the 70 td condition have a large sensitivity decrease under 0.7
td while the other two observers show no loss.

The results obtained in Experiment 3 from the ocular hypertensive group
are interesting in themselves as they pertain to the pathology. The results show
that the ocular hypertensives are not significantly different from normals. This,
in itself, is not a surprising discovery but there is a temporal by group
interaction. Figure 14 demonstrates that, when the data were collapsed for
spatial frequency, the ocular hypertensives, who in fact had suprasensitivity for
the slower temporal frequencies, showed the greatest drop of sensitivity from
the three lower temporal rates to the highest temporal rate used (15 Hz), while

the glaucoma patients had a monotonic decrease in sensitivity as the tempcral
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frequency increased. This is interesting because it shows a different pattern of
loss. A qualitative difference between the ocular hypertensives and the
glaucoma patients, not just a quaniitative one, is emerging. This may mean one
of two things. Either the very early visual defects caused by glaucoma are in the
high temporal frequency range, exclusively discarding spatial components, or
there are two very different processes.

The iatter hypothesis is further supported by the results of Experiment 4.
Figure 20 shows visuograms for the glaucoma patients (a) and the ocular
hypertensives (b). Graph (a) shows the means, collapsed across spatial
frequency, obtained from the glaucoma group in Experiment 3 (70 td) and
those obtained in Experiment 4 (0.70 td). Graph (b) shows the ocular
hypertensive data obtained in Experiment 3 and Experiment 4. It can be seen
from graph (b) that the pattern of sensitivity loss for the ocular hypertensives is
similar whether one illuminance condition or another is used. These observers
show suprasensitivity which reduces sharply at the highest temporal rates. The
glaucoma data, however, demonstrate a very difierent pattern. Graph (a) shows
that the sensitivity loss increases as the temporal rate increases under higher
luminances. This is consistent with 1he notion that M cells are affected in
glaucoma and that this cell loss would best be represented when the cell type is
presented with its optimai stimulus combinations.

If these findings are reproducible, they could have very interesting
clinical implications. One of the difficulties in the treatment of ocular
hypertensives is that very few go on to develop glaucoma, as defined with
traditional methods. Thus, it is difficult to determine in which cases treatment
would be beneficial. An objective way may be to assess their differential

sensitivity losses observed under medium to high luminance levels and under
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low luminance levels. If one observes a reverse in direction, as was observed
here with the glaucoma group, this may imply glaucoma-related damage.

There are many interesting avenues to pursue following this research.
As mentioned above, the group by temporal interactions obtained in
Experiments 3 and 4 are interesting and may represent two distinct
pathophysiologies. Given that the peripheral retina is generally the first region
affected in glaucoma, it would be interesting to determine whether the effect
observed in Figure 20 is also present in the periphery. This may be a very
sensitive method of distinguishing ocular hypertensives from those who have
had glaucoma-related, irreversible cell loss.

One of the interesting notions which stems from this research is the
possibility of using glaucoma as an experimental model! for the study of other
visual functions which are presumably under the control of one cell type as
opposed to ancther. For instance, if some aspect of depth perception or motion
sensitivity is thought to be under the control of higher cortical levels which
receive input from the M pathway (Livingstone & Hubel, 1988), it follows that
glaucoma patients should have lower than normal performances on sensitive
measures which assess these abilities and this may provide greater insight as
to how these functions are controlled by the different cell types. However, it is
also clear from these results that the clinical classification of early glaucoma
may not in itself represent an instance in which there is a selective cell loss. A
careful evaluation of the glaucoma patient with measures such as the ones that
were used in this study appear necessary prior to making the assumption of a
selective cell loss.

It is possible that other visual or cortical deficiencies may lead to a
greater understanding of how the normal visual system works. Therefore, the

study of impaired systems may be of great benefit to the understanding of
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normal visual function notwithstanding the benefit to the comprehension and

possible treatment of the disorders themselves.

I
s
3
[
;%\l

b

=y e

T e A e

.

o




87

References

Atkin, A., Bodis-Wollner, I, Wolkenstein, M., Moss, A., & Podos, S.M. (1979).
Abnormalities of central contrast sensitivity in glaucoma. American
Journal of Ophthalmology, 88, 205-211.

Balazsi, A.G., Drance, S.M., Schulzer, M., & Douglas, G.R. (1984). Neuroretinal
rim area in suspected glaucoma and early open-angle glaucoma.
Archives of Ophthalmology, 102, 1011-1014.

