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We are all aware of the fact that science has become more and more impatient and com-
petitive. New experiments and new techniques may open new ways of understanding the
nervous system. However, their success is based entirely on the intelligent and responsible
use of them, which implies a thorough knowledge of what has been learned from the
serious work of the past. The questions remain the same, and the techniques themselves
should not be overvalued. Rather, the knowledge and results presented . .. should be judg-
ed by the intelligence of the question, the seriousness of the approach, and the rigor of
the conclusion, no matter whether the technique was traditional or modern.

O. D. Creutzfeldt
(Words of Welcome, Seventh European Neuroscience Congress, Hamburg, 1983)

1 Introduction: The Divided Outer World

Basic sensory functions depend on physical stimulus characteristics, physiological
perceptual mechanisms, the state of the nervous system at the time of stimulus
arrival, and also on the exact location of the stimulus on the receptor plane. In
the somatosensory system, for example, the spatial resolution for mechanical
stimuli differs according to whether they are applied to the fingertips or to the
arm area, and the visual system shows pronounced functional differences between
the center and the periphery of the retina, related to the different local packing
densities of the photoreceptors and their different connections to the retinal
ganglion cells.

The density of peripheral receptor and nerve cells has a direct relation to the cor-
tical representation in a given sensory modality. In the somatosensory system a
distorted representation of the body surface results in the homunculus, where rel-
atively large cortical areas are devoted to small portions of the body like the
tongue or the fingers, while other, larger areas of the body surface have only small
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~ cortical representations. In a similar way, the retinotopic projection of the visual
field onto the visual cortex appears to be weighted by its functional importance
and the anatomical wiring in the retina. Due to the cortical magnification factor
(Whitteridge 1973), the central areas of the retina have a- much larger cortical
representation than the corresponding peripheral areas (Holmes 1945). Informa-
tion processing in the sensory systems of the brain is performed in a complex
manner, partly sequential, partly parallel. Differences in processing of incoming
information depend not only on physical stimulus attributes but also on the exter-
nal location of the stimulus to the right or to the left of the subjective vertical.
Because of the basic wiring of most mammahan nervous systems, including
man’s, primary sensory information of all modahtles is directed to either the left
or right hemisphere of the cerebral cortex., Although there exists some overlap, in
general, stimuli which appear on the left of the subjective vertical are projected
to the right cerebral hemisphere while stimuli on'the right are projected to the left
hemisphere. Similarly, the motor system is dominated by contralateral connec-
tions, and for more specialized purposes.like writing or tool handling one hand
is sufficient and one side of the brain may.come to- be preferred. The question
of how the brain achieves its integrative task of uniting the halves of the percep-
tual world and enabling coordinated motor activity of twm organs has prompted
much research in the neurosciences.
Since Broca’s (1861) and Wernicke’s (1874) work on aphasia, functional dif-
ferences in language abilities between the two hemispheres have been known. This
led to the concept of lateralized speech centers in the brain. Starting with Sperry’s
experiments on “split-brain” patients (Sperry 1964, 1968), other differences in
general information-processing strategies which cannot simply be attributed to
different language capabilities of the left and right halves of the brain were
established, and a vast scientific literature has since accumulated (e. g, Gazzaniga
1970; Dimond and Beaumont 1974). The basic concept that the left hemisphere
is superior in processing sequential, abstract input, while the right hemisphere is
better in dealing with holistic, gestalt-type information processing, including the
recognition of faces or spatial orientation (cf Jeeves 1984; Griisser 1984), has now
attained general acceptance. These results are based on expenmental work in
various sensory modalities. '
In the visual system, functional differences between different regions of the visual -
field cannot be discussed simply in terms of a left/right distinction, because the -
left visual field projects onto the nasal retina of the left eye but onto the temporal -
parts of the right eye, whereas stimuli in the right visual field are processed by the
nasal retina of the right eye and the temporal retina of the left eye. Anatomical and
physiological left/right differences in the visual system can be located only beyond
the optic chiasm, where the nerve fibers originating in the nasal retina cross to the -
contralateral cerebral hemisphere. The functional regional differences which occur :
in visual acuity (Wertheim 1894; see Sects. 5.2 and 6.2.2.3) are attributed to the dif-
ferent densities of photoreceptor distribution in the retina and appear also to be
related to the relative importance of the occurrence of visual stimuli in the center. -
or the periphery of the visual field. In addition, the regional distribution of tem-
poral sensitivity of the visual system shows a systematic difference between the.
nasal and temporal parts of the retina which does not simply reflect general dif-
ferences between the right and left visual fields or between the functional capability
of the left and right cerebral hemispheres (see Sects. 5.1 and 6.2.2.2).
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Eye movement recordings during fixation suggest that the vertical meridian also
plays some functional role in vision. Constant movement of the image on the
retina is an important prerequisite for normal visual function. Human psycho-
physical data suggest that eye movements are related to the fact that high spatial
sensitivity of the retina is confined to a very small area of about 20’ arc diameter
in the center of the fovea (Alpern 1972). The perception of a visual scene is
reconstructed from a sequence of sensory data obtained by scanning over dif-
ferent positions in the visual field. In addition, continuous eye movements are im-
portant for perception, since stabilized retinal images result in the disappearance
of the visual percepts (Yarbus 1967; Ditchburn 1973). During visual fixation of
an object, drifts and saccades occur with a directional specificity: Nachmias
(1959) found that 63% of all saccades go off at between 50° and 90° (i. e., toward
the upper octant of the visual field). A bivariate normal distribution of eye move-
ment directions was computed which was tilted toward the vertical meridian (see
Fig. 1A). The results of Bennet-Clark (1964) and of Yarbus (1967) on eye
movements during continuous fixation of a visual target are in agreement, as il-
lustrated in Fig. 1B and C: The eye fixation fields are not restricted to horizontal
movements but contain a pronounced vertical component.

This suggests that the vertical direction is also important for visual perception.
The results which I will discuss show that functional regional differences in the
visual system are not confined to the horizontal meridian reflecting cerebral
hemispheric specialization in terms of a left/right distinction; there exist, in addi-
tion, related differences between retinal areas revealed by electrophysiological and
psychophysical experiments. These data suggest that different characteristics of
the perceptual mechanisms are activated by stimuli in the upper and lower halves
of the visual world. I will thus not consider the well-known, widely propagated,
and presently popularly accepted differences in higher information processing
presumably located in the two halves of the cerebral cortex, but rather review ana-
tomical, physiological, and functional differences between the upper and the
lower hemiretinal systems.

Some of the earliest quantitative experimental work on visual perception dealt
with visual acuity. Aubert and Forster (1857) and Landolt and Hummelsheim
(1904) investigated the regional differences in spatial visual resolution, and their
results showed that visual acuity is higher for upper than for lower retinal stimuli.
This suggests a fundamental functional system difference (see also Sect. 6). In the
course of electrophysiological studies in man (Eason et al. 1967; Lehmann et al.
1977; Lehmann and Skrandies 1979) it has been observed that stimulation of up-
per retinal areas evokes electrical brain activity with shorter component latencies
than stimulation of lower retinal areas. These findings lead to the question of
whether the functional (visual acuity) difference is related to the elec-
trophysiological difference reflected in component latency. In addition, it appears
of interest to investigate whether only some isolated visual functions differ in the
upper and lower visual fields, or whether there is a global distinction in visual pro-
cessing capability.

Various aspects of perceptual efficiency can be examined psychophysically, as il-
lustrated in Sect. 5, while electrophysiological methods offer the possibility of
analyzing retinal and cortical activity independently. Such electrophysiological
data will help to establish at what stage of the visual system the difference in per-
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)
Fig. 1A—C. Distribution of eye movements during fixation of a steady point. A Direction
of the visual axis, showing an approximately bivariate distribution. Any point of the retinal
image will lie in the region of the solid curve 68% of the time during a fixation interval
of 30s. (Data from Nachmias 1959, Fig. 6; redrawn after Ditchburn 1973) B Eye
movements during fixation for 1. 10s, 2. 30s, or 3. 60 s. (Redrawn after Yarbus 1967, Fig.
54) C Contour maps of the direction of the visual axis for two subjects showing the area
scanned during a fixation period of 10s. 100% of all eye movements lie within the outer-
most border of the fixation fields; 25% lie within the innermost contour (Redrawn after
Bennet-Clark 1964, Figs. 5 and 6) '

formance is initiated. Differences in the processing of the upper and lower retinal
visual stimuli could be explained by a general superiority of the upper over the
lower hemiretinal system or alternatively by local physiological differences. Evok-
ed potential data are obtained only at one of the last steps in the chain of visual
information processing, and thus must be complemented by the analysis of activi-
ty at earlier stages in the visual system in order to localize the origin of the func-
tional differences.

The correct interpretation of evoked potential data depends on the use of unam-
biguous recording and data analysis techniques in order that we may arrive at



6  W. Skrandies

physiologically meaningful conclusions from scalp-recorded electrical brain ac-
tivity. Such methods have been developed as topographical techniques during re-
cent years (Lehmann 1977; Lehmann and Skrandies 1980, 1984; Skrandies and
Lehmann 1982a,b), and these techniques have been used successfully to study
electrophysiological differences between the upper and lower hemiretinal systems
in man, as illustrated in Sect. 3.

I will first discuss how scalp-recorded brain activity can be used to gain insight
into complex electrical brain mechanisms in spite of some inherent shortcomings
of the “indirect” recording method which is the only possible one in intact human
subjects (Sect. 2). It will be shown that evoked potential recordings in man may
yield information which complements the results of “direct” intracranial record-
ings in animals. Evoked potential data reflect the mass activity of large neuronal
populations, and thus allow conclusions on global functional differences of larger
brain areas which may be missed in selective single unit recordings (see Sect. 2.2).
Various experiments which have been performed comparing the upper and lower
retinal systems in man will be described below. First, I will report on elec-
trophysiological differences in evoked potentials between upper and lower
hemiretinal stimulation obtained in different subject populations under various
stimulus conditions (Sect. 3). The implications of the results for the clinical ap-
plication of evoked potentials will be demonstrated in Sect. 3.3. Then elec-
trophysiological investigations of the different stages of the human visual system
will be described (Sect. 4), and an attempt will be made to relate the elec-
trophysiological findings (which are usually discussed only in formal terms of am-
plitudes, latencies, or scalp topography) to functional differences between the up-
per and lower hemiretinal systems. Prompted by the electrophysiological results,
a series of studies has been made investigating visual functions such as temporal
sensitivity, contrast sensitivity, and discrimination of meaningful stimuli (Sect. 5).
These functional aspects appear of major importance, since even the most signifi-
cant finding is not of much interest if its interpretation remains restricted to a
small and highly specialized field of research and is not paralleled by behavioral
concomitants.

Evidence on differences between the upper and lower retinal systems is scattered
through the literature, and in most cases differences between upper and lower
retinal areas have not been studied systematically. A review of the pertinent data
from neuroanatomy, physiology, psychophysics, psychology, and ophthalmology
will be given in Sect. 6.

2 Analysis and Origin of Visual Evoked Potential Components '

2.1 Topographical Analysis of Scalp-Recorded Brain Activity

In the early 1870s the English physiologist R. Caton started to investigate the elec-
trical activity of the brain, and in 1875 he presented his results obtained in rabbits

and monkeys to the British Medical Association. From these experiments it

" A related short account of some of these ideas illustrating different sets of data has
been given (Skrandies 1986a) elsewhere
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became clear that electrical brain activity can be divided into spontaneous activity
and evoked activity: “In every brain hitherto examined, the galvanometer has in-
dicated the existence of electric currents. ... Impressions through the senses were
found to influence the currents of certain areas ..»” (Caton 1875). The same is
true for the electrical activity of neural populations in the human central nervous
system which can be recorded from the intact scalp of man: the electroencephalo-
gram (EEG) reflects spontaneous activity, as first discovered by Berger (1929),
while evoked potentials are in general elicited by adequate stimulation of sensory
organs.

Evoked brain potentials reflect the synchronous activity of neuronal populations
whose geometry in the brain produces an electrical field which can be recorded
from scalp electrodes. Because of volume conduction this electrical field can be
detected over the entire scalp, and conventional recordings of potential differences
between two electrodes reflect only the potential gradient along the line between
the recording sites. As will be shown in this section, the analysis of such potential
waveshapes should be replaced by an adequate quantitative treatment of the elec-
trical data as scalp field distributions. Recording of evoked potentials is a nonin-
vasive method with high time resolution (down to milliseconds) and high sensitivi-
ty to spontaneous and induced changes of the state of the brain. Although the
mechanisms of the electrogenesis of scalp-recorded brain activity are not clear in
detail, studying its covariation under experimental conditions appears fruitful. A
high correlation between the firing probability of single cortical cells and the
evoked potential recorded near the cell body was reported by Fox and O’Brien
(1965). Creutzfeldt and Kuhnt (1967) concluded from their studies on cats that
evoked potentials are composed in inhibitory and excitatory postsynaptic poten-
tials as well as of synchronous fiber activity. Thus, a component of the evoked
potential may reasonably be defined as the occurrence of synchronous activation
of a large neural population. Due to the fact that the human cortex is strongly
folded, electrical fields generated by oppositely oriented neuronal generators will
cancel. In spite of this problem in all sensory modalities, there are scalp-recorded
components that are very consistent across subjects. An evoked component may
be recorded from the intact human scalp:

1. If it has a fixed temporal relation to the occurrence of a physical stimulus or
to some internal stimulus-processing mechanisms [which elicits a so-called en-
dogenous component; see Donchin et al. (1978) and Skrandies et al. (1984)]

2. If there is a population of neurons in the brain which is activated syn-
chronously A

3. If the neuronal structures involved produce an open electrical field as a net
response :

211 Why Topography?

Topographical analysis of EEG and evoked potential data is in general considered
a tool to define the intracranial sources of scalp-recorded electrical brain activity.
The methods of localizing the sources of electrical activity are based on the work
of von Helmholtz (1853). It is a physical fact that the scalp potential distribution
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can be calculated when the instantaneous configuration, location, and orientation
of the activated intracranial neural populations are known [the so-called forward
problem; cf Wilson and Baley (1950)]. But it is important to keep in mind that
the reverse is not true: scalp field configurations do not allow unequivocal predic-
tions of the underlying intracranial sources. Attempts to solve this “inverse”pro-
blem, i.e., how to calculate the sources of potentials in a conductive medium
when the potential field on the surface is given, have no clear solution. Therefore,
computations to localize model dipoles always have to rest on certain assumptions
regarding conductivity, homogeneity, and geometry of intracranial media, and
assumptions concerning the number, location, and extension of electrical model
dipoles must also be made in order to obtain physiologically meaningful inter-
pretations (Schneider 1972, 1974; Kavanagh et al. 1978; Sidman et al. 1978).
Because of this “inverse” problem, and because of the fact that millions of in-
dividual neural generators are active at any given moment, the goal of intracranial
generator localization presently appears of less practical value than claimed.
This chapter will discuss a different approach to the treatment of topographical
data. I will show that scalp distributions are being investigated primarily not in
order to identify intracranial sources of evoked brain activity, but because the
scalp topography of the electrical fields of the brain characterizes brain electrical
events unambiguously in terms of latency and scalp location. In addition, topo-
graphical data provide a basis for testing hypotheses concerning the processing
mechanisms of different aspects of sensory information by the central nervous
system. Irrespective of whether the exact intracranial sources of the scalp-record-
ed brain activity are known, the interpretation of scalp distribution data, combin-
ed with knowledge of the anatomy and physiology of sensory brain systems, can
lead to physiologically meaningful conclusions. Comparison of scalp distribu-
tions evoked under different stimulus conditions gives direct information on the
identity (or nonidentity) of the neural populations activated under these condi-
tions. While identical distributions may or may not be generated by different
neural populations, nonidentical scalp fields must be caused by different neural
generator mechanisms. In the present section I will discuss how scalp-recorded
brain activity can be used to investigate complex electrical brain mechanisms in-
dependent of the basic shortcomings of the indirect (i. e., extracranial) recording
method which is in general the only one possible in human subjects.

Section 2.1.2 will show how quantitative measures of electrical brain activity are
extracted without the choice of a reference electrode. Subsequent sections will il-
lustrate applications of these techniques to physiological questions concerning the
differences between upper and lower retinal areas, which are revealed by evoked
potential recordings under various stimulus conditions.

2.1.2 Some Basic Considerations

Evoked potential data is commonly analyzed in terms of components which are
believed to be subsets of electrical brain activity related to different neural pro-
cessing mechanisms. The prime aim of evoked potential studies is the establish-
ment of relations between such components and experimental or physiological
parameters. The problem of adequate definition of components has been exten-
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sively discussed in the literature. Techniques ranging from simple peak measure-
ment to elaborate multivariate statistics have been proposed, and the relationship
to underlying neuroanatomical structures has also been stressed:

The definition of the components is an empirical event and their localization to sets of
neurones requires a deep knowledge of the structure and dynamics of the region in which
the event occurs, to the extent that the locations, patterns of spread, and time courses can
be predicted for particular components. ... It is, to be sure, a long way from the olfactory
bulb to the association neocortex, but I will maintain that unless you develop and use a
theoretical basis for predicting waveforms from local neural anatomy, topology, and dy-
namics, you will be wallowing in principal components indefinitely (Freeman 1978, p. 507).

One should add that evoked potential analysis must not only consider the
underlying neural structures, but has first of all to acknowledge that we are deal-
ing not with sets of potential waveshapes but with electrical fields generated by
the brain. Much controversy regarding evoked potential data originates from the
ambiguous interpretation of waveshapes. Looking at potential fields can prevent
one from “wallowing in components;” and in the following sections I will il-
lustrate quantitative methods which analyze evoked potential data adequately as
electrical fields.