Balazsi, A.G., Rootman, J., Drance, S.M., Schulzer, M., & Douglas, G.R. (1984).
The eftect of age on the nerve fiber population of the human optic nerve.
American Journal of Ophthalmology, 97, 760-766.

Blakemore, C.B. & Campbell, F.W. (1969). On the existence of neurons in the
human visual system selectively sensitive to the orientation and size of
retinal images. Journal of Physiology, 203, 237-260.

Blakemore, C.B., & Vital-Durand, F. (1981). Distribution of X- and Y-cells in the
monkey's lateral geniculate nucleus. Journal of Physiology (London),
320, 17p-18p.

Blasdel, G.G., & Fitzpatrick, D. (1984). Physiological organization of layer 4 in
macaque striate cortex. Journal of Neuroscience, 4, 880-895.

Bodis-Wollner, I. (1972). Visual acuity and contrast sensitivity in patients with
cerebral lesions. Science, 178, 769-773.

Boycott, B.B., & Wassle, H. (1974). The morphological types of ganglion cells
of the domestic cat's retina. Journal of Physiology (London), 240, 397-
419,

Breitmeyer, B.G., & Ganz, L. (1977). Temporal studies with flashed gratings:
Inferences about human transient and sustained channels. Vision
Research, 17, 861-865.




88

Breitmeyer, B., Levi, D.M., & Harwerth, R.S. (1981). Flicker masking in spatial
vision. Vision Research, 21, 1377-1385.

Brussell, E.M., Muermans, M., White, C.W., Fauben, J., & Balazsi, A.G. (1989).
Chromatic flicker deficits in glaucoma patients and suspects. In Perimetry
Update 1988/89, A. Heil (Ed.), Kugler & Ghedini, Berkeley. pp. 45-52.

Burbeck, C.A. (1981). Criterion-free pattern and flicker thresholds. Journal of
the Optical Society of America, 71, 1343-1350.

Burbeck, C.A., & Kelly, D.H. (1980). Spatiotemporal characteristics of visual
mechanisms: Excitatory-inhibitory model. Journal of the Optical Society
of America, 70, 1121-1126.

Campbell, F.W., & Robson, J.G. (1968). Application of Fourier analysis to the
visibility of gratings. Journal of Physiology, 197, 551-566.

Cleland, B.G., Dubin, MW., & Levick, W.R. (1971). Sustained and transient
neurones in the cat's retina and lateral geniculate nucleus. Journal of
Physiology, 217, 173-196.

Cleland, B.G., Harding, T.H., & Tulunay-Keesey, V. (1979). Visual resolution
and receptive field size: Examination of two kinds of cat retinal ganglion
cell. Science, 205, 1015-1017.

Cleland, B.G., & Levick, W.R. (1974). Properties of rarely encountered types of
ganglion cells in the cat's retina and an overall classification. Journal of
Physiology (London), 240, 457-492,

Cohn, T.E., & Lasley, D.J. (1974). Detectability of a luminance increment: Effect
of spatial uncertainty. Journal of the Optical Society of America, 64,
1715-1719.

Coren , S, & Girgus, J.S. (1972). Density of human lens pigmentation: In vivo

measures over an extended age range. Vision Research, 12, 343-346.



89

Davis, E.T., & Graham, N. (1981). Spatial frequency uncertainty effects in the
detection of sinusoidal gratings. Vision Research, 21, 705-712.

Davis, E.T., Kramer, P., Graham, N. (1983). Uncertainty about spatial
frequency, spatial position, or contrast of visual patterns. Perception and
Psychophysics, 33, 20-28.

DeMonasterio, F.M. (1978a). Properties of concentrically organized X and Y
ganglion cells of retina of macaques. Journal of Neurophysiology, 41,
1394-1417.

DeMonasterio, F.M. (1978b). Center and surround mechanisms of opponent-
colour X and Y ganglion cells of retina of macaques Journal of
Neurophysiology, 41, 1418-1434.

DeMonasterio, F.M. (1978c¢). Properties of ganglion cells with atypical
receptive-field organization in retina ot macaques. Journal of
Neurophysiology, 41, 1435-1449.

DeMonasterio, F.M., & Gouras, P. (1975). Functional properties of ganglion
cells of the rhesus monkey retina. Journal of Physiology (London), 251,
167-195.

DeMonasterio, F.M., Gouras, P., & Tolhurst, D.J. (1975). Concealed colour
opponency in ganglion cells of the rhesus monkey retina. Journal of
Physiology (London), 251, 217-229.

Derrington, A.M., & Henning, G.B. (1981). Pattern discrimination with flickering
stimuli. Vision Research, 21, 597-602.

Derrington, A.M., Krauskopf, J., & Lennie, P. (1984). Chromatic mechanisms in
lateral geniculate nucleus of macaque. Journal of Physiology (London),
357, 241-265.




90

Derrington, A.M., & Lennie, P. (1984). Spatial and temporal contrast
sensitivities of neurones in lateral geniculate nucleus of macaque.
Journal of Physiology (London), 357, 219-240.

Derrington, A.M., Lennie, P., & Krauskopf, J. (1983). Chromatic response
properties of parvocellular neurons in the macaque LGN. In J.D. Molton,
& L.T. Sharpe (Eds.), Colour Vision. London: Academic Press.

DeValois, K.K. (1977). Spatial frequency adaptation can enhance contrast
sensitivity. Vision Research, 17, 1057-1065.

DeValois, R.L., Abramov, |., & Jacobs, G.H. (1966).  Analysis of response
patterns of LGN cells. Journal of the Optical Society of America, 56, 966-
977.

Dreher, B., Fukada, Y., & Rodieck, R.W. (1976). Identification, classification and
anatomical segregation of cells with X-like and Y-like properties in the
lateral geniculate nucleus of old-world primates. Journal of Physiology
(London), 258, 433-452.

Enroth-Cugell, C., & Robson, J.G. (1966). The contrast sensitivity of retinal
ganglion cells of the cat. Journal of Physiology (London), 187, 517-552.

Enroth-Cugell, C.. & Robson, J.G. (1984). Functional characteristics and
diversity of cat retinal ganglion cells: Basic characteristics and
quantitative description. Investigative Ophthalmology & Visual Science,
25, 250-267.

Eskin, T.A., Lapham, L.W., Maurissen, J.P.J., & Merigan, W.H. (1985).
Acrylamide effects on the macaque visual system Il: Retinogeniculate
morphology. Investigative Ophthalmology & Visual Science, 26, 317-
329.



91

Eskin, T.A.,, & Merigan, W.H. (1986). Selective acrylamide-induced
degeneration of colour opponent ganglion cells in macaques. Brain
Research, 378, 379-384.

Faubert, J. (1991). Effect of target size, temporal frequency and luminance on
temporal modulation visual fields. In Perimetry Update 1990/91, R.P.
Mills & A. Heil (Eds.), Kugler, Amsterdam/New York. pp. 69-79.

Faubert, J., Balazsi, A.G., Muermans, M., Brussell, E.M., & Kasner, O.P. (1989).
Multi-flash campimetry and optic nerve structure in early chronic open
angle glaucoma. In Perimetry Update 1988/89, A. Heil (Ed.), Kugler,
Berkeley. pp. 349-358.

Faubert, J., Balazsi, A.G., Overbury, O., & Brussell, EXM. (1987). Multi-flash
campimetry and other psychophysical tests in glaucoma. Documenta
Ophthalmologica Proceeding Series, 49, 425-432.

Faubert, J., Brussell, E.M., Overbury, O., Balazsi, A.G., & Dixon, M. (1987).
Spatial vs. temporal information in suspected and confirmed chronic
open angle glaucoma. In Low Vision: Principles and Applications.
Springer-Verlag, New York. pp. 79-95.

Fukada, Y. (1971). Receptive field organization of cat optic nerve fibers with
special reference to conduction velocity. Vision Research, 11, 209-226.

Fukuda, Y., Hsiao, C.F., & Watanabe, M. (1985). Morphological correlates of
Y, X and W type ganglion cells in the cat's retina. Vision Research, 25,
319-327.

Fukuda, Y., Hsiao, C.F., Watanabe, M., & Ito, H. (1984). Morphological
correlates of physiologically identified Y-, X-, and W-cells in cat retina.

Journal of Neurophysiology, 52, 999-1013.

Ser



92

Fukuda, Y., & Stone, J. (1974). Retinal distribution and central projections of Y-
, X-, and W-cells of the cat's retina. Journal of Neurophysiology, 37, 749-
772.

Fukuda, Y., & Stone, J. (1975). Direct identification of the cell bodies of Y-, X-
and W-cells in the cat's retina. Vision Research, 15, 1034-1036.

Furchner, C.S., Thomas, J.P., Campbeil, FW. (1977). Detection and
discrimination of simple and complex patterns at low spatial frequencies.
Vision Research, 17, 827-836.

Gouras, P. (1968). Identification of cone mechanisms in monkey ganglion
cells. Journal of Physiology (London), 199, 533-547.