Scalp-recorded electrical brain activity reflects the mass response of large neural
populations which spreads throughout the brain via volume conduction. This is
illustrated by the auditory brain stem response: auditory stimuli are followed by
potential components of very short latency (less than 10 ms) which can be record-
ed from the intact scalp of man, and there is direct evidence that these com-
ponents reflect the electrical activity at the early processing stages of the auditory
pathway at the level of the brain stem (Jewett et al. 1970; Starr and Achor 1975).
Field potentials generated by the activation of optic nerve and optic tract fibers
in the cat visual system can be recorded in widespread regions of the brain (Skran-
dies et al. 1978). Detailed analysis of field potentials in the retina is possible only
in animal experiments by means of direct intraocular recording of mass activity
and single unit responses (Fig. 2A). The mass activity of the Y-, X~ and W-
ganglion cells of the cat retina following electrical stimulation of the optic tract
may be discriminated at the optic disc (Fig. 2B), and the field potentials “stray”
from the retina into the vitreous body of the eye. The field potential components
persist even when the electrode is several millimeters in front of the retinal surface
(Fig. 2C—E). In addition, a far-field potential generated by the Y-fibers entering
- the eye can still be seen over the temporal retina at 6 mm eccentricity (Fig. 2C).
Similarly, the early component of the Y-fibers can be recorded in many brain
regions that have no direct anatomical connection to the optic nerve or tract
(Skrandies et al. 1978), and these data show that potential components recorded
at a given point in the nervous system need not be generated at that site. Thus,
any statement about the location of neural generator populations of components
of evoked brain activity requires a solid experimental and physiological basis.
In the field of EEG the problem of the position of the reference electrode is con-
sidered crucial, and this topic has received much discussion in the literature. I will
show in this section how the problem can be avoided and how surface-recorded
EEG data can be interpreted unambiguously independent of the location of the
reference electrode.
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Fig. 2. A Experimental setup for the study of field potentials in the cat eye. Stimulating
electrodes are stereotactically placed in both optic tracts (Horsley-Clarke coordinates:
anterior +10, lateral 7). Single unit responses and field potentials were recorded from
retinal ganglion cells. OD, optic disc; TO optic tract. Further details are described by
Skrandies et al (1978) B Antidromic field potentials recorded at the optic disc after an-
tidromic electrical stimulation of the optic tract. Three components can be identified as
the mass responses of Y-, X~, and W-ganglion cells. Arrow indicates stimulus onset. C Field
potentials over the temporal retina at 6 mm eccentricity after electrical stimulation of the
optic tract recorded at various distances from the retina. Numbers indicate distance to the
retinal surface in millimeters, and the amplitudes of the locally generated potential com-
ponents decrease gradually while the amplitude of the far-field potential originating from
the optic disc remains constant. The first sharp peak in the waveforms is the electrical
stimulus artifact corresponding to the instant of stimulation. D Field potential com-
ponents recorded over the optic disc when the recording electrode is pulled back from the
retina. Numbers indicate distance to the retinal surface in millimeters. The first sharp peak
in the waveforms is the electrical stimulus artifact corresponding to the instant of stimula-
tion. E Amplitudes of field potential components over the optic disc as a function of dis-
tance to the retina. The three ganglion cell classes show a different amount of amplitude
decrease. Dots, W-field potential; closed circles, X-field potential; open circles, Y-field
potential. Time scales (bars) for all traces indicate 5 ms. (Data from Skrandies et al. 1978)

Electrical brain activity is recorded as potential differences between recording
points on the scalp, and accordingly the position of both the reference and the
recording electrode influences the waveform pattern of electrical activity. The
potential waveforms are always ambiguous in terms of amplitude and phase of
electrical events as analyzed over time, but the characteristics of the underlying
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electrical fields of the brain (and thus of the scalp fields) are constant and
reference-independent at each moment in time. Accordingly, only electrical fields
may be interpreted in a meaningful way (Lehmann 1977; Nunez 1981). Strict
topographical analysis strategies must be applied to electrical scalp fields in order
to avoid the problem of the reference electrode and ambiguous data interpretation
(Lehmann and Skrandies 1980; Skrandies and Lehmann 1982a).

The inspection of evoked potential waveshapes may yield confusing results. Visual
evoked potentials (VEPs) recorded from nine midline electrodes evoked by a
checkerboard reversal stimulus presented to the upper hemiretina are shown in
Fig. 3. These waveshapes are referred to the “average reference”, i. e., to the mean
potential of all electrodes in the field. Note that the major occipitally positive
component shows different peak latencies in different recording channels, as in-
dicated by the arrowheads in Fig. 3 (e. g., channel 6 has a peak latency of 94 ms;
channel 7, 103 ms; channel 8, 106 ms; channel 9, 110 ms). These systematic
changes in latency might be interpreted as evoked activity moving from anterior
to posterior brain areas. A change of the location of the reference electrode makes
the picture more complex. The identical data set recomputed against other
reference sites is illustrated in Fig. 4A: On the left, the data of Fig. 3 are referred
to the vertex reference, in the center an electrode 2.5 cm posterior to the vertex is
used as reference, and on the right an electrode 5 cm posterior to the vertex is used
as reference point. Latency differences occur in different recording channels, and
there appear changes in latency depending on the reference chosen: for example,
channel 8 has peak latencies of 103, 105 or 106 ms. The complete possible data
set consists of the potential waveshapes referred to every other electrode of the
array (i.e., for nine electrodes 72 different waveshapes are possible). All these
waveshapes are illustrated in Fig. 4A—C. Evidently, this rather simple set of data
presents an astonishing amount of information and confusion. It is important to
keep in mind that we are dealing with identical data (the same data set has been
recomputed) and that all statements about peak latencies are correct. There is no
good reason to prefer one set of waveshapes shown in Fig. 4 over the others. This
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Fig. 4A—C. Data of Fig. 3 computed vs all possible reference sites. Each column shows
the waveshape patterns when a given electrode is used as the reference. The reference chan-
nel (REF) shows a flat line. First electrode at the vertex (Cz), last electrode 2 cm below the
inion. Consult head schema in Fig. 3 for electrode locations. Arrowheads and numbers in-
dicate peak latencies (in ms) of the corresponding waveshape
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Fig. 5. Construction of a topographical potential profile at 106 ms latency. Amplitudes
measured in each channel are plotted as a function of electrode position. The zero line cor-
responds to the value of the average reference. Changing the reference site shifts the zero
baseline up or down, but leaves the shape (i.e., the location of maxima and minima, and
the gradients) of the profile unchanged

dilemma of waveshape variability and ambiguous data intepretation can be over-
come only by an adequate analysis technique which is independent of the
reference electrode.

In contrast to what is suggested by Figs. 3 and 4, electrical brain activity does not
move over larger distances on the scalp and different component latencies in dif-
ferent recording channels are not observed. This becomes evident when the data
are treated as an electrical field, and Fig. 5 displays the data at 106 ms latency as
a potential profile. This is simply a different arrangement of the data: the ampli-
tude values at 106 ms are measured in each channel, and are entered at their
respective electrode positions (Fig. 5, right) resulting in a potential profile at the
respective instant. When using two-dimensional electrode arrays, potential maps
are the adequate topographical display of the electrical brain activity (e. g., Figs.
10, 23, 25). The major feature of the profile in Fig. 5 is an occipital positive maxi-
mum surrounded by steep gradients, while over anterior areas a flat distribution
prevails. Most importantly, a change of the reference point will not change the
shape of the potential profile, since a different reference would simply change the
position of the zero potential level and thus the labeling of the potential values,
while the potential maxima and minima and gradients within the field remained
unaffected.

The information of Fig. 3 is topographically displayed in Fig. 6 as a series of
potential profiles between 4 and 256 ms latency. This display contains the same
amount of information as the waveshapes but stresses the topographical aspect
of the data.
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It appears reasonable to define the latency of an evoked component as the occur-
rence time of maximal activity in the scalp field reflecting the time of syn-
chronous activation of a maximal number of neurons. In order to quantify the
electrical activity of each scalp field, we have proposed a measure of global “field
power” that is computed as the root mean square of all possible potential dif-
ferences in the field, or a related measure of “potential range” (i. e., the difference
between the maximal and minimal potential values obtained, irrespective of their
scalp location) which yields similar results (Lehmann and Skrandies 1980; Skran-
dies and Lehmann 1982a). These measures quantitatively determine the amount
of electrical activity at every instant independent of the reference electrode, and
pronounced scalp fields with high peaks and troughs and steep gradients will
result in high field power. Times of maximal field power define the occurrence
of a component. In Fig. 6 global field power is plotted on the right side as a func-
tion of time adjacent to the corresponding potential profiles. The field power is
low at early latency times but increases around 100 ms, reaching a maximum at
106 ms. This instant defines the latency of the evoked component. Afterward,
field power decreases again (see Fig. 6).

Topographical changes over time can be analyzed in detail by plotting the poten-
tial profiles at successive points in time, as illustrated in Fig. 7. Contrary to what
was suggested by the potential waveshapes in Fig. 3, it is obvious that there is no
change in the scalp location of the occipital component, because between 90 and
120 ms the peak remains at the same electrode and only the potential gradients
change.

After determining component latencies, the next step is the analysis of the scalp
field features at these latency points in terms of scalp locations of the maxima,
minima, and potential gradients. These derived measures are by definition
reference-independent (i. e., the location of a maximum or a minimum does not
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change when the reference is changed). Different subject populations or different
experimental conditions may then be compared statistically using these extracted
values.

This topographical analysis strategy defines evoked components independent of
the reference point, and treats electrical scalp field data unambiguously. Thus,
scalp field data can be related to intracranial mechanisms in a physiologically
meaningful way. This methodological approach is used in the present text to
analyze scalp-recorded electrical data.

2.2 Origin of Visual Evoked Potential Components

In most visual evoked potential (VEP) studies the P100 component —an occipital-
ly positive component of approximately 100 ms latency—is evaluated, since it is
very reliable and shows low intersubject variability. On the basis of its long latency
and its scalp distribution elicited by lateralized half-field stimulation (Skrandies
and Lehmann 1982b), this component is presumably of cortical origin. Further
support for a cortical origin of the P100 component was obtained by analyzing
components evoked by patterns with contrast borders and comparable
stereoscopic checkerboard patterns which depend on binocular fusion in the
visual cortex.

A prerequisite for the analysis of the origin of VEP components is knowledge of
the underlying neural processing steps in the visual system. Dynamic random dot
stereograms (RDS) which do not contain monocular cues evoke potentials of cor-
tical origin (Lehmann and Julesz 1978), since in the human visual system the input
of the two eyes remains separated until the level of the visual cortex. The binocular
interactions crucial for stereoscopic depth perception must be cortical functions.
Thus, the “imaginary cyclopean eye” (von Helmholtz 1910; English edition
Southall 1962) or the “cyclopean retina” (Julesz 1971) are operationalized in the
visual cortex. Purely cortical neuronal generating mechanisms were studied by re-
cording the brain’s electrical activity evoked by dynamic RDS stimuli, skipping
operationally all processing stages prior to the activation of cortical binocular
disparity neurons. The comparison of a stereoscopic stimulus condition with a
similar two-dimensional stimulus condition gives information on the similarity of
the neural processing of these two classes of stimuli (Skrandies and Vomberg 1985).
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In 15 subjects evoked potentials were recorded from a midline row of nine elec-
trodes equidistantly spaced between the vertex and 5 mm above the inion (see inset
in Fig. 8). Stereoscopic checkerboard reversal patterns composed of random dots
were shown to each eye separately every 20 ms using a special visual pattern
generator (for details see Skrandies and Vomberg 1985). This stereoscopic
checkerboard was reversed every 256 ms, and the change served as the stereoscopic
stimulus while monocular processing stages received only dynamic noise.

In order to assure that the RDS stimulus did not contain monocular cues, evoked
brain activity was also measured with monocular stimulation. In this conditon
evoked potentials did not exceed the noise level. This is in line with earlier findings
that in stereoblind patients no stereoscopically evoked brain activity can be
recorded (Vomberg and Skrandies 1985). Two-dimensional black and white
checkerboard reversal stimuli presented binocularly with the same mean
luminance and high contrast were used for comparison. Potential profiles were
analyzed, component latency was determined by the occurrence of the maximal
field power computed in a time window between 80 and 160 ms, and component
locations were defined as the electrode position of maximal voltage at this latency
(see Sect. 2.1).
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Fig. 8. A Grand mean potential waveshapes of 15 subjects evoked by stereoscopic stimuli
or comparable binocular contrast stimuli. Data were recorded from a midline row of nine
electrodes equidistantly spaced between the vertex and 5 mm above the inion, and are refer-
red to the average reference. The occipitally positive component which was determined by
the occurrence of maximal field power is marked by a vertical line. B Grand mean potential
profiles at component latencies. The data of A are displayed as scalp field distributions.
The location of the maximal positivity is marked by arrowheads. Note larger amplitudes
of components evoked by contrast stimuli and the more anteriorly located potential maxi-
mum of the stereoscopically evoked component. Head schema shows electrode positions
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The configuration of the potential waveshapes was similar for stereoscopic and
binocular contrast stimuli: In both stimulus conditions an occipital positivity oc-
curs about 120 ms after the stimulus (Fig. 8A). In the subject population compo-
nent latencies were not different, whereas amplitudes of the RDS-evoked com-
ponents were significantly smaller than those of the binocular contrast VEPs.
Figure 8B shows the potential profiles at their respective component latencies. For
both stimulus conditions a positive, occipital maximum is seen. This maximum
was located more anteriorly for stereoscopic stimuli (mean 1.8 cm) in the subject
population, and the difference in component location was statistically significant
(t = 3.59, p<0.0025).

Smaller amplitudes of the stereoscopically evoked components suggest that fewer
neurons are activated synchronously by this stimulus, while the topographical dif-
ferences prove that differently located or oriented neural generator populations
are activated by three-dimensional stimuli.

These results are in line with single unit recordings in the visual cortex of
monkeys, where depth-sensitive neurons were found (Poggio and Fischer 1977).
Hubel and Wiesel (1970a) and von der Heydt et al. (1981) claimed that area 18
(which in man lies anterior to the primary visual area 17) contains more neurons
responding to disparate stimuli. In single unit studies, sampling biases may mimic
a differential distribution of functional units but evoked components reflect the
mass activity of neural populations and global functional differences may be
found. A more anteriorly located potential peak evoked by RDS stimuli in man,
is a strong indication that stereoscopic stimuli activate more neurons in area 18
than in the primary visual cortex. The potential components evoked by contrast
changes had the same latency (and a similar but nonidentical topography) as the
stereoscopic components which are definitively of cortical origin. These findings
thus strongly suggest that the P100 component evoked by two-dimensional con-
trast stimuli is of cortical origin.

2.3 Temporal Activity Patterns

Activity patterns of longer duration can be investigated topographically by plot-
ting the most distinct features of the scalp fields (e. g., the locations of the poten-
tial maxima and minima) as a function of time. This yields information on the
similarity of neural activation cycles evoked in different experimental conditions.
The topographical differences between stereoscopic and contrast stimuli de-
scribed in Sect. 2.2 are not restricted to the occurrence times of components: Fig.
9 shows that the differences prevail over long durations of time. The location
means of 15 subjects are plotted at 5-ms intervals, and significant differences be-
tween stereoscopic and contrast evoked activity were established by computing
paired t-tests as an exploratory statistic. The data of Fig. 9 suggest that the time
course of the activation patterns in the two stimulus conditions is similar but that
their topography is different. Both potential maxima and minima have different
locations over longer epochs, indicating sustained differences in the activation of
nonidentical neural generator populations.

Such neurophysiological differences are in line with functional differences be-
tween electrical brain activity evoked by dynamic RDS stimuli or by stimuli with

’
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Fig. 9A, B. Mean location of potential maxima (A) and minima (B) of 15 subjects between
5 and 255ms latency at intervals of 5ms evoked by stereoscopic stimuli or by similar
binocular contrast stimuli. Hatched areas indicate differences in location. The results of
paired t-tests computed on the individual data are shown below each graph. Significant dif-
ferences persist over longer time epochs. Note clusters of high significance levels

contrast borders. With temporally modulated patterns, Skrandies (1986b) showed
that stereoscopic stimuli appear to persist visually at much lower time thresholds
than contrast stimuli. In addition, with dynamic RDS stimuli a significant inverse
linear relationship between temporal modulation frequency and evoked potential
amplitude was found which was not observed with comparable contrast stimuli
(Skrandies 1986b; Skrandies, in preparation).

2.4 Conclusion
The topographical analysis strategies outlined above are transparent and simple

to apply, and they yield direct quantitative measures of component latencies and
scalp locations. The derived measures are reference-independent and can be used
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for statistical comparisons between subject populations or between experimental
conditions. Application of these topographical methods is not limited to potential
fields; they have also been used successfully with multivariate statistical analysis:
principal component loadings (Skrandies and Lehmann 1982b) and principal
component scores (Skrandies 1983; Skrandies et al. 1984) have been topographi-
cally examined. The combination of multivariate statistics and scalp field distri-
bution data proved a powerful tool in the analysis of differences in VEP
lateralization (Skrandies and Lehmann 1982b) and of electrical brain activity
recorded during the performance of a visual information-processing task (Skran-
dies 1983; Skrandies et al. 1984).

Other reference-independent descriptors of potential fields use information on
the local gradients or on the curvature of the field distribution. The method of
current source density analysis (Mitzdorf and Singer 1978; Mitzdorf 1985; McKay
1984a, b) or the “source derivation” as it became known in EEG analysis (Hjorth
1975), examines the second derivative of the potential distribution with respect to
space. The magnitude of the local curvature of the potential field is estimated at
each instant and can be plotted as a function of time, similar to the convential
potential waveshapes. Such measures were displayed as chronotopograms by Ré-
mond et al. (1969) who illustrated the curvature of spontaneous alpha EEG
potential fields. Some of our evoked potential data have also been analyzed by
computing the current source density. As expected, this method did not yield con-
clusions basically different from those that had been derived from direct spatial
analysis (see Sects. 3.2.1 and 3.2.2, Figs. 13, 14 and 21).

3 Differences in Latency and Topography of Visual Evoked Potential
Components

In an earlier study using multichannel recordings of visual evoked brain activity,
Lehmann and Skrandies (1979) found significant differences in component laten-
¢y between the potential fields evoked by upper or lower hemiretinal stimuli with
upper retinal stimuli yielding shorter latencies than stimulation of the correspon-
ding lower retinal areas. In order to generalize and to extend these earlier findings
on checkerboard reversal stimuli (Lehmann and Skrandies 1979) in this section I
will report supporting multichannel data. Four different series of experiments
were performed: Potentials evoked by checkerboard reversal stimuli were recorded
in 45 channels and were topographically analyzed as complete scalp field maps
(Sect. 3.1). Additional experiments using pattern reversal stimuli are described in
Sect. 3.2.1. Findings on potential fields evoked by different presentation modes
of an identical checkerboard stimulus will be reported in Sect. 3.2.2, and the
results obtained with grating stimuli will be discussed in terms of component
latency and scalp topography in Sect. 3.2.3. In all the experiments, consistent dif-
ferences were found in scalp topography and in component latency between the
electrical brain activity evoked by upper vs lower retinal stimuli. These data sug-
gest that there are basic functional differences between the upper and the lower
hemiretinal systems. .
In a further study the practical implications of these findings for the clinical use

of visual evoked potentials were investigated (Sect. 3.3). One application of evok-
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ed potential recording in the visual modality relies on the exact determination of
component latencies in patients suspected to have multiple sclerosis (Halliday et
al. 1973). Prolongation of component latencies by only a few milliseconds may
classify a patient’s result as pathological, and our data obtained in a population
of unselected neurological patients show impressively how the physiological dif-
ferences between the two hemiretinal systems may cause a false pathological diag-
nosis if retinal stimulus location is not taken into account.

Both latencies and scalp locations of the evoked components show differences be-
tween upper and lower hemiretinal stimulation. Component latencies reflect func-
tional characteristics of the hemiretinal system, while the scalp location dif-
ferences are caused by the different cortical regions which are activated according
to the retinotopic representation of the visual field in the visual cortex. Upper
retinal stimuli are routed to regions above the calcarine fissure, while lower retinal
stimuli are transmitted to cortical areas below the calcarine fissure (see Sect.
6.1.2). Topographically, this results in a more posterior scalp location for com-
ponents evoked by lower hemiretinal stimuli projected to the same horizontal ec-
centricity. In many subjects, these occipital components are located well below the
inion, and due to this fact, in some subjégcts the components are missed (Lehmann
and Skrandies 1979; Lesévre and Joseph:, 1979) Scalp electrode arrays extending
to below the inion are thus mandatory for the recording of electrical brain activity
evoked by lower retinal stimuli.

3.1 Complete Scalp Field Distributions:
Pattern Reversal Evoked Activity Recorded in 45 Channels

Among 25 subjects studied, Lehmann and Skrandies (1979) reported on
multichannel recordings (45 channels) from five subjects using a checkerboard
reversal stimulus. In this section, additional 45-channel data evoked by upper or
lower hemiretinal checkerboard reversal stimulation are presented.
Simultaneous recordings in 45 channels were obtained in six adult healthy
volunteers. The electrode array extended to 70% of the distance from the inion
to the nasion and to 3 cm below the inion, and it covered laterally 70% of the dis-
tance between the two meati acustici (see inset, Fig. 10). Technical details of the
multichannel recordings can be found in Lehmann and Skrandies (1979).

A checkerboard reversal stimulus (50’ check size, 96% contrast) was presented on
a circular field (15.5° arc diameter) via a rotating mirror at 1.6 reversals per sec-
ond monocularly to the upper or lower hemiretina. The data were topographically
analyzed following the principles outlined in Sect. 2.

Figure 10 illustrates two map series of scalp potential fields evoked by upper or
lower hemiretinal stimuli. Equipotential maps are constructed by entering the
potential value of each electrode at its respective position, and points of equal
potentials are connected by lines (as contour lines connect locations of equal
altitude on geographical maps). Relative global field power curves are also plotted
for both map series. Maximal field power occurs for upper retinal stimuli at
113 ms and for lower retinal stimuli at 121 ms (see arrowheads). The two map
series show a grossly similar pattern of activity at different post-stimulus times.
An occipital positivity surrounded by steep gradients develops around 100 ms,
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Fig. 10. Global field power curves (fop left) and series of scalp field maps of potentials
evoked by a checkerboard reversal stimulus (50’ check size, test field of 15.5° arc diameter,
96% contrast) presented to the upper or lower hemiretina. The 68-ms epoch during which
maps are illustrated is indicated by korizontal bars in the field power plots. Simultaneous
recordings in 45 channels as indicated in inset, most anterior electrode at 30% nasion-inion
distance, circled electrode at inion. Dotted areas are negative, white areas positive with
respect to the average reference. Equipotential lines in steps of 1 pV. Arrowheads in the
field power graphs and over maps indicate times of maximal field power. Note the earlier
latency time, and the more anterior scalp location of the occipital positive component for
upper than lower hemiretinal stimuli. (From Lehmann and Skrandies 1984: by permission
of Pergamon Press Oxford)

reaches its peak at component latency, and slowly disappears. This behavior is
paralleled in time in the field power curves. There are also differences in the topo-
graphical distributions of the occipitally positive components, which show a more
anterior scalp location of the components evoked by upper than by lower retinal
stimuli.

The mean component latency of the six subjects was 99 ms for upper retinal
stimuli and 115 ms for lower retinal stimuli. Longer component latencies for the
lower retina were consistently found in all subjects, and the difference was statisti-
cally significant.

The scalp locations of the occipital positive components at individual times of
maximal field power of the six subjects in the two stimulus conditions are il-
lustrated in Fig. 11. In all subjects, components evoked by upper retinal stimuli
are more anteriorly located than components evoked by lower retinal stimuli,
resulting in a highly significant difference.
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3.2 Generalization and Extension of Visual Evoked Potential Findings
3.2.1 Pattern Reversal Stimuli

Differences between potential components evoked by checkerboard reversal
stimuli presented to the upper or lower hemiretina were further investigated in ten
other subjects using a midline row of electrodes over the posterior scalp areas.
Such a reduced electrode array was chosen because the potential fields obtained
with 45 channels show occipital components which are symmetric about the
midline (see Fig. 10). Thus, a row of electrodes along the sagittal midline detects
the major pertinent features of the scalp field distributions.

Nine recording electrodes were placed at regular intervals of 7% of the nasion -
inion distance along the midline between the vertex and the inion extending to 7%
below the inion. Checkerboard reversal stimuli of 62% contrast (check size 30’
arc) were presented at a rate of 3.9 changes per second on a TV screen (8.7° by
11.4° arc) which was rotated by 90° so that the display lines ran vertically and
significant display time differences were avoided.

Occurrence times of maximal field power between 80 and 140 ms determined
component latencies. Component locations at these times and the topographical
behavior of potential maxima and minima over the whole recording epoch were
analyzed.

Figure 12 shows the grand mean potential waveshapes computed from the data
of all subjects evoked by upper or lower hemiretinal stimuli. The time of maximal
field power occurs later for the lower than the upper hemiretina (see vertical
lines). Analysis of the individual field power data of the subject population
resulted in a mean component latency of 110.8 ms for upper and 118.1 ms for
lower retinal stimuli, a significant difference (¢ = 4.45, p<0.0025).

Differences in topography may become more obvious in waveshapes when look-
ing at the local curvature of the potential fields (see Sect. 2.4). Figure 13 illustrates
how current source density data are obtained from the original data as the second
derivative of the potential distribution with respect to space (Mitzdorf and Singer
1978; Mitzdorf 1985; McKay 1984a, b). The waveshapes display the change of the
curvature of the field as a function of time, and thus the local characteristics of



Fig. 12. Grand mean poten-
tial waveshapes of ten sub-
jects evoked by upper (left)
or lower (right) checker-
board reversal stimuli. Ver-
tical lines, times of maximal
field power. The electrode
array starts at the vertex
(Cz) and extends along the
sagittal midline to below the
inion. The data are referred
to the average reference

Fig. 13. Grand mean data
(ten subjects) of potentials
evoked by upper retinal
stimuli. Potential waveshapes
referred to the average
reference (left) and cor-
responding current source
density waveforms (right) il-
lustrating the local curvature
of the potential fields. Note
that potential gradients
become more pronounced in
the current source density
waveforms
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the potential fields are enhanced. The grand mean data evoked by upper and
lower retinal stimuli are compared in the form of current source densities in Fig.
14: While for the lower hemiretina the occipital positivity around 100 ms is
restricted to the last two electrode positions, the upper hemiretina evokes a
positive component extending further anteriorly. At electrode 5 a positivity is seen
following upper hemiretinal stimuli, and a negativity following lower hemiretinal
stimuli. The potential gradient is by definition reference-independent, and it is im-

portant to note that the direct analysis of the scalp fields in terms of field power
and component location yielded identical topographical conclusions from the

data.
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Fig. 15. Distribution of potential maxima evoked by upper or lower retinal checkerboard
reversal stimuli along the sagittal midline. Electrode array as shown in head schema. Data
of ten subjects obtained at times of individual maximal field power and population means
are displayed. The location differences are highly significant (see text)

The distributions of the component locations (i.., the potential maxima) of the
ten subjects at their individual occurrence times of maximal global field power,
as well as the mean component locations, are shown in Fig. 15. In nine of the ten
subjects with upper hemiretinal stimuli, component locations are obtained which
are anterior to those evoked by stimulation of the lower hemiretina, and the loca-
tion differences were highly significant in the subject population (¢= 3.88,
p<0.0025).

The differences of potential maxima and minima locations evoked by upper or
lower retinal stimuli were further analyzed over the whole recording epoch of
256 ms. It turned out that location differences were not restricted to component
latencies, but that the differences appear to be related to the complete neural ac-
tivation cycle.

Figure 16A illustrates the mean potential maxima locations and indicates
significance levels of the location differences between upper and lower retinal
stimuli computed on the individual location data of the ten subjects. The mean
locations of the potential minima and the corresponding significance levels are
shown in Fig. 16B.
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Fig. 16A, B. Mean potential maxima (A) and minima locations (B) of ten subjects evoked
by upper or by lower retinal stimuli plotted between 5 and 255 ms at intervals of 5 ms. Hai-
ched areas indicate differences in location. The results of paired t-tests which were com-
puted on the individual data are shown below each graph. Significant differences persist.
over longer time epochs. Note clusters of high significance levels

The general distribution pattern for the maxima and minima is complementary
in the anterior - posterior direction: during the analysis epoch the maxima exhibit
up to about 80 ms an anterior, around 100 ms a posterior, and after about 130 ms
again a more anterior scalp location, while the locations of the minima display
a posterior - anterior - posterior sequence. This topographical pattern is very
similar for brain activity evoked by upper and by lower retinal stimuli.

Most locations of the potential maxima evoked by upper or lower retinal stimuli
are significantly different around 100 ms, and also around 200 ms (Fig. 16A). Sig-
nificant differences of the minima locations are found at early times (up to about
30 ms) and around 100 ms, and high significance levels also cluster between about
190 and 255 ms (Fig. 16B).

The very consistent results suggest that different neural generating mechanisms
are activated by upper and lower retinal stimuli: The brain electrical activation



26 W. Skrandies

patterns corresponding to upper retinal stimulation are located more anteriorly
on the scalp. Significant location differences are not only observed at component
latencies, but they prevail over long durations. Differences are still found at long
latency times after 200 ms (see Fig. 16). The long-lasting influence of physical
stimulus parameters on visual evoked brain activity is in agreement with earlier
findings. Late components of the VEP related to the spatial frequency of the
stimulus with latencies of 188 ms and 335 ms have been reported for lateralized
checkerboard stimuli (Skrandies 1981). In addition, the scalp topography of late
endogenous components such as the P300 component, which is related to
cognitive information processing, as first described by Sutton et al. (1965), was
also found to be affected by retinal stimulus location (Skrandies 1983).

3.2.2 Different Presentation Modes: Onset, Offset, and Reversal

Patterned visual stimuli have been used successfully for the study of evoked
potentials in man. VEPs elicited by contrast stimuli presented without gross
luminance changes are more reliable and show less intersubject variation than
flash VEPs, and have thus become standard for clinical purposes (e.g., Halliday
et al. 1973). Differences in waveshape morphology evoked by pattern appearance
(onset), disappearance (offset), or contrast reversal of an identical checkerboard
pattern have been described by various authors (Estevez and Spekreijse 1974;
Kriss and Halliday 1980). In a pilot study, Skrandies et al. (1980) demonstrated
significant differences between potential components evoked by different presen-
tation modes of an identical checkerboard pattern, and between upper and lower
hemiretinal stimuli. These differences were found both in component latency and
scalp location,

Scalp potential distributions of VEPs evoked by pattern onset, offset, and reversal
stimuli presented to the upper or lower hemiretina were further investigated in 13
subjects using a midline row of nine recording electrodes.

In this section, it will be shown that different presentation modes of an identical
checkerboard pattern evoke occipitally positive components which occur at dif-
ferent latencies (around 100 ms), and show scalp distribution differences sug-
gesting the activation of non-identical neuronal populations. Simple waveshapes
similarity between the reversal response and the offset response (Estevez and
Spekreijse 1974; Kriss and Halliday 1980) does not appear to be sufficient
evidence that these electrophysiological measures reflect identical underlying neu-
ronal generating mechanisms, since different presentation modes give rise to
neural mass responses which show distinct differences in time and scalp distribu-
tion, as will be shown below. In addition, these data demonstrate that the upper
and lower retina behave as independent systems, displaying differences in compo-
nent latency and in scalp location also with other stimulus presentation modes
(Skrandies 1984a).

Thirteen healthy volunteers between 19 and 29 years of age (mean = median = 22
years) with normal or corrected-to-normal vision participated in the experiments.
Nine Grass gold-cup electrodes were placed at regular intervals of 7% of the na-
sion - inion distance along the midline, starting at the vertex (Cz) and extending
to 7% below the inion. The most anterior electrode served as recording reference.
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The EEG was amplified (bandpassed from 0.1 to 70 Hz), A/D-converted at a rate
of 1000 samples per second and channel over a period of 512 ms, averaged
(n = 120), and stored on disc by a PDP11—40 computer.

Checkerboard reversal stimuli of 62% contrast were presented at a rate of 3.9
changes per second on a TV monitor (8.7° by 11.4° arc). Check size was either
60’ arc or 30" arc. In the onset and offset conditions, the checkerboard was replac-
ed every 256 ms by a homogeneous field of the same average luminance of 13.6
candela/m2. When comparing upper and lower retina stimulation, significant
display time differences inherent to a TV system were avoided by rotating the TV
screen by 90° so that the display lines ran vertically. For hemiretinal stimulation,
the subject fixated small marks at the upper or lower border of the screen from
a distance of 130 cm.

The 12 experimental conditions (onset/offset/reverse * upper/lower hemiretina *
large/small checks) were presented in a quasi-randomized order. Onset and offset
responses were obtained in the same run. Each condition was presented three
times; reliability of the data was confirmed by computing correlation coefficients
between the first and the last run of the same experimental condition of each re-
cording session using evoked potential waveshapes recorded at each electrode
separately. Corresponding data of one subject participating in the experiment
twice at a 1-week interval were also cross-correlated in order to determine the
stability of the results.

The occurrence time of the maximal potential range between 80 and 160 ms coin-
cided in most cases with the maximum of the first spatial derivative (i.e., the
potential gradient) and defined component latency. In some subjects the onset
responses were dominated by long latency components (as described by Kriss and
Halliday 1980) or the lower hemiretinal responses displayed low signal-to-noise
ratios, and in these cases (about 15%) the secondary maximal values of the poten-
tial range function were included as an additional criterion. Comparison of this
strategy with the unrestricted component definition did not reveal any differences
regarding the conclusions derived from the data.

For statistical analyses, mean values of component latency and location were
derived from repeated measurements in each subject and were entered in separate
three-factorial analyses of variance. Significant influences were further examined
by computing t-tests using adjusted alpha levels according to Holm’s (1979) pro-
cedure. All results presented were significant at an alpha level of p<0.005.

3.2.2.1 Reliability of the Data

The mean correlation coefficients over all experimental conditions estimating the
within-session reliability ranged between 0.60 and 0.90, with a mean value over
all subjects of 0.75. The replication of the experiment in one subject at an interval
of 1 week yielded a mean correlation of = 0.83 (range 0.74—0.93). Since all 256
time points were used for computing the correlations, not only major components
but also very early and late parts of the VEP contribute in the same way to the
general waveshape similarity indexed by the correlation coefficients. Thus, the
values reported above indicate both a high overall similarity of the repeated re-
cordings and reliability of the data.
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3.2.2.2 Differences of Component Latencies

Figure 17 illustrates sets of original VEP waveshapes of one subject evoked by a
checkerboard presented to the upper or lower hemiretina as onset (Fig. 17A),
reversal (Fig. 17B) or offset stimulus (Fig. 17C). The major component in all ex-
perimental conditions is an occipital positivity occurring around 100 ms latency,
and there appear systematic differences in component latency, as illustrated by the
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Table 1. Mean component latencies (ms) of 13 subjects and latency differences between
stimulus conditions

Stimulus On Difference Reverse Difference Off
Upper hemiretina 94.2 13.9%*  ° 108.1 15.9 % 124.0
Difference 16,5 %#* 8.6 ** 10.4 *#*
Lower hemiretina 110.7 6.0%* 116.7 17.7 #% 134.4

*HED<1%; **p<5%: t-tests corrected according to Holm’s procedure

potential range plots in the corresponding Figs. 18 A—C. The vertical lines in Fig.
17 indicate times of maximal field power, and one sees that the component laten-
cies are different for different presentation modes as well as for upper and lower
retinal stimuli.

The occipital positive component evoked by pattern onset showed consistently
shorter latencies (mean over all subjects: 102.5 ms) than that evoked by reversal
(mean: 112.4 ms), or offset stimuli (mean: 129.2 ms). Three-factorial analyses of
variance showed significant effects of presentation mode and of retinal location
on component latencies. Check size was not a significant factor and also did not
show up in interactions. Thus, the mean component latencies evoked by large and
small stimuli were used for further analysis. Table 1 summarizes the latency data
and indicates significant differences revealed by paired t-tests with alpha levels
corrected for multiple testing according to Holm’s (1979) procedure. Onset stimuli
yielded significantly shorter latencies than reversal or offset stimuli for both the
upper and lower hemiretina, while offset stimuli consistently showed the longest
latencies.

Significant latency differences were also found when comparing component laten-
cies evoked by upper or lower retinal stimulation: Upper hemiretinal stimuli yield-
ed shorter latencies than lower hemiretinal stimuli. This finding was significant
for all three presentation modes (see Table 1).

The finding that onset stimuli yielded significantly shorter latencies than offset
stimuli is supported by other data on motor reaction time. Pease and Sticht (1965)
reported that the reaction times to stimulus onset were significantly shorter than
those to stimulus offset when the light stimuli were presented to the peripheral
retina. In the fovea no statistically significant reaction time differences were ob-
served. This observation was confirmed by Bartlett et al. (1968), who found sig-
nificantly shorter reaction times to onset than to offset stimuli. These differences
were independent of the wavelength of the stimulus.

3.2.2.3 Differences of Component Locations

Topographical differences between conditions were revealed by comparison of the
data as potential profiles on the scalp plotted over time (see Sect. 2.1.2). Figure
18 illustrates the data of Fig. 17 in the form of series of topographical potential
profiles. In each profile series one sees that during the first 60 ms a flat potential
distribution prevails, and then an occipital positivity develops which reaches its
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Fig. 18A—C. Data of Fig. 17 displayed topographically as series of potential profiles. Adja-
cent to each profile series, global field power is plotted. Different presentation modes yield
topographical differences. A Onset; B reversal; C offset stimuli
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maximum between 96 and 128 ms (depending on the stimulus condition). Later
this maximum is replaced by a potential minimum. This behavior over time is
similar to that of the complete scalp field map series illustrated in Fig. 10. The
amount of activity quantified by the global field power at each instant is plotted
as a function of time adjacent to each profile series in Fig. 18.