Gouras, P., & Zrenner, E. (1979). Enhancement of luminance flicker by color-
opponent mechanisms. Science, 205, 587-589.

Graham, N., & Nachmias, J. (1971). Detection of grating patterns containing
two spatial frequencies: A comparison of single-channel and multiple-
channel models. Vision Research, 11, 251-259.

Graham, N., Robson, J.G., & Nachmias, J. (1978). Grating summation in fovea
and periphery. Vision Research, 18, 815-825.

Green, M. (1981). Psychophysical relationships among mechanisms sensitive
to pattern. Vision Research, 21, 971-983.

CGreen, D.M., & Swets, J.A. (1966). Signal Detection Theory and
Psychophysics. John Wiley and Sons, Inc., New York.

Hawken, M.J., & Parker, A.J. (1984). Contrast sensitivity and orientation
selectivity in lamina IV of the striate cortex of the old world monkeys.
Expenmental Brain Research, 54, 367- 372.

Henning, G.B., Hertz, B.G., & Hinton, J.L. (1981). Effects of different

hypothetical detection mechanisms on the shape of spatial-frequency



93

filters inferred from masking experiments: |. Noise masks. Journal of the
Optical Society of America, 71, 574-581.

Hess, R.F., & Plant, G.T. (1985). Temporal frequency discrimination in human
vision: Evidence for an additional mechanism in the low spatial
frequency and high temporal frequency region. Vision Research, 25,
1493-1500.

Hicks, T.P., Lee, B.B., & Vidyasagar, T.R. (1983). The responses of cells in
macaque lateral geniculate nucleus to sinusoidal gratings. Journal of
Physiology, 337, 183-200.

Hirsch, J., Hylton, R., & Graham, N. (1982). Simultaneous recognition of two
spatial frequency components. Vision Research, 365-375.

Hitchings, R.A., Powell, D.J., Arden, G.B., & Carter, R.M. (1981). Contrast
sensitivity gratings in glaucoma family screening. British Journal of
Ophthalmology, 65, 515-517.

Hochstein, S. (1979). Visual cell X/Y classifications: Characteristics and
correlations. in R.D. Freedman (Ed.), Developmental and neurobiology of
vision. New York: Plenum Press.

Hochstein, S., & Shapley, R.M. (1976a). Quantitative analysis of retinal
ganglion cell classifications. Journal of Physiology (London), 262, 237-
264.

Hochstein, S., & Shapley, R.M. (1976b). Linear and nonlinear subunits in Y cat
retinal ganglion cells. Journal of Physiology (London), 262, 265-284.

Hoekstra, J., van der Goot, .P.A., van den Brink, G., & Bilsen, F.A. (1974). The
influence of the number of cycles upon the visual contrast threshold for

spatial sine wave patterns. Vision Research, 14, 365-368.



94

Hoffman, K.P., Stone, J., & Sherman, S.M. (1972). Relay of receptive-field
properties in dorsal lateral geniculate nucleus of the cat. Journal of
Neurophysiology, 35, 518-531.

Hubel, D.H., & Wiesel, T.N. (1962). Receptive fields, binocular interaction, and
functional architecture in the cat's striate cortex. Journal of Physiology,
160, 106-154.

Hubel, D.H., & Wiesel, T.N. (1968). Receptive fields and functional architecture
of the monkey striate cortex. Journal of Physiology, 195, 215-243.

Ikeda, H., & Wright, M.J. (1972). Receptive field organization of 'sustained' and
‘transient' retinal ganglion cells which subserve different functional roles.
Journal of Physiology, 227, 769-800.

lling, R.B., & Wassle, H. (1981). The retinal projection to the thalamus in the
cat: a quantitative investigation and the comparison with the retinotectal
pathway. Journal of Comparative Neurology, 202, 265-285.

Ingling, C.R. Jr, & Drum, B.A. (1973). Retinal receptive fields: Correlations
between psychophysics and electrophysiology. Vision Research, 13,
1151-1163.

Ingling, C.R. Jr, & Martinez-Uriegas E. (1983). The relationship between
spectral sensitivity and spatial sensitivity for the primate r-g X-channel.
Vision Research, 23, 1495-1500.

Ingling, C.R. Jr, & Martinez-Uriegas, E. (1985). The spatiotemporal properties
of the r-g X-cell channel. Vision Research, 25, 33-36.

Kaplan, E., & Shapley, R.M. (1982). X and Y cells in the lateral geniculate
nucleus of macaque monkeys. Journal of Physiology (London), 330,
125-143.