Although the potential profiles in Fig. 18A—C are globally similar, there are
distinct differences: Not only the latencies but also the respective component loca-
tions appear to depend on presentation mode and retinal stimulus position.
Three-factorial analyses of variance yielded significant effects of presentation
mode and retinal location as well as a significant interaction of these factors. This
indicates that different presentation modes do not display the same location dif-
ferences between components evoked by stimulation of the upper or lower
hemiretina. As with the latency data, check size turned out not to be a significant
factor, and mean values of the location data evoked by large and small checks
were used for comparisons with paired t-tests. Again, alpha levels were corrected
for multiple comparisons (Holm 1979).

The results on component location are summarized in Table 2. For the upper
hemiretina all component locations were significantly different from each other
depending on presentation mode: pattern onset components were located most
anteriorly (mean 5.14 cm above the inion) and offset components (mean location
at the inion). On the other hand, components evoked by lower hemiretinal
stimulation displayed no significant location differences according to presenta-
tion mode.

Highly significant differences were observed for onset and reversal stimuli when
comparing retinal location: The components were located more posteriorly
following lower hemiretinal stimulation. Components evoked by offset stimuli
showed no significant differences between upper and lower hemiretinal stimuli.
This may be explained by the fact that the components evoked by upper offset
stimuli are already located far posteriorly on the scalp, and with lower retinal
stimuli no recordable differences are present.

Figure 19 shows the grand mean potential profiles of the 13 subjects in all
stimulus conditions which were investigated. The profiles were constructed at the
individual occurrence times of the components and then averaged across subjects.
The topographical differences discussed above are also evident in the grand mean
data.

Table 2. Mean component locations of 13 subjects and location differences between
stimulus conditions

Mean peak position (cm above inion)

Stimulus On Difference Reverse Difference Off
Upper hemiretina 5.14 3.00 *** 2.05 2,05 % 0.00
Difference 4,63 *oik 2.56% %% 0.77
Lower hemiretina 0.51 1.02 —-0.51 1.28 0.77

¥k p<1%: t-tests corrected according to Holm’s procedure



32  W. Skrandies

ON REVERSE OFF

Hv

4 -

2 -

ok
-2 -
-4L @ UPPER HEMIRETINA

O LOWER HEMIRETINA
L 1 1 1 1 1 L [ — ! 1 1 1 | 1 1 1 ] L 1 ) 1 1 1 1} 1 }
Jay A A AA
ANTERIOR POSTERIOR

Fig. 19. Grand mean potential profiles of 13 subjects in the various stimulus conditions
at individual times of maximal field power. Note location differences between upper and
lower retinal stimuli as well as differences between presentation modes. Arrowheads in-
dicate mean component locations

Additional paired t-tests confirmed that there were no significant differences be-
tween conditions in terms of potential range, amplitude, or gradient. The global
appearance of the scalp distributions is rather similar, showing an occipital
positive component around 100 ms latency. Small but statistically significant
changes occur mainly in the location of the maximal scalp field values (ar-
rowheads in Fig. 19, see also Table 2). This suggests that similar neural generating
mechanisms taking place at different post-stimulus times are activated within dif-
ferent regions of the occipital cortex.

3.2.2.4 Analysis of Waveshape Similarity

As the detailed topographical analysis shows, visual potentials evoked by different
presentation modes of an identical checkerboard pattern yield different neural ac-
tivation patterns. These differences are both in the time domain (i.e., component
latencies) and in the spatial distribution of the evoked electrical fields. None of
the presentation modes showed sufficient similarity to support the identity of the
potentials evoked by offset and reversal that has been suggested (Estevez and
Spekreijse 1974; Kriss and Halliday 1980). Also, a simple summation of onset and
offset responses does not yield the same pattern of activity as that evoked by
reversal stimuli. Figure 20 illustrates this point: In all recording channels the com-
puted sum of onset and offset response waveforms looks different from the poten-
tials evoked by a checkerboard reversal stimulus. The question of waveshape
similarity was approached quantitatively by computing cross-correlation func-
tions between corresponding channels evoked in the different stimulus conditions.
Table 3 shows the numerical results, giving the mean and the median correlation
coefficients as well as the maximal correlation obtained in any one of the nine
recording channels. The data in the upper right triangle of the matrix of Table 3
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Fig. 20. Potential waveshapes evoked by stimuli presented to the upper retina as onset, off-
set, or reversal presentations. The computed mean of onset and offset evoked potentials

(ON+ OFF) is different from the reversal potential waveshapes

Table 3. Correlation coefficients computed between potential waveshapes from different
stimulus conditions for corresponding recording channels

0O ms
Maximum On Off Reversal On + off
On Mean 0.05 0.06 0.77
Median -0.01 0.07 0.79
Maximum 0.58 0.30 0.91
Off Mean 0.52 0.29 0.64
Median 0.55 0.22 0.60
Maximum 0.65 0.63 0.87
Reversal Mean 0.66 0.66 0.25
Median 0.68 0.66 0.17
Maximum 0.84 0.76 0.76
On + off Mean 0.78 0.71 0.72
Median 0.79 0.79 0.75
Maximum 0.91 0.88 0.79

Mean and median values are derived from the correlations in all nine channels, maxima
give the largest correlation coefficients obtained independent of the channel. Upper right
triangle lists correlation coefficients at time zero (i.e., no time shift allowed). Lower left
triangle gives correlation coefficients derived from maxima of whole cross correlation

functions
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Fig. 21. Current source density waveforms evoked by onset, offset, and contrast reversal
stimuli illustrating the change of the curvature of the potential field as a function of time.
The computed sum of onset and offset evoked brain activity is also included. Note pro-
nounced differences in latency and in local potential field curvature between stimulus con-
ditions. The corresponding potential waveshapes are shown in Fig. 20

correspond to the correlations obtained at time zero (i.e., when not considering any
time shifts present), and one sees that both onset and offset evoked potentials are
more similar to the computed sum (the mean of onset and offset responses) than
the reversal condition, which yields a mean correlation of only r = 0.25. When the
maxima of the cross-correlation functions are analyzed (ie., when the time series
are shifted against each other, and only the maximal correlation coefficient is con-
sidered), basically the same result is obtained. These correlation coefficients, given
in the lower left triangle of the matrix of Table 3, are higher than the other values.
This is to be expected, since the curves have been shifted with respect to each other
in order to maximize similarity. But still the correlations between the computed
sum of onset and offset responses and the reversal responses are smaller than the
correlation between onset or offset responses and the computed mean waveshapes.
As a result of the correlation analysis it is clear that the potential waveshapes also
show differences, and that there is no compelling similarity between any of the
potentials evoked by the different presentation modes.

In addition, the current source density of these data was computed, resulting in
the waveshapes shown in Fig. 21. This figure illustrates the second spatial
derivative, which by definition is independent of the reference electrode, and it is
obvious that stimulus onset, offset, and reversal evoked spatially different elec-
trical brain activity patterns. The latency differences described above are confirm-
ed (see vertical lines in Fig. 21), and the largest changes in the curvature of the
evoked scalp fields occur in the onset condition further anterior on the scalp than
with checkerboard offset or reversal. Comparing the activity of channel 5, it
becomes obvious that reversal and offset are also different. These data further
support the conclusion that electrical brain activity elicited by contrast reversal
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is not identical to a simple summation of the brain activity evoked by stimulus
appearance and disappearance.

3.2.3 Grating Stimuli

In another population of 11 adult subjects, recordings in 16 channels to a revers-
ing vertical grating stimulus presented to the upper or lower hemiretina were ob-
tained. Scalp field distributions evoked by stimuli of different spatial frequencies
show differences in component latency and potential range, and such multichan-
nel data are discussed in detail elsewhere (Skrandies 1984b). In the present ex-
periments it was found that also with grating stimuli, the evoked scalp field
distributions of all subjects display differences both in component latencies and
in topography, depending on retinal stimulus location.

Evoked potentials were recorded in 11 healthy subjects (between 19 and 42 years
of age) from an electrode array consisting of 16 electrodes and extending in four
regular steps from 2 cm below the inion to 7 cm above the inion, and in two steps
to 6 cm left and right from the midline (see inset in Fig. 22). A frontal midline
electrode served as reference for recording. For amplification, Grass P511
amplifiers with a bandpass between 0.1 and 100 Hz were used, and the data were
A/D-converted at a rate of 1000 samples per second and channel over a period
of 256 ms, averaged (n = 90), and stored on disc for later analysis.
Square-wave-modulated grating stimuli of 80% contrast were presented at a rate
of two reversals per second by a TV stimulation system as a circular test field of
7° arc diameter. Vertical gratings of 2.3 cycles per degree were presented to the
upper or lower retina from a distance of 185 cm.

Potential field maps were constructed from the data, and global field power defin-
ed the component latencies. Differences of component latencies and locations
were tested using paired t-tests.

Figure 22 shows the grand mean potential waveshapes evoked by upper hemi-
retinal stimuli. Vertical lines indicate times of maximal field power (see also Fig.
26). In the lower part the construction of the potential field map at component
latency is illustrated. A series of potential distribution maps is illustrated in Fig.
23 in which the data of Fig. 22 are shown between 80 and 138 ms with intervals
of 2 ms.

Grand mean potential waveshapes computed from the data of all subjects evoked
by lower hemiretinal stimuli are illustrated in Fig. 24. The scalp distribution at
component latency shows a potential maximum shifted posteriorly as compared
to the activity evoked by upper retinal stimuli. The whole series of scalp field
maps is different from that evoked by upper hemiretinal stimuli in terms of com-
ponent location (see Fig. 25). Latency differences determined by global field
power are shown in Fig. 26: The upper hemiretina reaches its maximum at 97 ms,
the lower hemiretina at 99 ms. These figures refer to the grand mean data (i.e., the
mean evoked activity of the 11 subjects studied), and paired t-tests on the in-
dividual data revealed consistent, statistically significant differences. The mean
latency for the upper hemiretina was 96.4 ms, while that for the lower hemiretina
was 100.7 ms in the subject population. This difference was significant (¢ = 4.66,
»<0.0005).
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Fig. 22. Grand mean evoked potential waveshapes of 11 subjects evoked by upper
hemiretinal stimulation, recorded from an array of 16 electrodes extending in four regular
steps from 2 cm below the inion to 7 cm above the inion, and in two steps to 6 cm to the
left and right of the midline (see inset). At component latency (maximal field power at
99 ms) the construction of a potential map is illustrated: the microvolt values of each elec-
trode are entered at their respective positions (lower left), and areas of equal potential
values are connected by lines. This results in an equipotential line map (Jower right). (From
Skrandies 1986a: by permission of Butterworth Publishers, Stoneham)
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Fig. 23. Series of grand mean potential field maps evoked by upper hemiretinal stimuli be-
tween 80 and 132 ms at 2 ms-intervals (hatched areas negative with respect to the average
reference). Asterisk indicates time of maximal global field power. Same data as Fig. 22.
(From Skrandies 1986a: by permission of Butterworth Publishers, Stoneham)
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Fig. 24. Grand mean evoked potential waveshapes of 11 subjects evoked by lower
hemiretinal stimulation. As in Fig. 22, the construction of a potential map at component
latency is illustrated. (From Skrandies 1986a: by permission of Butterworth Publishers,
Stoneham)
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Fig. 25. Series of grand mean potential field maps evoked by lower hemiretinal stimuli be-
tween 80 and 132 ms at 2 ms-intervals (hatched areas negative with respect to the average
reference). Asterisk indicates time of maximal global field power. Same data as Fig. 24.
(From Skrandies 1986a: by permission of Butterworth Publishers, Stoneham)
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Fig. 27. Distribution of potential maxima in the anterior-posterior direction of 11 subjects
at individual component latencies for upper and lower hemiretinal grating stimuli, and
mean locations (right). The location differences are statistically significant (1 = 7.45,
p <0.0005). Individual data of Figs. 23 and 25 were used. Electrode positions as indicated
on the right

Component location differences were also tested using the individual data as
shown in Fig. 27, where component locations evoked by upper of lower
hemiretinal stimuli are illustrated in the anterior - posterior direction. The mean
location difference was 4.62 cm (¢ = 7.45, p<0.0005).

3.3 Implications for the Clinical Use of Visual Evoked Potentials 2

The conventional recording of human sensory evoked potentials is a noninvasive.
method with a time resolution in the order of milliseconds and a high sensitivity
to sensory stimulus parameters. Since the intracranial electrical fields spread in-
stantaneously via volume conduction, the latency of evoked potential components
gives unambiguous information in the time domain. Analysis of evoked potential
latency is considered a useful measure for diagnostic purposes. In the normal
population, the most replicable VEP component is the P100 component, with a
latency of approximately 100 ms and a small standard deviation of only between
3 and 6 ms. (Of course, both mean and standard deviation depend on the exact
physical stimulus parameters.) Owing to this low variability, latency measures can
be employed for detecting pathological cases. A major application of evoked
potential recording in the visual modality is the establishment of clinically silent
damage to the optic nerve in patients suspected of multiple sclerosis (Halliday et
al. 1973). Latency prolongation of only a few milliseconds may identify a pa-
tient’s result as pathological. However, such latency differences may also be caus-
ed by the existing physiological differences between the upper and lower retinal
systems, as I have shown above. Therefore, it appeared of interest to investigate
whether the differences are relevant for diagnostic conclusions in a clinical set-
ting.

325 unselected neurological patients suspected to have multiple sclerosis (ie.,
“possible” and “probable” cases according to the scale of McAlpine et al. 1972)
were investigated. The only criteria for inclusion in the study were visual acuity

2 Patient data were obtained from routine examinations at the Neurology Department of
the University Hospital, Ziirich. The permission to use the data is gratefully acknowledged
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above 0.8 and reliable evoked potential recordings. This yielded VEP data from
512 eyes of 325 patients.

Evoked potentials were recorded from an array of four electrodes equidistantly
spaced in the midline between 2 cm below and 7 cm above the inion referred to
a frontal electrode at Fz. Checkerboard reversal stimuli of 96% contrast (60" arc
check size) were presented as a circular target of 15.5° arc diameter at a distance
of 90 cm to the upper or lower hemiretina. Repeated runs were obtained of each
condition, and component latency was determined by the occurrence time of the
maximal potential range within the recording array.

Patients were classified as pathological when one or both eyes had component
latencies exceeding the normal range, defined as latency values above the mean
plus three standard deviations of a group of healthy controls investigated earlier
(Lehmann and Mir 1976).

The patients were classified according to various combinations of upper and/or
lower retinal component latencies. The numbers and percentages of pathological
and normal cases depended on whether only upper, only lower, both upper and
lower, or either upper or lower evoked potential latencies were considered:

1. When either upper or lower retinal evoked potential latencies were taken as cri-
terion of normality, 257 of the patients (79.07%) had to be classified as patho-
logical.

2. Only 68 patients (20.92%) showed normal latencies for both upper and lower
retinal stimulation.

3. In all cases where the upper hemiretinal stimuli showed prolonged latencies,
the lower hemiretinal components were also abnormal.

4. Following upper retinal stimulation, in only 69 patients (21.23%) did the com-
ponents evoked exceed the normal latency range, and 256 patients (78.76%)
had normal latencies for both eyes. These data will be further analyzed in detail
below (see Fig. 28). ’

5. In 188 (73.44%) of the 256 patients with normal upper hemiretinal latencies,
the lower hemiretinal evoked component latencies were pathological, while the
classification of 68 patients (26.56%) remained normal.

Figure 28 shows the frequency distribution of component latencies in the two
stimulus conditions of the 256 patients for whom normal latencies were obtained
in both eyes with upper retinal stimulation. The latency values of the lower retina
are shifted toward longer latencies, and they have a much broader distribution
than upper hemiretinal latencies. The upper retina yielded component latencies
with a mean of 100.5 ms and a standard deviation of 5.2 ms, whereas components
evoked by the lower retina had a mean of 118.1 ms and a standard deviation of
14.5 ms. Paired t-tests confirmed that the latency differences were highly signifi-
cant (p<0.0001). '

In addition, upper retinal stimuli resulted in normally distributed latencies, while
the latency values of the lower retinal stimuli appeared to deviate from a Gaussian
distribution (Fig. 28). The distribution parameters skewness and kurtosis were
computed and found to differ for the two stimulus conditions. The upper retinal
data were not significantly different from a normal distribution (skewness
—0.163, z = 1.51, n.s.; kurtosis —0.257, z = 1.19, n.s.) whereas the lower retinal
data deviated from normality (skewness 1.259, z = 11.66, p<0.0001; kurtosis
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Fig. 28. Frequency distribution of component latencies of 256 patients in which normal
latencies were found for upper retinal stimulation of both eyes. The latency values of the
lower hemiretina (¢hin line) show a broader distribution than upper hemiretinal latencies
(thick line). Mean, standard deviation, and median values of the population as indicated.
The data obtained for the upper retina are not significantly different from a normal distri-
bution, while the lower retina data deviate from normality (see test)

2.621, z = 12.16, p<0.0001). These differences were tested by the procedure de-
scribed by van der Waerden (1971, pp. 229—230).

In summary, the data of a population of unselected neurological patients show
impressively how inherent physiological differences between the two hemiretinal
systems increases the variability of evoked potential measures. The high intersub-
ject variation of component latencies evoked by the lower hemiretina suggests that
this stimulus condition is not at all appropriate for diagnostic purposes: Because
of the large standard deviation, which is nearly three times that of the upper
hemiretina, the normal range becomes very large. When lower instead of upper
retinal stimuli were used, the discriminative power between normal and pathologi-
cal results decreased and the number of false-negative increased (i.e., pathological
cases become classified as normal).

More importantly, the physiological differences as reflected by different compo-
nent latencies may cause a false pathological diagnosis if retinal stimulus location
is not taken into account. A simple change of fixation toward the lower parts of
the stimulus display is followed by prolonged component latencies. Typically, the
stimulus displays used are not much larger than 20° and “wrong” fixations may
easily occur. In our data the number of pathological latencies increases from 69
to 257 patients (i.e., by 57.84%) when the lower retinal data are used. For clinical
purposes it appears of major importance to carefully control the patients’ fixa-
tions. The upper hemiretinal responses yield more stable results with less intersub-
ject variability and thus prove more useful for meaningful diagnostic interpreta-
tions.



The Upper and Lower Visual Field of Man 41
-4 Electrophysiological Differences at Other Stages of the Visual System

In the preceding section evidence was obtained that stimuli presented to the upper
hemiretinal system are processed more efficiently than those presented to the
lower hemiretinal system. The difference is reflected in shorter latencies of the
cortical evoked components. In this section I will investigate whether such dif-
ferences can already be detected at more peripheral parts of the visual system.
The electro-oculogram (EOG) can be used as an electrophysiological method to
study changes of the intraocular standing potential of the eye which shows a long
latency response to the onset of steady illumination. This potential is believed to
reflect the rate of metabolism elicited by light stimuli (Arden and Kelsey 1962b;
Marmor and Lurie 1979), and the use of small localized test lights may reveal local
differences at the first step of visual information processing (Sect. 4.1).

In electroretinography (ERG) contrast alternating patterns can be used as localiz-
ed retinal stimuli which elicit the so-called pattern ERG. The pattern ERG is
believed to originate from retinal structures associated with the ganglion cell layer,
and the experiments presented below will demonstrate differences between upper
and lower retinal areas reflected in the human pattern ERG (Sect. 4.2).

4.1 Retinal Pigment Epithelium Activity

Eye movements can be electrically recorded from skin electrodes placed at the
canthi of the eye because the vertebrate eye forms an electrical dipole with the cor-
nea positive with respect to the fundus. This is the electrophysiological basis of
eye movement recordings (EOG). The EOG can be used as an indirect method to
study changes of the intraocular potential when eye movements of a constant am-
~plitude are made (Arden and Kelsey 1962a, b). The short-latency a-, b~ and c-
. waves of the ERG [in the order of milliseconds, or seconds in case of the c-wave
(Granit 1947; Armington 1974)] are elicited by the onset of steady illumination
of the eye, and a large positive deflection, called the “light peak]” occurs only after
several minutes. Investigations of human patients (Arden and Kelsey 1962b;
Taumer 1976), show that the retinal pigment epithelium is necessary to produce
the light peak, which is interpreted as an indicator of the rate of metabolism
(Marmor and Lurie 1979). Valeton and van Norren (1982), Linsenmeyer and
Steinberg (1982), and Griff and Steinberg (1982) performed intraocular
microelectrode recordings in various species, and their data suggest that the
source of the light peak is located in the basal membranes of the retinal pigment
epithelium. The standing potential of the eye is recorded in man indirectly by the
EOG, and its covariation with stimulus parameters allows conclusions to be
drawn about the functional interaction between the pigment epithelium and the
retinal photoreceptor layer under different experimental conditions.

In the experiments presented in this section, the EOG was used in order to in-
vestigate whether electrophysiological differences between the upper and lower
retinal areas are restricted to evoked potential measures (see Sect. 3), or whether
differences can be detected already at a very basic retinal level. The activity of the

3 Results of this section have been published elsewhere (Skrandies and Baier 1986)
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pigment epithelium as quantified by EOG measurements of perifoveal upper and
lower retinal regions will be described. Absolute differences in response to a small
localized light stimulus, as well as the different reactivity of upper and lower
retinal areas to changes of the test light intensity, will be reported.

Twelve healthy subjects between 19 and 32 years of age participated in this study.
The measurements extended over five different sessions lasting about 2 h each, and
in order to minimize diurnal variations all experiments were performed at the same
time of day (late in the afternoon). The pupils were dilated maximally by the ap-
plication of Mydriaticum Roche® and Neosynephrine®, and Hellige Ag-AgCl re-
cording electrodes were fastened at the lateral and medial canthi of each eye.
During an adaptation period of at least 60 min, the subject was exposed to a white
adaptation light of —1.77 log candela/m? which was projected as a Ganzfeld on-
to a half-cylindric acrylic screen. After about 1 h the stability of the baseline was
tested. The subject performed at 1-min intervals horizontal eye movements with
an excursion of 40°. About 8 min later the standing potential (i.e., the EOG ampli-
tude) had reached a steady state, and a circular white test light of 10° diameter
with a luminance of 2.73 log candela/m? was back-projected at the center of the
Ganzfeld. The adaptation light remained on throughout the session. Foveal, and
peripheral upper and lower retinal areas at 10° and 40° eccentricity along the ver-
tical meridian were stimulated in different experimental sessions in a quasi-ran-
domized order by changing the location of fixation marks.

The EOG was recorded with a “Tonnies-EOG-System” consisting of a DC
amplifier (low pass at 20 Hz), and an analog computer which integrated the am-
plitudes of ten consecutive eye movements. The raw EOGs and the integrated
values were plotted online on an x-y plotter. A baseline was defined as the mean
amplitude of the last eight recordings of the adaptation period.

In order to discriminate the light peak from spontaneous fluctuations of the dark
value, the 95% confidence limit of the values obtained in the adaptation period
was determined for each eye separately using the ¢-distribution. Peak values ex-
ceeding this confidence limit were considered reliable, and only two of the 120
measures obtained (12 subjects X2 eyes X5 retinal locations) had to be excluded.
The light peak amplitudes were expressed as percentages of the adaptation values,
and the means of the right and left eye of each subject were used for further
analysis. Because percentage values are not normally distributed, Wilcoxon tests
were used for comparing experimental conditions.

An additional series of experiments was performed with three subjects, each of
whom participated in 15 sessions. In these experiments we investigated the reac-
tivity of upper and lower retinal areas to different test light intensities. The same
procedure as described above was used, but the measurements were restricted to
upper and lower retinal areas at 10° eccentricity. The test light intensities varied
between 2.42 and 3.63 log candela/m? in steps of 0.5 log candela/m?. This yield-
ed five light peak values for each location, and the relationship between EOG am-
plitudes and light intensity was established by computing linear regressions.
The original EOGs of one subject measured at five different retinal locations are
illustrated in Fig. 29A. About 10 min after the light onset the light peak occurs
in all recordings with a mean peak latency of 9.5 min in the subject population.
The latencies were similar for all retinal locations, and there were also no signifi-
cant differences between central and peripheral light peak latencies.
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Fig. 29. A Original local EOG amplitudes of one subject obtained at various retinal loca-
tions along the vertical meridian. Retinal locations refer to the center of the 10° arc test
light and range from 40° on the upper retina (40 °U) via 10° on the upper retina (10 °U),
the center (0 °C), and 10° on the lower retina (0 °L) to 40° on the lower retina (40 °L).
A rise in potential peaking after approximately 10 min was measured with reference to the
base value, which was set to 100%. Note that there are no differences in latency, but dif-
ferences in amplitudes of the EOGs (see text). B Distribution of local EOG amplitudes in
a population of 12 subjects. Median values are presented: the differences between the
center and the periphery, as well as the differences between upper and lower areas at 10°
eccentricity, were statistically significant. (After Skrandies and Baier 1986)

The light peak amplitudes were in the order of only 10% —20% above the baseline
condition. This is accounted for by the small test light used. The highest ampli-
tudes of the light peak occurred after central stimulation (median over all sub-
jects: 16.12%), and central light peak amplitude increases were significantly larger
than peripheral light peak amplitude increases (median difference 2.47%,
p<0.05). Perifoveal upper retinal areas had higher amplitudes of the light peak
than the corresponding lower retinal areas. However, these differences were signif-
icant only at 10° eccentricity, where upper retinal areas showed a median light
peak amplitude rise of 15.26% while lower retinal areas had a median light peak
of 12.44% (median difference 2.82%, p<0.025). At 40° eccentricity the same
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tendency was found (12.06% light peak amplitude for the upper, 11.76% for
lower retinal areas), but due to the large intersubject variation the difference was
not statistically significant (median difference 0.30%, n.s.). The difference be-
tween the results obtained at 10° and at 40° eccentricity may be explained by the
fact that rod densities are much higher in perifoveal areas than farther out in the
retinal periphery (@sterberg 1935). This may well account for the higher variabili-
ty observed at 40° eccentricity.

The population data are summarized in Fig. 29B showing the distribution of the
median light peak amplitudes at the five retinal locations examined. The upper
retinal areas have higher amplitudes than the corresponding lower retinal areas,
and central stimuli yield the highest amplitudes.

With increasing intensity of the test light the light peak amplitudes increased, and
a linear relationship was observed in all subjects. The mean correlation coefficient
between EOG amplitudes and the logarithm of the test light intensities was 0.75.
Figure 30 illustrates the slopes of the regression lines computed individually for
each subject for upper and for lower retinal stimuli. In order to enable a direct
comparison between retinal locations independent of the absolute EOG ampli-
tude differences, the regression lines were normalized, and Fig. 30 shows the light
peak amplitudes relative to the amplitudes found with a test light intensity of 2.5
log candela/m?. Upper retinal stimuli consistently elicit steeper slopes than lower
retinal stimuli. This suggests a greater sensitivity of the upper retinal areas to
changes in light intensity.

Light peak amplitude increases in the order of less than 20% were also reported
in other EOG studies in which small localized test stimuli were used (Aschoff
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1981). The finding of slightly, but statistically significantly higher EOG light peak
amplitudes for foveal than perifoveal stimuli, in the order of 2.5%, confirms
reports on the contribution of cone activity to the light peak amplitude
(Afanador and Andrews 1978). This interpretation is in line with data obtained
from congenital achromats (Elenius and Aantaa 1973), and similar differences be-
tween EOG light peak amplitudes elicited by central or peripheral stimuli were ob-
served by Aschoff (1981) and Dodt and Baier (1984). The differences between the
upper and lower perifoveal retinal areas at 10° eccentricity were small but consis-
tent and statistically significant in the subject population. At 40° eccentricity
similar differences were observed but the variability of the EOG amplitudes was
high, and the differences between upper and lower retinal stimuli did not achieve
statistical significance. The smaller variability of the data at 10° eccentricity is ex-
plained by the fact that a larger number of photoreceptors are activated by a test
light located between 5° and 15° eccentricity than by stimuli located between 35°
and 45° eccentricity (see @sterberg 1935).

The systematic differences of light peak amplitudes cannot be caused by intrasub-
ject variation in the various test sessions. In addition, variation of electrode place-
ment or electrode impedance, which may cause different absolute EOG ampli-
tudes, cannot account for the effects of retinal location in our data, because the
light peak amplitudes were always referred to the EOG values obtained in the
baseline condition at the end of the respective dark adaptation periods.

In addition to the absolute light peak amplitude differencés there were also
relative differences in amplitude change when the test light intensity was varied.
As expected from the results of Arden and Kelsey (1962b), the light peak ampli-
tude was proportional to the logarithm of the test light intensity. Upper retinal
areas consistently showed a larger increase of the EOG response, which suggests
that the upper retina is more sensitive to changes of light intensity.

From clinical studies it is known that the response of the standing potential to
light requires contact between the photoreceptors and the pigment epithelium,
and thus the light peak is believed to reflect the rate of metabolism elicited by light
stimuli (Arden and Kelsey 1962b; Marmor and Lurie 1979). The light peak
presumably originates in the basal membranes of the pigment epithelium (Valeton
and van Norren 1982; Linsenmeyer and Steinberg 1982; Griff and Steinberg
1982). The finding that stimulation of upper retinal areas at 10° eccentricity is
followed by significantly larger light peak amplitudes than stimulation of lower
retinal areas suggests that stimuli presented to upper retinal areas elicit a higher
level of light-induced activity, reflecting the interaction between the photorecep-
tors and the retinal pigment epithelium, than the stimulation of the correspon-
ding lower retinal areas. Anatomical differences in the regional distribution of
rods and cones in the human retina, where a higher density of photoreceptors is
reported for upper retinal areas (@sterberg 1935), support this interpretation. The
amplitude of the light peak can be interpreted as reflecting the rate of metabolism
elicited by light stimuli, and thus should correlate with the anatomically determin-
ed photoreceptor density (see also Sect. 6.1.2).

In summary, the EOG data show that absolute and relative differences between
upper and lower retinal areas in response to light stimuli can be found at the first
step in visual information processing at a very basic retinal level.
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4.2 Human Pattern Electroretinograms

Contrast alternating patterns produce no stray-light artifacts and have thus been
used as localized retinal stimuli in ERG studies (Riggs et al. 1964; Armington
1968). Such stimuli elicit the so-called pattern ERG that can be recorded from the
intact human eye. The origin of the components of the pattern ERG is different
from that of those of the luminance ERG, which reflects the activity of the retinal
layer of photoreceptors (a-wave) and the activity of bipolar and Miiller cells (b-
wave), While the exact generating mechanisms of the components of the pattern
ERG remain a matter of discussion (cf Riemslag et al. 1985), this experimental
technique can certainly be employed to investigate potentials generated at a higher
retinal level than the pigment epithelium activity described in Sect. 4.1.

There is some evidence that the pattern ERG originates from retinal structures as-
sociated with the ganglion cell layer. Maffei and Fiorentini (1981) and Maffei
(1982) have shown that the pattern ERG of the cat diminishes gradually after
transection of the optic nerve and eventually disappears after about 4 months,
while the luminance ERG remains unchanged. Holldnder et al. (1984) confirmed
these findings and correlated the attenuation of the pattern ERG responses with
the retrograde changes in retinal morphology following the section of the optic
nerve. These authors demonstrated that their electrophysiological findings were
paralleled by morphological changes restricted to the nerve fiber and ganglion cell
layers of the retina. Similar pattern ERG findings in the monkey after sectioning
the optic nerve were reported by Maffei et al. (1985).

Clinical observations support this interpretation: Groneberg and Teping (1980)
described pattern ERG recordings from a patient with a traumatic lesion of the
optic nerve. Shortly after the lesion both pattern and luminance ERGs could be
recorded, whereas about 3 months later the pattern ERG had disappeared while
the luminance ERG remained unchanged.

The experiments presented in this section were aimed at demonstrating differences
between upper and lower retinal areas, reflected in the human pattern ERG, which
may be associated with the activity of retinal ganglion cells.

In order to arrive at meaningful conclusions from pattern ERG recordings in
man, it appeared of major importance first to establish that the electrical activity
recorded (i.e., the components of the pattern ERG) is of retinal origin. Surprising
results were reported from experiments where pattern ERGs were recorded from
an eye which was occluded while the contralateral eye was stimulated (Seiple and
Siegel 1983). Following the considerations on the scalp topography of electrical
fields outlined in Sect. 2, a reference-independent measurement and analysis
strategy was applied to simultaneous recordings of evoked potentials and pattern
ERGs. In Sect. 4.2.2 experiments will be reported in which significant differences
between upper and lower retinal areas were found using pattern ERG recordings.

4.2.1 Spatial Distribution of Pattern Electroretinograms and Evoked Potentials
In order to prove that the pattern ERG has its origin in the eye and is not a far-

field potential originating in the visual cortex, simultaneous multichannel record-
ings were made at the eye and at several scalp locations. Gold foil electrodes were
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Fig. 31. Potential waveshapes recorded
from a row of eight electrodes cover-
ing laterally the distance between the
left eye and the inion (see head
schema). Reference electrode (R) at
the vertex (Cz). Checkerboard reversal
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used to record the pattern ERG from the eye (Arden et al. 1979). Two different
scalp electrode montages were used. In one experiment, eight recording electrodes
were placed in a line along the side of the head from the left eye to the inion with
a vertex reference (Fig. 31). In a second topographical experiment, eight recording
electrodes were spaced equidistantly from the eye via the forehead along the
midline of the head to the inion using the ear as reference point (Fig. 33). The
reference sites were selected merely for convenience in order to enable waveform
comparisons of the pattern ERG with the published literature; they had no conse-
quence for the analysis of the electrical field distribution (Sect. 2).

A topographical distribution with large potential gradients around the eye is ex-
pected for retinal potentials, whereas visual cortical sources produce steep poten-
tial gradients over the occipital areas. Figure 31 shows the potential waveshapes
recorded to a checkerboard reversal stimulus (check size 30’ arc, 80% contrast) fix-
ated centrally. At early latency times, a positive deflection appears after about
60 ms in the first channel while the other recording channels show little activity.
Around 100 ms on the other hand, waveform peaks occur in all recording chan-
nels, and the positivities are most pronounced over the occipital scalp areas. The
topographical changes over time along this lateral row of electrodes are illustrated
in Fig. 32 as a series of potential profiles. Between 40 and 70 ms a potential peak
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Fig. 33. Potential waveshapes
and scalp potential distribu-
tions evoked by a checkerboard
reversal stimulus presented to
the right eye. The left eye was
occluded, and activity was re-
corded in eight channels along
the midline between the left
eye and the inion using a refer-
ence electrode (R) at the ear.
Channels 1—6 are on nearly
equipotential levels (potential
profiles on the right) while oc-
cipital recording channels show
VEP activity after 100 ms.
Calibration: 5 uV

o
S
<3
N
S
5
3

4

builds up at the eye electrode, reaching its maximum at 65 ms. This early latency
range is dominated by a steep potential gradient between the eye electrode and the
second electrode, whereas the potential gradients between channels 2 and 6 are
shallow. The gradients over the occiput (between channels 7 and 8) show less con-
sistent behavior during these early latency times: between 20 and 60 ms the gra-
dient is first positive, and then becomes negative. In contrast, the anterior poten-
tial gradient remains negative throughout the analysis period considered in Fig.
32. These differences between the anterior and the occipital recording channels
suggest that the source of the evoked activity recorded in the first channel as a
pattern ERG is located in the eye.

Similar conclusions arise from data obtained from a different subject with a
midline electrode montage along the head from the left eye via the forehead to
the inion. in these experiments the effect of occluding the recorded eye was also
investigated. Seiple and Siegel (1983) had reported that a pattern ERG waveform
can be recorded even when only the fellow eye is stimulated. We repeated this
stimulus condition: Fig. 33 shows the data obtained when the right eye was
presented a checkerboard reversal stimulus while the ERG activity was recorded
from a row of eight midline electrodes equidistantly spaced between the left eye
and the inion. The anterior electrodes of the array appear to be on nearly
equipotential levels, whereas in the posterior recording channels the occipitally
originating evoked potential activity is seen. The corresponding potential profiles
are shown in Fig. 33 on the right. In the anterior channels, small potential gra-
dients are seen throughout the analysis period. Occipitally, a relative negativity
dominates the times around 80 ms, and at 110 ms the scalp distribution shows an
occipital positivity surrounded by steep gradients. This scalp topography is
similar to that illustrated before for components evoked by checkerboard reversal
stimuli (see potential waveshapes and profile in Fig. 5, map series in Fig. 10, pro-
file series in Fig. 18). From these topographical multichannel data it is obvious
that the waveshape recorded at the eye cannot be interpreted as a pattern ERG.
The scalp distribution evoked by the same checkerboard  reversal stimulus
presented to the left eye is illustrated in Fig. 34. The potential waveshapes are
similar to those evoked by stimulation of the right eye except for the electrical ac-
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Fig. 34. Potential waveshapes-
and scalp potential distribu-

tions evoked by a checkerboard
reversal stimulus presented to

the left eye. Electrical activity 2
was recorded in eight channels g
along the midline between the
left eye and the inion. Chan-

nels 2 through 8 show a similar 5
pattern of activity throughout ¢
the recording period, as in Fig.
33. The eye channel displays a
pattern ERG around 50 ms re-
sulting in steep anterior poten-
tial gradients. Same subject as
in Fig. 33. Calibration: 5 uV
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tivity recorded in the first channel, which is reminiscent of the pattern ERG. The
potential profiles on the right of Fig. 34 around 50 ms have steep gradients
anteriorly (ie., between the eye electrode and electrode 2) while around 110 ms
there is the same occipital positivity as in Fig. 33.