95

Kaplan, E., & Shapley, R.M. (1986). The primate retina contains two types of
ganglion cells, with high and low contrast sensitivity. Proceedings of the
National Academy of Science, 83, 2755-2757.

Kelly, D.H. (1969). Flickering patterns and tateral inhibition. Journal of the
Optical Society of America, 59, 1361-1370.

Kelly, D.H. (1972). Adaptation effects on spatio-temporal sine-wave thresholds.
Vision Research, 12, 89-101.

Kelly, D.H. (1979). Motion and vision. Il. Stabilized spatio-temporal threshold
surface. Journal of the Optical Society of America, 69, 1340-1349.

Kelly, D.H. (1984). Retinal inhomogeneity. Il. spatiai summation. Journal of the
Optical Society of America A, 1, 114-119.

King-Smith, P.E., & Kulikowski, J.J. (1975). Pattern and flicker detection
analyzed by subtrheshold summation. Journal of Physiology, 249, 519-
548.

Koenderink, J.J., & van Doorn, A.J. (1979). Spatiotemporal contrast detection
threshold surface is bimodal. Optic Letters, 4, 32-34.

Kuffler, SW. (1953). Discharge patterns and functional organization of
mammalian retina. Journal of Neurophysiology, 16, 37-68.

Kulikowski, J.J. (1971). Some stimulus parameters affecting spatial and
temporal resolution of human vision. Vision Research, 11, 83-93.

Kulikowski, J.J., & Tolhurst, D.J. (1973). Psycnophysical evidence for sustained
and transient detectors in human vision. Journal of Physiology, 232,
149-162.

Legge, G.E. (1978). Sustained and transient mechanisms in human vision:
Temporal and spatial properties. Vision Research, 18, 69-81.

Legge, G.E., & Foley, J.M. (1980). Contrast masking in human vision. Journal
of the Optical Society of America, 70, 1458-1471.




96

Lennie, P. (1980). Parallel visual pathways: A review. Vision Research, 20,
561-594.

Leventhal, A.G. (1982). Morphology and distribution of retinal ganglion cells
projecting to dinerent layers of the lateral geniculate nucleus in normal
and Siamese cats. Journal of Neuroscience, 2, 1024-1042.

Leventhal, A.G., Rodieck, R.W., & Dreher, B. (1981).  Retinal ganglion cell
classes in the old world monkey: morphology and central projections.
Science, 213, 1139-1142.

Leventhal, A.G., Redieck, R.W., & Dreher, B. (1985). Central projections of cat
retinal ganglion cells. Journal of Comparative Neurology, 237, 216-226.

Livingstone, M.S., & Hubel, D.H. (1988). Segregation of form, color, movement,
and depth: anatomy, physiology, and perception. Science, 240, 740-
749,

Linsenmeier, R.A., Frishman, L.J., Jakiela, H.G., & Enroth-Cugell, C. (1982).
Receptive field properties of X and Y cells in the cat ~stina derived from
contrast sensitivity measurements. Vision Research, 22,1173-1183.

Mandler, M.B. (1984). Temporal frequency information above threshold.
Vision Research, 24, 1873-1880.

“andler, M.B., & Makous, W. (1984). A three channel model of temporal
frequency perception. Vision Research, 24, 1881-1887.

Marrocco, R.T. (1976). Sustained and transient cells in monkey lateral
geniculate nucleus: Conduction velocities and response properties.
Journal of Neurophysiology, 39, 340-353.

Marrocco, R.T., McClurkin, J.W., & Young, R.A. (1982). Spatial summation and
conduction latency classification of cells of the lateral geniculate nucleus

of macaques. Journal of Neuroscience, 2, 1275-1291.



97

McLain, D.H. (1974). Drawing contours from arbitrary data points. The
Computer Journal, 17, 318-324.

Merigan, W.H., Barkdoll, E., Maurissen, J.P.J., Eskin, T.A., & Lapham, L.W.
(1985). Acrylamide efftects on the macaque visual system |:
Psychophysics and electrophysiology. Investigative Ophthalmology &
Visual Science, 26, 309-316.

Merigan, W.H., & Eskin, T.A. (1986). Spatio-temporal vision of macaques with
severe loss of Pb retinal ganglion cells. Vision Research, 26, 1751-1761.

Minckler, D.S., & Odgen, T.E. (1987). Primate arcuate nerve fiber bundle
anatomy. Documenta Ophthalmologica Proceeding Series, 49, 605-612.