The topographical analyses of the pattern ERG and VEP show that retinal activi-
ty can be meaningfully interpreted and distinguished from contamination of cor-
tical sources by considering electrical scalp field distributions. For examining up-
per and lower retinal areas, similar multichannel recordings were obtained, and
the latency of the pattern ERG components was determined by the occurrence of
a maximal potential gradient at electrodes at and near the eye. This method is in-
dependent of the reference electrode, and it avoids confusion generated by
waveshape analysis (Seiple and Siegel 1983).

4.2.2 Differences Between Upper and Lower Retinal Areas

Simultaneous recordings of pattern ERGs and potentials evoked by central, up-
per, or lower retinal stimuli were obtained in a population of 11 healthy adult sub-
jects.

VEPs were recorded from six electrodes spaced equidistantly along the midline
between 40% of the nasion-inion distance above the inion and an electrode 10%
below the inion. Pattern ERGs were recorded from the left eye using a gold foil
electrode (Arden et al. 1979) inserted under the lower lid. Two skin electrodes were
placed at the outer canthus of the eye and 3 cm further posterior. The distances
between electrodes 1 and 2 and electrodes 2 and 3 were equal.

The EEG and ERG signals were amplified, bandpassed between 0.1 and 70 Hz,
and A/D-converted at a rate of 1000 samples per second over a period of 256 ms.
In order to avoid artifact contamination of the ERG by eye movements and
blinks, 12 averages consisting of only 30—60 sweeps were obtained for each ex-
perimental condition in a quasi-randomized order. The data were edited offline,
and for final analysis artifact-free grand means of each retinal location were com-
puted for each subject individually.
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Checkerboard patterns consisting of checks of 30’ arc and 62% contrast were
reversed at a rate of 3.9 reversals per second on a TV monitor (rectangular screen
of 8.7° by 11.4°) which was rotated by 90°. The subject’s head was supported by
a chin-forehead rest, and he looked binocularly at fixation marks in the center
or at the upper or lower border of the display from a distance of 130 cm.

The vertex electrode served only as recording reference; for analysis of the VEP
data the six scalp sites were treated as longitudinal potential profiles, while the
pattern ERG data were analyzed as potential profiles along the three electrodes
at the eye. Components of the pattern ERG were defined by the maximal potential
gradient occurring in a time window between 35 and 75 ms. VEP components
were determined by the occurrence times of the maximal potential range which
corresponds to the multichannel field power measure between 80 and 140 ms.
Three sets of data of a typical subject are illustrated in Fig. 35. The first
waveshape shows the pattern ERG, computed as the difference between the eye
electrode and the electrode at the outer canthus; the other waveshapes are the
scalp channel data which are computed vs the average reference. In all stimulus
conditions the pattern ERG has a similar waveshape with a positive component
occurring after about 50— 60 ms. For central retinal stimuli the pattern ERG am-
plitude tends to be larger than for upper or lower retinal stimuli. The potential
gradients within the three-channel recording array were larger for central stimuli
than for peripheral stimuli in all but four of 22 cases.

As shown in Fig. 35 there are also differences in component latency of the max-
imal gradient of the pattern ERG between experimental conditions, with lower

UPPER CENTER LOWER
(RN ML M T"";"TW LAY iSLM
v v
ERG Jrsw vi AN ——
Lv—vvz +I45 v e e VAl
Sy
Lt AT OO Y PTTOVN ST RS
0 100 200 0 100 200 0 100 200 ms

Fig. 35. Pattern ERGs and potential waveshapes evoked by a checkerboard reversal
stimulus presented to the upper, the central, or the lower retina. Waveshapes in the first
row show the pattern ERGs, computed as the difference between the eye electrode and the
electrode at the outer canthus; the other waveshapes are the scalp data which were com-
puted vs the average reference. Vertical lines at times of maximal field power. Note latency
differences between upper and lower retinal stimuli in the potential gradients at the eye
(component latencies between 50 and 60 ms) as well as in the scalp distribution data (com-
ponent latencies around 100 ms)
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retinal stimuli yielding longer latencies than upper retinal stimuli. In the subject
population component latency of the pattern ERG was determined independent
of the reference electrode by the occurrence of the maximal potential gradient.
This resulted in a mean latency of 55.3 ms for upper retinal stimuli while the
responses of the lower retinal areas averaged 59.3 ms in the subject population.
The differences were statistically significant (¢ = 4.69, p <0.0005). The mean com-
ponent latency evoked by central stimuli was 57.5 ms, and it was different from
either upper or lower component latencies only at the 10% significance level.
The VEP data which had been obtained simultaneously displayed also differences
in component latencies as illustrated in Fig. 35. The mean latency difference be-
tween components evoked by upper and lower retinal stimulation in the 11 sub-
jects studied averaged 2.0 ms. This comparatively small mean difference might
have been caused by the rather large interelectrode distances used and the accor-
dingly crude sampling of the evoked scalp field which contributed to the interin-
dividual variability. However, analysis of the individual data showed that the
latency difference was consistent in the subject population, and it achieved statis-
tical significance (t = 2.19, p<0.005).

In summary, the present data show that localized visual stimuli can be used to
investigate different parts of the retina by means of ERG recordings. Differences
already observed in the interaction between the retinal pigment epithelium and the
photoreceptors_ (Sect. 4.1) also show up in the electrical responses associated with
retinal ganglion cell activity: Stimulation of upper retinal areas yields significant-
ly shorter component latencies of the pattern ERG than stimulation of the cor-
responding lower retinal areas. While the significant differences observed in the
pattern ERG were restricted to the time domain, as reflected by significantly dif-
ferent component latencies, in the EOG recordings the differences were most pro-
nounced in the amplitudes of the light-induced standing potential of the eye. This
fact might well be accounted for by the rather crude time resolution of the deter-
mination of the light peak of the EOG, which is in the order of minutes, whereas
the pattern ERG component latencies are less than 100 ms.

5 Functional Differences

The aim in this section is to investigate whether the electrophysiologically deter-
mined differences between the upper and the lower retina are paralleled by percep-
tual differences. Most of the electrophysiological data were discussed in the previ-
ous sections mainly in formal terms of amplitudes, latencies, or scalp topography,
which do not relate directly to functional aspects of visual perception. Prompted
by the evoked potential results, a series of studies was made investigating visual
functions such as temporal sensitivity (Sect. 5.1), contrast sensitivity and visual
acuity (Sect. 5.2), and discrimination of meaningful alphanumeric stimuli (Sect.
5.3). The results will illustrate consequences on behavioral performance which
arise from the physiological differences between the upper and the lower retina,
and they will show that a consistent superiority of the upper retinal system can
also be found on a perceptual level. This illustrates that the interpretation of the
electrophysiological results described in the previous sections is not restricted to
a small and highly specialized field of research, but is paralleled by behavioral
concomitants. ‘
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5.1 Temporal Sensitivity*

The temporal resolution capacity of the visual system depends both on physical
stimulus variables such as flash duration, intensity, size, and spectral composition
of the test light, and on physiological and subject conditions such as state of
adaptation or retinal location (for reviews see Landis 1954; Brown 1965;
Shickman 1981). Differences between rod and cone functions are reflected in dif-
ferent critical flicker fusion frequency (CFF) values obtained in the center and the
periphery of the retina. For more practical clinical applications, the visual field
was mapped by Phillips (1933), Hylkema (1942), and Kleberger (1955) using the
CFF. These authors described different sensitivities of various parts of the visual
field.

The sensitivity to flickering light is not only determined by retinal mechanisms
(Dodt 1951; Dodt and Enroth 1954; Griisser and Kapp 1958; Griisser and Rabelo
1958); central parts of the visual system also contribute to the CFF, as has been
demonstrated by binocular stimulation experiments in humans (Simonson 1958;
Lipkin 1962; Zubek and Bross 1972, 1973). This interpretation was supported by
Granit (1955), who found that central electrical stimulation modulates the
ganglion cell activity of the retina. In addition, Dodt (1964) showed in the rabbit
that tetanic stimulation of the optic tract has a direct effect on the retinal CFE
Van de Grind et al. (1973) give a more detailed review of binocular CFF and of
cortical neural responses indicating binocular interactions.

Determination of CFF thus yields a global measure of the temporal sensitivity of
the visual system, and it is used in this section to investigate functional differences
between upper and lower, and between nasal and temporal perifoveal retinal
areas. In contrast to Hylkema (1942), who investigated the retinal periphery in
order to determine the visual field, in the present experiments the perifoveal
regions were examined. In a second experiment, the time thresholds for the more
demanding task of double flash discrimination (DFD) were determined.
Fifteen adults between 19 and 32 years of age with normal vision participated in
both experiments. Stimuli were presented by the lamp of a GRASS PS2 photo-
stimulator (white light between 450 and 650 nm, exposure 0.16 Ix/s, fused flashes
2.6 candela/m?) which was mounted in the center of a vertical white wooden
board with a hole of 2.5° diameter. Small red LEDs (9.8’ diameter) located at 5°
and 10° along both directions of the horizontal and vertical meridians served as
fixation points. Time thresholds were measured by the method of adjustment at
these eccentricities and also with central fixation. This yielded nine measured
values for each subject for both CFF and DFD.

After 15 min dark adaptation, the subject fixated monocularly, with his dominant
eye, either the center of the display or one of the peripheral fixation points from
a distance of 174 cm. In the CFF experiment, the subject controlled the stimulus
frequency, and was asked to set the frequency so that he could not quite
discriminate single flashes. In the DFD experiment double flashes occurred once
per second, and the subject’s task was to set the interflash interval so that double

4 The results of this section have been published elsewhere (Skrandies 1985a)
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flashes could no longer be perceived. The interflash interval was monitored on an
oscilloscope screen with a time resolution between 1 and 4 ms. The CFF values
were expressed as flashes per second, while DFD thresholds were measured in
milliseconds. After several practice trials, four to six measures were obtained at
each of the nine retinal stimulus locations in a quasi-randomized order. The
repeatability of the settings was good, and mean CFF or DFD values of each loca-
tion were used for statistical analysis. Corresponding locations in opposite
hemiretinal areas were compared by paired t-tests.

5.1.1 Results on Critical Flicker Fusion Frequency

The data of each subject were expressed as percentages of the respective central
value. Figure 36 shows the man data of 15 subjects measured in the central 10°
of the retina as isopercentage lines which connect areas of equal temporal sen-
sitivity. The zero isopercentage line runs from the lower nasal part through the
center to the upper. temporal part, and temporal and lower retinal areas are less
sensitive than the nasal and upper areas. This plot rests on interpolated values,
and statistical comparisons were performed on the differences between the nasal
and temporal and between the upper and the lower hemiretinal CFF values at the
retinal locations actually measured. The grand mean CFF value (over all condi-
tions and subjects) was 19.35 flashes per second. In paired t-tests on the in-
dividual data, the differences between nasal and temporal CFF were significant
only at 5° eccentricity (¢ = 1.87, p<0.05), while the differences between upper
and lower areas were significant at both eccentricities. The mean results (CFF
values in Hz) and significance levels are summarized in Table 4. In the temporal
retina the mean CFF was 92.2% of the nasal value at 5° while at 10° it reached

TEMPORAL

Fig. 36. Retinal distribution of perifoveal mean CFF values (%) of 15 subjects. The central
value is set to 100%, isopercentage lines connect points of equal percentage values. Lines
are in steps of 1%. CFF in the shaded areas is smaller, in the white areas larger than the
central CFF. The inner circle represents 5°, the outer circle 10° retinal eccentricity. (From
Skrandies 1985a: by permission of Gordon and Breach Science Publishers, London)
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Table 4. Mean CFF values (Hz) of 15 subjects

Eccentricity
5° 10°
Upper Lower Upper Lower
20.45 18.63 19.50 18.03
t=3.40 t=13.54
[p<0.0025] [p<0.0025]
Nasal Temporal Nasal Temporal
20.44 19.02 20.06 19.67
t=1.87 n.s.
[p<0.05]

Paired t-tests were used for statistical analysis

97.8% of the nasal values. The mean differences between the upper and lower
areas were close to 10%: at 5° the values for the lower retinal averaged 90.2% of
the upper retinal CFF, and at 10° the lower retinal CFF values were 91.8% of the
upper retinal CFF values.

5.1.2 Results on Double Flash Discrimination

The results obtained for DFD thresholds were similar to the CFF data. Figure 37
shows the sensitivity distribution of the 15 subjects across the perifoveal retinal

TEMPORAL
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Fig. 37. Retinal distribution of perifoveal mean DFD threshold values (%) of 15 subjects.
The central value is set to 100%, isopercentage lines connect points of equal percentage
values. Lines are in steps of 2%. Threshold values in the shaded areas are smaller, in the
white areas larger than those of the central area. The inner circle represents 5°, the outer
circle 10° retinal eccentricity. (After from Skrandies 1985a: by permission of Gordon and
Breach Science Publishers, London)
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Table 5. Mean DFD values (ms) of 15 subjects

Eccentricity
5° 10°
Upper Lower Upper Lower
82.75 92.80 91.69 100.91
t=2.83 t=2.88
[p<0.01] [p<0.01]
Nasal Temporal Nasal Temporal
88.96 97.32 , 87.77 100.43
t=2.66 t=3.04
[p<0.01] [p<0.005]

Paired t-tests were used for statistical analysis

areas. As in the CFF data, the nasal and upper retinal areas have better time
resolutions than the temporal and lower retinal areas (Fig. 37). In these data the
zero isopercentage line is somewhat different from that in the CFF plot (see Fig.
36), but all differences between corresponding upper and lower locations and be-
tween corresponding nasal and temporal locations were statistically significant.
The grand mean threshold (over all subjects and over all retinal locations) was
92.88ms, and the mean DFD values (indicating the interflash intervals in
milliseconds) and significance levels obtained with paired t-tests are given in Table
5. The mean differences between the retinal areas examined were in the same order
as those of the CFF thresholds. Lower retinal stimulation yielded thresholds of
112% of the upper retinal values at 5° and 110% at 10°, and the temporal areas
showed higher values than the nasal retina: At 5° the mean values were 109%, and
at 10° 114% of the nasal values.

5.1.3 Relation Between Critical Flicker Fusion Frequency
and Relative Luminance

An additional experiment was performed in order to relate the regional dif-
ferences in temporal sensitivity to relative luminance thresholds. In two subjects
CFF measurements were obtained using test lights at eight different luminance
levels. The relation between CFF and log filter density is shown in Fig. 38. For
both subjects the CFF decreased with increasing filter density, and this relation-
ship showed a high correlation (identical value for both subjects: r = —0.97).
Linear regression lines were determined for each subject individually, and
although the subjects have different levels of temporal sensitivity, the slopes of
the regression lines in Fig. 38 are identical. For both subjects a difference in CFF
of 10 flashes per second corresponds to 1.36 log filter units density. '
The basic results of this section are in general agreement with the data of Phillips
(1933), Hylkema (1942), and Kleberger (1955); upper and nasal retinal areas show
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higher resolutions than lower and temporal retinal areas (see Sect. 6.2.2.2 for a
more complete discussion). However, in the earlier studies the vertical meridian
was investigated much further out in the periphery, while in the present ex-
periments significant differences in the temporal resolution capacity were found
already in perifoveal retinal areas.

The data presented show a consistent superiority of the upper and nasal over the
lower and temporal perifoveal retinal areas. The differences in temporal resolution
were found both in the CFF and in the DFD measurements. The discrimination
of double flashes yields higher time thresholds than the CFF (Basler 1911; Lind-
sley and Lansing 1956) because the state of adaptation is different in these two
experimental conditions. After prolonged stimulation the subject becomes light-
adapted and CFF increases (Granit and Hammond 1931). This was found in the
present experiments: for CFF, a mean interflash interval of 51.67 ms could be
resolved, while double flashes could only be discriminated at an interflash inter-
val of 92.88 ms. In addition, all our subjects agreed that the DFD experiment was
more difficult to perform than the CFF experiment. Despite this difference in the
level of achievement, for the DFD task the relative size of the significant func-
tional differences was of an order similar to the CFF. In both experiments the
time resolution values of the lower retinal areas were about 10% less than those
of the upper retina, and the nasal-temporal differences were of a similar
magnitude.

The measured values were also expressed as relative luminance thresholds. As ex-
pected from the literature (Brown 1965; Shickman 1981), the CFF dropped with
decreasing luminance of the test field, and this finding was consistent over sub-
jects. The different CFF levels of the subjects in Fig. 38 reflect individual dif-
ferences in threshold criterion. Most important, the relationship between CFF
and log filter density showed a high negative correlation, and the slope of the
regression lines was identical for both subjects. For the population data, the mean
CFF differences between the upper and lower retinal areas correspond to 0.244
log filter density units, which means that the lower retinal areas need about 1.75
times more light in order to achieve the same temporal resolution as the upper
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retinal areas. The nasal-temporal difference averaged 0.123 log filter density units,
corresponding to a light intensity factor of 1.33. '

These small differences are very conmsistent in the subject population, and the
magnitude of the effect of the order of 10% still permits an uniform functioning
within the perifoveal visual field. In summary, statistically significant differences
exist for both the CFF and the DFD task, showing a higher temporal sensitivity
of the nasal and upper than of the temporal and lower retinal areas.

5.2 Visual Acuity and Contrast Sensitivity >

There are reports suggesting regional differences in visual acuity between upper
and lower retinal areas (Landolt and Hummelsheim 1904; Low 1943). Using Lan-
dolt rings of high contrast, Millodot and Lamont (1974) determined the visual
acuity along the vertical meridian in three subjects. This section will report acuity
differences between upper and lower perifoveal areas using a more complete
assessment of visual resolution.