Nachmias, J., & Weber, A. (1975). Discrimination of simple and complex
gratings. Vision Research, 15, 217-223.

Neima, D., LeBlanc, R., & Regan, D. (1984). Visual field defects in ocular
hypertension and glaucoma. Archives of Ophthalmology, 102, 1042-
1045.

Olzak, L., & Thomas, J.P. (1981). Gratings: Why frequency discrimination is
sometimes better than detection. Journal of the Optical Society of
America, 71, 64-70.

Padmos, P., & Van Norren, D.V. (1975). Cone systems interaction in single
neurons of the lateral geniculate nucleus of the macaque. Vision
Research, 15, 617-619.

Peichl, L., Ott, H., & Boycott, B.B. (1987). Alpha ganglion cells in mammalian
retinae. Proceedings of the Royal Society of London B, 231, 169-197.

Perry, V.H., & Cowey, A. (1981). The morphological correlates of X- and Y-like
retinal ganglion cells in the retina of monkeys. Experimental Brain
Research, 43, 226-228.




98

Perry, V.H., & Cowey, A. (1984). Retinal ganglion cells that project to the
superior colliculus and pretectum in the macaque monkey.
Neuroscience, 12, 1125-1137.

Perry, V.H,, Oehler, R., & Cowey, A. (1984). Retinal ganglion cells that project
to the dorsal lateral geniculate nucleus in the macaque monkey.
Neuroscience, 12, 1101-1123.

Pitts, D.G. (1982). The effects of aging on selected visual functions: Dark
adaptation, visual acuity, stereopsis, and brightness contrast. In Aging
and Human Visual Function, R. Sekuler, D. Kline, K. Dismukes, Eds.
Alan R. Liss Inc., New York. pp. 131-159.

Plant, G.T., & Hess, R.F. (1985). Temporal frequency discrimination in optic
neuritis and multiple sclerosis, Brain, 108, 647-676.

Quigley, H.A., Dunkelberger, G.R., Sanchez, R.M. (1987). Chronic
experimental glaucoma causes selectively greater loss of larger optic
nerve fibers. Investigative Ophthalmology & Visual Science, 28, 913-
920.

Repka, M.X., & Quigley, H.A. (1988). The effect of age on normal human optic
nerves. Investigative Ophthalmology & Visual Science Supp, 29, 355.

Robson, J.G. (1966). Spatial and temporal contrast-sensitivity functions of the
visual system. Journal of the Optical Society of America, 56, 1141-1142.

Robson, J.G., & Graham, N. (1981). Probability summation and regional
variation in contrast sensitivity across the visual field. Vision Research,
21, 409-418.

Rodieck, RW., & Brenning, R.K. (1983). Retinal ganglion cells: Properties,
types, genera, pathways and trans-species comparisons. Brain

Behaviour & Evolution, 23, 121-164.



99

Roufs, A.J. (1974). Dynamic properies of vision-IV. Thresholds of
decremental, incremental flashes and doublets in relation to flicker
fusion. Vision Research, 23, 1533-1538.

Sachs, M.B., Nachmias, J., & Robson, J.G. (1971). Spatial-frequency channels
in human vision. Journal of the Optical Society of America, 61, 1176-
1186.

Said, F.S., & Weale, R.A. (1959). The variation with age of the spectral
transmissivity of the living human crystalline lens. Gerentologia, 3, 213-
231.

Savoy, R.L., & McCann, J.J. (1975). Visibility of low- spatial-frequency sine-
wave targets: Dependence on number of cycles. Journal of the Optical
Society of America, 65, 343-350.

Schein, S.J., & DeMonasterio, F.M. (1987). Mapping of retinal and geniculate
neurons onto striate cortex of macaque. Journal of Neuroscience, 7,
996-1009.

Schiller, P.H., & Colby, C.L. (1983). The responses of single cells in the lateral
geniculate nucleus of the rhesus monkey to color and luminance
contrast. Vision Research, 23, 1631-1641.

Schiller, P.H., & Malpeli, J.G. (1977). Properties and tectal projections of
monkey retinal ganglion cells. Journal of Neurophysiology, 40, 428-445.

Schiller, P.H., & Malpeli, J.G. (1978). Functional specificity of lateral geniculate
nucleus faminae of the rhesus monkey. Journal of Neurophysiology, 41,
788-797.

Shapley, R. (1988). P and M pathways in the primate visual system. New
insights on visual cortex: Abstracts of the 16th symposium sponsered by

the Center for Visual Science, New York, p2.



100

Shapley, R., Kaplan, E., & Soodak, R. (1981). Spatial summation and contrast
sensitivity of X and Y cells in the lateral geniculate nucleus of the
macaque. Nature, 292, 543-545.

Shapley, R., & Perry, V.H. (1986). Cat and monkey retinal ganglion cells and
their visual functional roles. Trends in Neuroscience, 9, 229-235.

Sherman, S.M., Wilson, J.R., Kaas, J.H., & Webb, S.V. (1976). XandY cells in
the dorsal lateral geniculate nucleus of the owl monkey. Science, 192,
475-477.

So, Y.T., & Shapley, R.M. (1979). Spatial properties of X and Y cells in the
lateral geniculate nucleus of the cat and conduction velocities of their
inputs. Experimental Brain Research, 36, 533-550.

Spector, A. (1982). Aging of the lens and cataract formation. In Aging and
Human Visual Function,R. Sekuler, D. Kline, K. Dismukes, Eds. Alan R.
Liss Inc., New York, pp. 27-43.

Spitzberg, R., & Richards, W. (1975). Broad band spatial filters in the human
visual system. Vision Research, 15, 837-841.

Stamper, R.L., Hsu-Winges, C., & Sopher, M. (1982). Arden contrast sensitivity
testing in glaucoma. Archives of Ophthalmology, 100, 947-950.

Stone, J., & Hoffman, K.P. (1972). Very slow-conducting ganglion cells in the
cat's retina: A major, new functional type? Brain Research, 43, 610-616.

Stromeyer, C.F., & Julesz, B. (1972). Spatial frequency masking in vision:
Critical bands and spread of masking. Journal of the Optical Society of
America, 62, 1221-1232.

Stromeyer, C.F. lll, Zeevi, Y.Y., & Klein, K. (1979). Response of visual
mechanisms to stimulus onsets and offsets. Journal of the Optical

Society of America, 69, 1350-1359.



101

Terry, R.D., DeTeresa, R., Hansen, L.A. (1987). Neocortical cell counts in
normal human adult aging. Annals of Neurology, 21, 5§30-539.

Thomas, J.P. (1983). Underlying psychometric function for detecting gratings
and identifying spatial frequency. Journal of the Optical Society of
America, 73, 751-758.

Thomas, J.P., Gille, J., & Barker, R.A. (1982). Simultaneous detection and
identification: Theory and data. Journal of the Optical Society of
America, 72, 1642-1651.

Thompson, P.G. (1983). Discrimination of moving gratings at and above
detection threshold. Vision Research, 23, 1533-1538.

Tolhurst, D.J. (1973). Separate channels for the analysis of the shape and the
movement of a moving visual stimulus. Journal of Physiology, 231, 385-
402.

Tulunay-Keesy, U. (1972). Flicker and pattern detection: A comparison ot
thresholds. Journal of the Optical Society of America, 62, 446-448.

Tyler, C.W. (1981). Specific deficits of flicker sensitivity in glaucoma and
ocular hypertension. Investigative Ophthalmology & Visual Science, 20,
204-212.

Tyler, C.W., & Hamer, R.D. (1990). Analysis of visual modulation sensitivity. IV.
Validity of the Ferry-Porter law. Journal of the Optical Society of America
A, 7, 743-758.

van Nes, F.L.,, & Bouman, M.A. (1967). Spatial madulation transfer in the
human eye. Journal of the Optical Society of America, 57, 401-406.

van Nes, F.L., Koenderink, J.J., Nas, H., & Bouman, M.A. (1967). Spatio-
temporal modulation transfer in the human eye. Journal of the Optical
Society of America, 57, 1082-1088.




R

102

Verriest, G., van Laethem, J., & Uvijls, A. (1982). A new assessment of the
normal ranges of the Farnsworth-Munsell100-Hue test scores. American
Journal of Ophthalmology, 93, 635-639.

Watson, A.B. (1979). Probability summation over time. Vision Research, 19,
515-522.

Watson, A.B., & Robson, J.G. (1981). Discrimination at threshold: Labelled
detectors in human vision. Vision Research, 21, 1115-1122.

Weale, R.A. (1963). The Aged Eye. H.K. Lewis, London.

Wiesel, T.N., & Hubel, D.H. (1966). Spatial and chromatic interactions in the
lateral geniculate body of the rhesus monkey. Journal of
Neurophysiology, 29, 1115-1156.

Wilson, H.R. (1978). Quantitative characterization of two types of line-spread
function near the fovea. Vision Research, 18, 971-981.