The measurement of human contrast sensitivity introduced by Schade (1956) and
applied to the visibility of complex visual grating patterns by Campbell and Rob-
son (1968) allows a more detailed examination of spatial visual resolution than
conventional measures of visual acuity, which emphasize primarily high spatial
frequency resolution at high contrast levels. Clinical studies on amblyopic patients
(Gstalder and Green 1971) as well as studies on patients with multiple sclerosis
(Regan et al. 1977) or with cortical lesions (Bodis-Wollner and Diamond 1976)
demonstrated that normal visual acuity does not rule out perceptual disturbances.
Brettel et al. (1982) and Lawden (1982) found that in amblyopic patients, not only
contrast sensitivity but also sensitivity to spatial phase may be disrupted. In addi-
tion, Skrandies and Gottlob (1986) showed that patients suffering from Parkin-
son’s disease also had normal conventional visual acuities but significantly reduc-
ed contrast sensitivity. The measurement of contrast sensitivity can thus be used
to study functional characteristics of various retinal areas related to visual resolu-
tion over the whole range of spatial frequencies from very coarse to very fine
visual targets which are believed to be analyzed by the visual system in indepen-
dent spatial frequency channels (for review see Braddick et al. 1978).

In this section the contrast sensitivity thresholds of upper and lower perifoveal
hemiretinal regions will be compared over a range of different spatial frequencies.
In addition, we will show that these data also suggest differences in visual acuity.
Twenty subjects between 19 and 32 years of age with normal or corrected-to-nor-
mal vision were presented static sine-wave-modulated vertical grating patterns of
a mean luminance of 1.21 candela/m? on the screen of a R5030 Tektronix
oscilloscope (P31 phosphor; field size 5.99°x7.40° arc). Gratings of seven dif-
ferent spatial frequencies were used: 0.45, 0.62, 1.24, 1.96, 4.58, 9.13, and 13.74
‘cycles per degree (c/deg). From a distance of 100cm, the subject fixated
monocularly, with his dominant eye, either the center of the display or one of the
peripheral fixation points 5° above or below the edge of the display. An ascending
method of limits was used. After several practice trials, five measurements were

5 Results of this section have been published elsewhere (Skrandies 1985b)
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obtained at each of the seven spatial frequencies. The repeatability of the settings
was good as quantified by the very low standard deviations.

For each subject and each retinal location the contrast sensitivity function was
determined, and the lowest value of each curve defined maximal sensitivity. An
analysis of variance established a significant effect of retinal stimulus location,
and the shapes of the contrast sensitivity functions were also compared statistical-
ly using paired t-tests. The significance levels of the t-values were corrected for
multiple comparisons according to Holm’s (1979) procedure, and all results
presented were significant at an alpha level of p<0.05 unless stated otherwise.
The values obtained at the three highest spatial frequencies were used to compute
linear regressions between contrast threshold and spatial frequency for each
retinal location separately. By extrapolating the regression lines to the high-fre-
quency cutoff point (i.e., to 100% contrast) conventional visual acuity was esti-
mated.

The grand mean contrast sensitivity functions computed from the data of 20 sub-
jects obtained at the three different retinal locations are shown in Fig. 39A. The
overall contrast levels are different, with central stimuli showing the lowest thresh-
old values (mean over all spatial frequencies and subjects: 1.46% contrast),
followed by upper retinal stimuli (mean over all spatial frequencies and subjects:
1.93% contrast). The lower hemiretina shows the highest contrast threshold
values at all spatial frequencies (mean over all spatial frequencies and subjects:
2.42% contrast). The shapes of the contrast sensitivity curves were significantly
different, as revealed by an analysis of variance (paired t-tests comparing retinal
locations using all the data irrespective of spatial frequency also showed signifi-
cant differences between the three retinal locations).

® E A M —_ B
o 10 v X or e UPPER
3 )
(o] B _|
T 0
& 20 &
o i
= B c
I
C.a0f T 50
|._
Ef 2
g ©
Z 401 =
o) =z
8100
| ORI RSN N I I N 0 | ! L 1
05 10 10 20 10 20 30
SPATIAL FREQUENCY [C/D] SPATIAL FREQUENCY [C/D]

Fig. 39. A Mean contrast sensitivity curves of 20 subjects for central and for upper and
lower hemiretinal perifoveal areas. Arrowheads indicate the mean spatial frequencies
which yielded the highest individual contrast sensitivities. The differences in overall con-
trast level, as well as in the spatial frequencies to which subjects were most sensitive, were
significantly different. (After Skrandies 1985b) B Linear regressions between contrast
threshold and spatial frequency for upper, central, and lower retinal stimuli. Extrapolation
of the regression lines to the high-frequency cutoff point (i.e., to 100% contrast) gives an
estimate of conventional visual acuity. Cutoff frequencies at 100% contrast were
33.16 c/deg for central, 29.98 c/deg for upper, and 17.50 ¢/deg for lower retinal stimuli (see
text)
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The lowest contrast thresholds occur at different spatial frequencies for the dif-
ferent retinal locations, indicating sensitivity differences (Fig. 39A). The spatial
frequencies at which each subject was most sensitive were also compared between
retinal locations, and all paired t-tests on spatial frequency differences between
central (mean 4.31 c/deg), upper (mean 3.85 c/deg), or lower (mean 2.63 c¢/deg)
retinal stimulus locations were significant, as summarized in Fig. 40.

In addition, comparisons of the contrast values at each of the seven measured
spatial frequencies were made: All statistical comparisons were highly significant,
indicating that there are regional retinal differences not only in visual acuity, as
suggested by the different contrast levels at the highest spatial frequency, but that
the global differences are not restricted to individual spatial frequency channels.
For the three highest spatial frequencies the correlations between contrast thresh-
old and spatial frequency were highly significant (p <0.005) at all retinal locations
investigated, ranging from 0.6 to 0.7. The linear regressions between contrast
threshold and spatial frequency are illustrated in Fig. 39B. Central and upper
stimuli yielded similar slopes of the lines, and comparable cutoff frequencies at
100% contrast (33.16 c/deg for central, 29.98 c¢/deg for upper retinal stimuli). The
cutoff point determined for lower retinal stimuli was 17.50 ¢/deg. When express-
ing these cutoff frequencies as visual acuity, the grand mean data of Fig. 39B yield
acuity values of 1.1 for central, 0.99 for upper, and 0.58 for lower retinal stimuli.
Foveal stimuli consistently yielded the highest contrast sensitivities and the
highest cutoff spatial frequencies (i. ., visual acuites), as well as a shift of the
maximal sensitivity toward higher spatial frequencies than perifoveal stimuli. This
reflects the known anatomical and functional superiority of the fovea with its
dense packing of cones and its low amount of convergence onto retinal ganglion
cells, enabling high spatial resolution.

The findings on upper/lower hemiretinal differences are in agreement with those
of Landolt and Hummelsheim (1904), Low (1943), and Millodot and Lamont
(1974), who determined the conventional visual acuity at high contrast levels.
Millodot and Lamont (1974) described differences in visual acuity only beyond
5° eccentricity, and Low’s (1943) data were obtained at 30° eccentricity. Wertheim
(1894) had also found higher visual acuities for the upper hemiretina only beyond
20° eccentricity. In contrast to these authors, the present data show that dif-
ferences between the upper and the lower hemiretinal areas exist in the perifovea
at as little as 5° eccentricity (see Sect. 6.2.2.3 for a more complete discussion of
the earlier literature).

The contrast sensitivity functions of the perifoveal retinal regions presented in this
chapter show a significant superiority of the uppér over the lower retinal areas.

UPPER CENTER LOWER
Fig. 40. Mean maximal con- '
trast sensitivities obtained 3.85 c/deg 4.31¢/deg 2.63 c/deg
from 20 human subjects. Sta- l l
tistically significant differences t=5.26
between central, upper, and p < 0.0005
lower retinal perifoveal area
were established by paired
t-tests

t=3.49
p < 0.0025
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These differences in contrast sensitivity were not restricted to high spatial frequen-
cies or estimated convenftional visual acuities, but were observed at all spatial fre-
quencies. Differences in maximal sensitivity, as well as the different shapes of the
contrast sensitivity funclflions, suggest a global functional superiority of the upper
over the lower perifoveal hemirctinal areas. This functional difference is not
restricted to certain individual spatial frequency channels.

\

1
5.3 Discrimination of Meanin;é?’ul Stimuli \\

Pattern discrimination of meaningful stimuli can be considered a realistic visual
task in everyday life. In this section consequences in behavioral performance
which arise from the physiological differences between the upper and the lower

retina are illustrated. In a simple pattern  discrimination task, digits were .

presented at an eccentricity of 5° either above or below the fovea, and the subject
had to report which digit he had seen. In contrast to experiments using checker-
board or grating stimuli, the discrimination of numbers presented on a computer
terminal is not an artificial, laboratory-bound experimental task for the subject.
Fifteen young adults (19—33 years of age) with normal vision participated in the
experiments. One of ten different digits (0—9) was flashed in a randomized order
on the terminal of an Apple Ile computer, 5° above or below a central fixation
point consisting of a light cursor. The size of the test target subtended a 30" arc.
Both sequences of stimulus location and digits were randomized. The subjects
responded by entering the appropriate number on the keyboard. After a pro-
grammed delay of 1 s, the next stimulus appeared. Thus each subject was free to
work at his own pace. Each subject performed 600 trials. Accuracy in perfor-
mance was stressed, and a forced-choice task was employed. For analysis, percen-
tages of correct responses were computed and the discrimination performance of
upper and lower retinal areas was compared using Wilcoxon tests. Luminance and
contrast of the display were adjusted for each subject individually to yield a mean
above 50% correct responses.

The performance of all subjects was significantly above the chance level of 10%.
The mean of correct responses computed over all subjects and all retinal locations
was 74.39% correct responses. There were no obvious differences in discrimina-
tion performance between individual digits. Because a forced-choice task was
employed, confusions mainly arose between similarly shaped digits (e. g., 1,4,7 or
6,8,9,0 were incorrectly reported). 7
The individual data of the 15 subjects and the group means are shown in Fig. 41.
In 14 of the 15 subjects stimuli presented to the upper retina yielded better
discrimination performances than those presented to the correponding lower
retinal area. With upper retinal stimuli 78.63% correct discriminations were ob-
tained, whereas only 70.14% of the lower retinal stimuli were correctly
discriminated. This difference was statistically significant in the subject popula-
tion (Wilcoxon T = 14, n = 15, p<0.005). '

In this experiment, fixation was deliberately not very strictly controlled. Never-
theless, systematic significant differences in discrimination performance were
found. In order to achieve a high level of accuracy, the subjects’ best strategy was
to fixate at the center of the screen, because the location of the expected stimulus
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could not be predicted. The subjects were naive as to the exact purpose of the ex-
periment and had been encouraged to work as accurately as possible at their own
pace. As expected from the data on temporal resolution and visual acuity
presented in Sects. 5.1 and 5.2, stimuli occurring below the fixation point could
be discriminated significantly better than those above the fixation point. In this
task, too, the stimuli were presented only at 5° eccentricity, and the upper retinal
superiority was significant in the subject population. In addition, we note that the
differences between upper and lower retinal performance were again in the order
of 10%. -
Related differences in detection performance between visual targets presented
above or below the fixation point were found in a study on attention and visual
search using a much more complex “contingent-display technique”. Those results
-were interpreted as an interaction between -attention and sensitivity across the
visual field (Prinz 1984; see also Sect. 6.2.2.4). Our data illustrate how, in a simple
experimental setup, functional differences between upper and lower retinal areas
may be demonstrated. The results were obtained in a common visual task and in
a realistic instrumental suround, and they might be of interest in the investigation
of man-machine interactions in everyday working conditions.

6 Evidence from the Literature

The aim of this section is to provide further evidence of the upper/lower distinc-
tion within the visual system by giving background information on what is known
from the scientific literature on this topic. It cannot be an exhaustive review, main-
ly because the differences between the upper and lower visual systems have rarely
been investigated directly. Most of the data presented is found in papers concern- -
ed with other research aims. It is important to note that this review will not only
illustrate that the upper retina is superior over the lower retina (whatever this
means in functional, perceptual terms), but also give interesting examples and ex-
perimental data which suggest that to a certain degree the upper and lower parts
of the retina and the visual system as a whole may be considered independent
systems. On the other hand, I doinot mean to challenge the integrative action of
the visual system. i

In order to organize the review, a somewhat arbitrary classification of the
literature had to be made, and structural (i. e., anatomical) and functional local
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differences within the visual system will be discussed separately. The first part
(Sect. 6.1) is organized according to the anatomy of the visual system, describing
regional differences at the retina, at midbrain structures, and at the cortex of
animals and humans. Functional differences will be described in the second part
(Sect. 6.2), which reviews findings in animals and humans, while in the last part
(Sect. 6.3) clinical observations will further illustrate that the upper and lower
visual systems may behave as independent units.

6.1 Anatomical Findings
6.1.1 Animal Data
6.1.1.1 Retina, Optic Nerve, and Optic Tract

There is some anatomical evidence of differences between upper and lower areas
in the eye. Dogs and cats have a tapetum beneath a portion of their retina, and
the pigment epithelium cells overlying the tapetum are not pigmented. The
tapetum presumably improves scotopic vision by reflecting the incoming light,
and it has been reported that the tapetum lucidum is restricted to the upper retinal
half of the cat eye (Bishop et al. 1962; see also Fig. 1 of Niemeyer 1975).

In some fish and amphibians one finds very elaborate adaptations of the visual
system to the environment of the animal. The four-eyed fish (Anableps anableps)
is capable of both aquatic and aerial vision. Its eyes each have two pupils, one
oriented toward the upper and one toward the lower visual field, and contain two
major visual axes (see Fig. 4.5 of Ali and Klyne 1985). In addition, the retina is
divided into a dorsal (upper) and a ventral (lower) part which contain different
photopigments. In the ventral part of the retina, which subserves aerial vision,
rhodopsin is predominant, while porphyropsin is found mainly in the dorsal,
aquatic retina. Rhodopsin and porphyropsin have different spectral absorption
spectra (502 nm and 522 nm, respectively), and the upper retina has an increased
relative sensitivity toward longer wavelengths. This may be important for aquatic
vision, since turbid water scatters shorter wavelengths more strongly than longer
wavelengths (Luria and Kinney 1970).

A similar difference in the distribution of retinal photopigments is found in the
bullfrog. In the larval stage it inhabits an aquatic environment, and its retina con-
tains mainly porphyropsin. In the adult bullfrog the dorsal retina contains mainly
porphyropsin, while rhodopsin predominates in the ventral retina (see Figs. 4 and
5 of Reuter et al. 1971). This might well relate to the fact that the dorsal retina
more often looks down into the water whereas the ventral retina more often
subserves aerial vision.

The regional distribution of the photoreceptors of the eye has been analyzed by
Landau and Dawson (1970). They published some material on the retina of the
sea lion, where more photoreceptors were encountered in the upper than in the
lower half (see Fig. 3 of Landau and Dawson 1970).

The visual field of most birds is largely monocular, only a very small area being
binocular. The binocular field is projected onto a region in the upper temporal
quadrant of the retina, the so-called red area. In this region of the retina the inner
limbs of the cones contain red oil globules, as found in ducks, chickens, and
pigeons (King-Smith 1969). On the basis of this different distribution of red oil
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droplets, the wavelength discrimination capability in the lower visual field is ex-
pected to be shifted toward longer wavelengths compared to the discrimination
capability in the upper visual field (see Sect. 6.2.1). The red area has a large
magnification factor in the tectum which constitutes a major central visual area
in the bird. In addition, in this area there is a high density of retinal ganglion cells,
suggesting a greater importance of the upper temporal quadrant of the bird
retina.

The cell density of the ganglion cell layer of the chick retina was studied by
Ehrlich (1981). The highest value, 30 00%%E cells/mm?, was observed in thé\center,
and cell density dropped sharply in all directions from the central area except for
a strip in the superior temporal retina (see Fig. 9 of Ehrlich 1981). Thus, two areas -
with enhanced visual resolution corresponding to regions of high ganglion cell
density exist in the lateral and inferior frontal visual field.

In a quantitative analysis of cat retinal ganglion cell topography, Hughes (1975)
showed that ganglion cell density is higher in upper than in corresponding lower
retinal areas (see Figs. 7 and 9 of Hughes 1975). In addition, differences in retinal
surface area exist along both the horizontal and vertical meridians, with the upper
and nasal retina occupying a larger percentage of the total retinal area than the
lower and temporal arcas. The u@pper retina represents 60% and the lower retina
40% of the total retinal area, wh:ile the nasal retina represents 72% and the tem-
poral retina only 28% of the total retinal area (see Table 5 of Hughes 1975). Ac-
cording to these data the lower retina of the cat contains 98700 ganglion cells and
the upper 118500, corresponding to 45.4% and 54.6% of the total gangllon cell
population respectively. -

Vaney and Hughes (1976) publlshed data of a cell count in the rabbit retina and
reported differences in ganglion cell density in the peripheral retina. For areas
above the visual streak 550 cells/mm? were reported, while areas below the visual
streak contained only 350 cells/mm?.

Hughes and Wissle (1976) counted the nerve fibers and determined their diameter
spectrum in the cat optic nerve. In a section about 23 mm behind the globe they
found temporally a region with a high mean density of about 150000
fibers/mm?. This region was assumed to correspond to the area centralis of the
retina, and it extended further into the upper part of the optic nerve. A more
homogeneous distribution was observed some 7 mm behind the globe, where the
densities in the upper half were higher than those in the lower half of the optic
nerve. Although the retinotopic order in the optic nerve is rather crude, these data
agree well with the findings on different ganglion cell densities in the upper and
lower retina presented above,

The topography of amacrine cells in the cat retina also shows differences in the
distribution along the vertical meridian. Upper retinal areas display a higher cell
density than corresponding lower retinal areas, and the density gradients appear
to decrease continually from the center toward the periphery in the lower retina
while in the upper retina a plateau of equal cell density is observed (see Fig. 2 of
Schmidt et al. 1985; Vaney 1985). On the other hand, Oyster et al. (1985) reported
that the distribution of dopaminergic displaced amacrine cells as well as that of
dopaminergic interplexiform cells showed highest cell densities in the inferior part
of the cat retina (see Fig. 2 of Oyster et al. 1985).