Wilson, H.R. (1980). Spatiotemporal characterization of a transient mechanism
inthe human visual system. Vision Research, 20, 443-452.

Wolkenstein, M., Atkin, A., & Bodis-Wolner, I. (1980). Contrast sensitivity in
retinal disease. Ophthalmology, 87, 1140-1149.



103

Appendix A

Demographic information for subjects in the different group categories that

participated in the study.

Young Normal

Sub. # Age Acuity IOP Eye tested
1 31 6/6 <22 Right

2 23 6/6 <22 Right

3 31 6/6 <22 Left

4 28 6/6 <22 Right

5 33 6/6 <22 Right

Mean age =29.2, sd = 3.9

Older Normal
Sub. # Age Acuity I0P Eye tested
6 58 6/6 <22 Left
7 60 6/6 <22 Right
b 8 63 6/6 <22 Right
9 65 6/6 <22 Left
10 65 6/6 <22 Left

Mean age = 62.2, sd = 3.11




Ocular Hypertensive
Sub. # Age

11 59

12 59

13 63

14 65

15 66

Acuity
6/6
6/6
6/7.5
6/6
6/7.5

Mean age = 62.4, sd = 3.29

Glaucoma
Sub. #

16

17

18

19

20

Age
59
59
61
63
67

Acuity
6/7.5
6/7.5
6/6
6/6
6/6

Mean age = 61.8, sd = 3.35

IoP
29

26
14/23
29

33

ioP
23
27
23
24
31

Eye tested
Right

Left

Left

Right

Left

Eye tested
Right

Left

Left

Right

Left

104



105
Appendix B

Spatio-Temporal Threshold surfaces
Young Normals (70 td)
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Spatio-Temporal Threshold surfaces
Older Normals (70 td)



Spatio-Temporal Threshold surfaces
Young Normals (0.7 td)
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Spatio-Temporal Threshold surfaces
Older Normals (0.7 td)




ANOVA Table from Experiment 1

Source

Age

Error

Spatial Frequency
Age x Spatial

Error

Temporal Frequency
Age x Temporal
Error

Spatial x Temporal
Age x Spatial x Temporal

Error

S§S
1.243
2.329
25.645
0.706
2.108
3.325
0.134
0.521
1.711
0.459
1.042

Appendix C

df MS

1 1.243
8 0.291
2 12.822
2 0.353
16 0.132
3 1.108
3 0.045
24 0.022
6 0.285
6 0.076
48 0.022

4.27

97.307
2.679

51.049
2.052

13.134
3.521

109

0.073

0.000
0.099

0.000
0.133

0.000
0.006

[ VR TN L - U NP



ANOVA Table from Experiment 2

Source SS

Age 0.075
Error 2.073
Spatial Frequency 1.022
Age x Spatial 0.002
Error 0.274
Temporal Frequency 4.594
Age x Temporal 0.097
Error 0.327
Spatial x Temporal 0.037

Age x Spatial x Temporal 0.004
Error 0.138

DF

MS

0.075
0.259
1.022
0.002
0.034
2.297
0.048
0.020
0.019
0.002
0.009

F
0.291

29.827
0.055

112.274
2.358

2.166
0.256

110

P
0.604

0.001
0.821

0.000
0.127

0.147
0.777




ANOVA Table from Experiment 3

Source

Group

Error

Spatial Frequency
Group x Spatial
Error

Temporal Frequency
Group x Temporal
Error

Spatial x Temporal
Group x Spatial x Temp

Error

SS
3.109
8.705
45177
0.187
3.902
5.031
0.127
0.271
2.553
0.256
1.010

36

12
72

MS
1.655
0.725
22.588
0.047
0.163
1.677
0.021
0.008
0.425
0.021
0.014

F
2.143

138.937
0.288

222.485
2.819

30.331
1.522

11

0.160

0.000
0.883

0.000
0.024

0.000
0.136
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ANOVA Table from Experiment 4
: Source SS df MS F p
E Group 0.975 2 0.487 1.354 0.295
? Error 4.319 12 0.360
g Spatial Frequency 0.982 1 0.982 37.347 0.000
t Group x Spatial 0.053 2 0.027 1.016 0.391
' Error 0315 12 0.026
\ Temporal Frequency 5.714 2 2.857 116.410 0.000
' Group x Temporal 0.192 4 0.048 1.960 0.133
Error 0.589 24 0.025
Spatial x Temporal 0.110 2 0.055 6.142 0.007
Group x Spatial x Temp 0.035 4 0.009 0.982 0.436

Error 0.215 24 0.009