The topography of horizontal cells of the cat retina was examined by Wissle et
al. (1978). Cell density was reported to be highest in the center and to decrease
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toward the periphery. Inspection of the isodensity lines reveals an asymmetrical
distribution of horizontal cells in the upper and lower retina, with the upper
retina showing higher cell densities (see Fig. 9 of Wiissle et al. 1978). The dendritic
fields of the horizontal cells were found to increase from the center toward the
periphery of the retina,i and the dendritic field diameters appear to be slightly
smaller in the upper than the lower retina, suggesting a smaller amount of con-
vergence of photoreceptors onto retinal ganghon cells (see Fig. 10 of Wiissle et
al. 1978).

There is a rough retinotopic arré;ngement of the nerve fibers formmg the cat optic
tract with a representation of the lower visual field in its dorsolateral part (Tor-
realba et al. 1982). In an electrophysiological study Aebersold et al. (1981) in-
vestigated the representation of the visual field in the optic chiasm and the optic
tract of the cat. They recorded the electrical activity of 749 fibers from 19 adult
cats. Fibers originating in the upper hemiretina were much more frequently en-
countered than fibers from the lower retina. This ratio averaged 63%: 37% and
was similar in the optic chiasm and the optic tract. From these data the authors
concluded that the upper hemiretina is more strongly represented in the visual
system and that it presumably possesses a higher retinal ganglion cell density than
the lower hemiretina.

6.1.1.2 Midbrain Structures

In various species, differences between upper and lower areas of the visual field
have been demonstrated even at the level of the midbrain.

The pigeon retina receives centrifugal nerve fibers terminating on amacrine and
displaced ganglion cells in the retina. These fibers originate in the isthmo-optic
nucleus, where Holden and Powell (1972) described a greater representation of the
lower visual field and particularly of the red area of the retina. The visual field
is mapped retinotopically on the optic tectum, with larger areas occupied by the
fovea and the red area (Clarke and Whitteridge 1976). The wulst of the pigeon,
reminiscent of the mammalian visual cortex, is retinotopically organized and has
a columnar arrangement. Most visually active units in various layers of the wulst
were found to have their receptive field centers in areas corresponding to the fovea
and the red area of the retina (Gusel’nikow et al. 1976, cited by Emmerton 1983a).
The overlapping binocular visual field of the pigeon is located in the inferior fron-

- tal field and corresponds to the red area (for review see Emmerton 1983b).

According to Whitteridge (1973) the horizontal meridian divides the surface of
lamina A’ of the cat lateral geniculate nucleus (LGN) unequally. The lower visual
field is projected to an area which is about twice as big as that devoted to the up-
per visual field. In particular, the visual field just below the horizontal meridian
and up to an eccentricity of about 10°-20° is extensively represented. Such dif-
ferences between the upper and lower visual fields in the LGN of the cat, with
the lower visual field occupying a larger area than the upper visual field, had been
reported earlier by Whitteridge and Seneviratne (1962) and by Seneviratne (1963).
In small animals like the rat, mouse and frog, some evidence has been obtained
that an asymmetry exists in midbrain structures of the visual system, favoring the
upper part of the visual field.
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Nagata and Hayashi (1984) investigated the projection of the visual field onto the
ventral lateral geniculate nucleus (LGNv) of the rat. This structure shows a
retinotopic organization where the nasal visual field is represented dorsally and
the temporal visual field ventrally. The upper visual field projects to rostrolateral
and the lower visual field to caudomedial parts of the LGNv. Nagata and Hayashi
(1984) recorded electrical activity from 194 cells of the rat LGNv, and analyzed
the distribution of the corresponding receptive field centers in the visual field.
They found a more extensive representation of the upper visual field (up to 40°
eccentricity) than of the lower visual field (up to 20° eccentricity), but there was
a higher cell density representing the lower visual field. This difference in cell den-
sity was most evident when comparing receptive field centers in an area up to 20°
above the horizontal meridian with those in the corresponding area extending to
20° below the horizontal meridian (see Figs. 3 and 4 of Nagata and Hayashi
1984).

A similar asymmetry between upper and lower visual fields exists in the mouse
visual system. The visual projections to the mouse superior colliculus were map-
ped with microelectrode recordings by Dréger and Hubel (1976) in seven animals.
It was found that the upper visual field is disproportionally represented (see Fig.
2 of Driger and Hubel 1976). An area of high magnification was reported some
30° above the horizontal meridian, indicating that a larger amount of tectal sur-
face is devoted to a point in the upper than in the lower visual field.

The nucleus isthmi of the frog visual system shows an orderly topographical orga-
nization, as has been demonstrated using neuroanatomical techniques (Scalia
1976), and an interesting functional difference between the upper and lower visual
field projections to the frog nucleus isthmi was reported by Shurong et al. (1981).
They recorded visual responses of 125 neurons and confirmed the retinotopic
representation of the visual field. Only a small number of binocular neurons were
found, mainly located in the medullary part of the rostral half of the nucleus (Fig.
4 of Shurong et al. 1981). This part of the nucleus isthmi receives projections from
lower retinal areas, and it appears conceivable that this finding is a physiological
correlate of the greater importance of the frog binocular upper visual field.

6.1.1.3 Cortical Areas

An orderly retinotopic mapping was reported for most cortical visual areas in all
species studied. There are several cortical areas involved in visual information pro-
cessing, and among the best studied are the primary visual cortex (area 17 of
Brodmann) and the circumstriate belt (areas 18 and 19). Other visual cortical
areas exist and have been investigated, and the functional topography of the visual
cortex has been summarized by Creutzfeldt (1983) and van Essen (1985). In this
section, mainly differences in the cortical representation of the upper and lower
visual fields will be reviewed. The reported systematic differences in the amount
of cortex devoted to the upper or lower hemiretinal projections, as well as the dif-
ferences in neuronal response properties in extrastriate cortical areas representing
the upper or lower visual field, yield a rather consistent picture.

Bilge et al. (1967) mapped the visual cortex of the cat by recording evoked poten-
tials and single unit activity. One of their main findings was that the cortical sur-
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face area devoted to the upper visual field (i. e., the lower hemiretina) was con-
siderably smaller than that devoted to the lower visual field. This was true for
both area 17 (visual I) and area 18 (visual II).

In area 17 of the cat, extensive microelectrode mapping experiments were per-
formed by Tusa et al. (1978). They found that a larger cortical area is devoted to
the lower than to the upper quadrant of the visual field (see Fig. 6 of Tusa et al.
1978).

Van Essen et al. (1984) studied the visual field representation in the striate cortex
of six macaque monkeys, presenting microelectrode data from a total of 156 re-
cording sites. From their summary of all data obtained it is clear that the upper
hemiretina is distributed over a larger cortical area than the lower hemiretina (see
Fig. 4 of von Essen et al. 1984). This difference was most pronounced for the
visual fields within 45° above or below the horizontal meridian.

Standage and Benevento (1983) demonstrated a topographical projection onto the
visual midtemporal area (MT), which is located in the superior temporal sulcus
of the macaque monkey, and van Essen et al. (1981) found that upper and lower
visual fields are represented asymmetrically in this area. Only a total of 26% of
the receptive fields analyzed had their centers above the horizontal meridian, and
there was also underrepresentation of receptive field centers close to the upper
vertical meridian.

Some of the intrahemispheric projections in the macaque monkey visual cortex
are different for the upper and lower visual fields. The dorsal part of the striate
cortex (V1), which is connected to the upper hemiretina, projects to visual area
V3, while the ventral part of V1 representing the lower retina shows no correspon-
ding projection (van Essen et al. 1986).

In addition, there are differences in physiological response properties of neurons
in extrastriate cortical areas representing the upper or lower quadrants of the
visual field. In the macaque visual cortex the area V3 located in the dorsal ex-
trastriate cortex contains a representation of the lower visual field, while the ven-
tral posterior area (VP) is located in the ventral extrastriate cortex and represents
the upper visual field. Burkhalter et al. (1986) reported that in V3 a larger percen-
tage of neurons were direction-selective, while in VP more neurons were color-
selective. This indicates that there are functional asymmetries relating to the pro-
cessing of information about motion and color in extrastriate cortical areas which
represent the upper or lower visual field.

A double representation of the lower visual quadrant was reported to exist in the
prelunate gyrus of the rhesus monkey (V4 area). Baizer and Maguire (1983)
analyzed single unit activity obtained at 358 recording sites in five hemispheres
of three monkeys. Their main finding was that most of the V4 complex consisted
of two visual areas in the posteromedial and the anterolateral parts. These areas
were retinotopically organized, and both represented the contralateral, lower
visual quandrant. The receptive fields found were very large, and Baizer and
Maguire (1983) concluded that the neurons in the V4 area do not contribute to
the spatial visual resolution; rather, these neurons are concerned with more
“global” aspects of vision.

There are also efferent connections from the visual cortex to subcortical areas,
and the corticoponto-cerebellar pathways are believed to be involved in the
guidance of movement (Glickstein et al. 1972). In cats, the visual areas 17, 18 and
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19 have been shown to project to rostral pontine nuclei which in turn project to
the cerebellum. The corticopontine neurons in area 18 are binocularly driven,
have large receptive fields, and they are directionally sensitive and respond to
downward movement at high velocities. Cells in the rostral pons show similar
behavior and their large receptive fields respond to downward movements (Gib-
son et al. 1978). This organization enables the coding of movement of the terrain
and gives the animal information about its locomotion. For such functional coor-
dination of the visual input with motor performance, the lower parts of the visual
field are most important. This is reflected in the results of anatomical studies on
the corticopontine connections: In the cat visual cortex it has been demonstrated
that in all visual cortical areas studied, the cortex representing the lower visual
hemifield has a significantly higher number of corticopontine cells than the cor-
tex representing the upper hemifield (Bjaalie and Brodal 1983; Bjaalie 1985). The
corticopontine cells of the visual cortex are presumably involved in the transmis-
sion of spatially relevant information, and Bjaalie and Brodal (1983) showed in
four cats that a mean of 80.5% of all cells labeled with horseradish peroxidase
were found in parts of area 17 which represented the lower visual field. In a recent
study on the distribution of corticopontine cells in areas 18 and 19 of the cat,
Bjaalie (1985) found a similar overrepresentation of the lower visual field in these
" cortical areas.

6.1.2 Human Data
6.1.2.1 Retina

Most of the data on the anatomy of the mammalian retina have been obtained
from the cat, and there have been few studies on the human retina. Osterberg
(1935) gave a quantitative account of the distribution of rods and cones in the
retina of a 16-year-old boy. From this quantitative study Osterberg (1935) con-
cluded that there are higher densities of both classes of photoreceptors in the up-
per and nasal than in the lower and temporal parts of the retina (Figs. 6 and 7
of @sterberg 1935).

A recent report on retinal punches obtained at 20° and 40° eccentricity along the
vertical and horizontal meridians of the human retina confirms a higher density
of photoreceptors in the nasal and upper than in the temporal and lower retinal
areas (Curcio et al. 1985).

Van Buren (1963) published data on the distribution of retinal ganglion cells
along the major meridians. His data obtained from six human retinae are sum-
marized in Fig. 42, which shows the distribution of ganglion cells along the ver-
tical meridian. Two striking differences between the upper and lower retinal areas
may be seen: First, the decay of ganglion cell densities is steeper in the lower
retina. From about 10° eccentricity on, the lower retina displays a smaller
ganglion cell density. The overall number of ganglion cells averaged 2325058 for
the upper meridian while along the lower retinal meridian 2 137 840 ganglion cells
were counted (van Buren 1963, p. 64). :

Second, there is a difference in the amount of overlapping ganglion cell layers
(Fig. 42). More centrally, up to five layers are found, but toward the periphery the
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Fig. 42. Ganglion cell distribution in the human retina along the vertical meridian. Cell
densities in cells per square micrometer. Numbers indicate the margins of cell layers of
various thickness. (Measured from Fig. 36 of van Buren 1963)

Table 6. Margins of retinal ganglion cell layers of various thickness in the human retina
giving retinal eccentricities in degrees of visual angle. (Data measured from Fig. 36 of van
Buren 1963)

Number of cell layers Upper retina Lower retina
1 15.66° 14.50°
2 11.00° 9.66°
3 9.00° 7.50°
4 6.33° 5.00°
5 3.33° 2.66°

ber of layers is reduced to one (see also Hebel and Hollédnder 1983). Analysis of
Fig. 42 indicates that in the upper retinal areas the overlapping of ganglion cell
layers extends much further out toward the periphery than in lower retinal areas.
The eccentricities of the margins between the five ganglion cell layers were mea-
sured from van Buren’s (1963) original data, and the results are presented in Table
6. All layers show a larger extension toward upper retinal areas, indicating a
higher ganglion cell density in the upper than in the corresponding lower
hemiretinal areas.

A related set of data on the distribution of ganglion cells across the human retina
has been presented by Stone and Johnston (1981). They measured the ganglion
cell density in one human retina, and displayed their results in the form of
equidensity maps. The ganglion cell density along the vertical meridian was mea-
sured from their distribution map (Fig. 8 of Stone and Johnston 1981), and is il-
lustrated in Fig. 43. Similar to van Buren’s (1963) data, higher cell densities are
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found in the upper retinal areas. This finding was not restricted to the areas along
the vertical meridian; higher cell densities for the upper retina were also found
in more nasal and temporal retinal areas (see Fig. 8 of Stone and Johnston 1981).

6.1.2.2 Cortical Areas

As in other higher mammals, the major part of the primary visual cortex of man
is located on the medial aspects of the occipital cerebral hemispheres. Most of this
primary visual area is folded into the calcarine fissure, and the fibers of the optic
radiation representing the upper part of the visual field (i. e., the fibers originating
in the lower retinal area) terminate below the calcarine fissure, while the lower
visual field (i. e., the upper retina) is represented in the upper lip of the calcarine
fissure, o '

Much of what is known about the cortical projections in man has been establish-
ed in patients with localized lesions of the visual cortex (e. g., Holmes 1945;
Spalding 1952; Teuber et al. 1960). The topographical mapping of the visual field
onto the visual cortex is weighted by the functional importance of the retinal
areas, which results in a more extensive representation of the foveal region. This
has become known as cortical magnification (Whitteridge 1973).

Brindley and Lewin (1968) showed that electrical stimulation of an array of elec-
trodes implanted over the calcarine cortex in a blind patient resulted in visual sen-
sations whose topographies were consistent with the established maps of the
visual cortex.

Newman et al. (1984) described two patients with altitudinal hemianopia caused
by occipital infarctions. Computer tomograms confirmed a direct correlation of
the visual field defect with the site of infarction: Defects in the superior visual
field were associated with lesions in the lower bank of the calcarine fissure, while
.a patient with a lower visual field defect showed infarctions in the upper banks
of the calcarine fissure.
Recent technological advances have made it possible to map cortical areas of the
Jhuman brain also in terms of their functional activity. Phelps et al. (1981),
Greenberg et al. (1981), and Schwartz et al. (1984) described the metabolic mapp-
ing of functional activity of the human brain following visual stimulation, and
their data are in line with the cortical projections of the visual field described in
the earlier morphological and clinical studies.



70  W. Skrandies
6.2 Functional Differences
621 Animal Data |

Visually guided b,ehavioi' was examined in cats in which one eye was rotated
surgically between 9 and!15 days of age (Presson et al. 1983). Perimetry testing
was performed when the cats were 6 months of age. The visual fields of the
rotated eyes were abnormal, and regardless of the direction of eye rotation the cats
appeared to be blind in the conti*alateral lower visual quadrants. \Thls surprising
finding, which was independent of the direction of rotation, could not be explain-
ed by the authors with any theory of rewiring of the visual inputs to the superior
colliculus or the visual cortex.
In a study on visual neglect caused by section of the midbrain commissures in the
cat, Matelli et al. (1983) demonstrated that after sections of the commissures be-
tween the superior and inferior colliculi the lesioned cats showed a pronounced
inattention for stimuli presented in the upper visual field. They also lacked ex-
ploratory head movements toward the upper visual field. In contrast, a lesion of
the posterior commissure resulted in a neglect of visual objects below the horizon-
tal meridian (Matelli et al. 1983).
In a study on visually guided pecking in the pigeon using high-speed cinemato-
graphy, Goodale (1983) determined where on the retina the visual target fell dur-
ing the complex sequence of pecking. During periods of fixation, the target was -
located in the binocular visual field which corresponds to the red area of the up- -
per temporal retina.
In behavioral experiments on pigeons, different spectral sensitivity functions were
obtained by Martin and Muntz (1979) in the upper and lower visual fields: For
short wavelengths below 550 nm the upper parts of the retina corresponding to
the red area was found to be less sensitive than the lower parts of the retina. A _
similar shift of the pigeon spectral sensitivity toward longer wavelengths in the
lower visual field was reported by Nuboer and Wortel (1985). This shift results
in an improved discrimination capability of the anifmal for red and brown stimuli
occurring on the ground. The physiological basis for the different spectral sen-
sitivity of the upper and lower retina is the different regional distribution of the
red oil droplets in the inner limbs of the pigeon retmal photoreceptors (see Sect.
6.1.1.1).
The pigeon visual system is also capable of detecting the plane of polarized light
(Delius et al. 1976), and this enables the bird to discriminate skylight polarization.
The pattern of polarization of skylight is correlated with the position of the sun,
and thus gives important cues for orientation. Both behavioral and ERG data sug-
gest that the ability to detect the plane of polarized light is associated more with
_the lower retina (Delius et al. 1976). These findings appear ecologically mean-
ingful, since skylight comes from above the ammal and mainly the lower retina
needs this functional advantage.
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6.2.2 Human Data

s

6.2.2:1 Motor Reaction Time tolg Visual Stimuli

It has long been known that there are functional differences between retinal areas
in performance of a reaction time task. A widely distributed textbook on ex-
perimental psychology mentions in its first edition in 1938 that the reaction time
to visual stimuli is shorter when they are presented to upper retinal areas than
when they are presented to lower retinal#ireas (Woodworth 1938, p. 327 —%\28). In
later editions of the same book these findings on differences between upper and
lower retinal areas are omitted (Woodworth and Schlossberg 1955). Obviously, by
that time‘the functional differences between the upper and lower retmal areas had
become too well known to need further discussion.

In most studies, regional retinal differences were reported for stimuli at locations
along the horizontal meridian. In has been established that reaction times are
shorter to stimuli falling onto nasal than onto temporal retinal areas (Hall and
von Kries 1879; Poffenberger 1912; Rains 1963). )

Hall and von Kries (1879) investigated the reaction time to stimuli along the
horizontal and the vertical meridian. Their data obtained at 30° and 60° eccen-
tricity are summarized in Fig. 44. Central retinal areas yield the shortest reaction
times, and differences are seen between nasal and temporal and between upper
and lower retinal areas. The average reaction times were significantly shorter in
upper than in lower retinal areas: 34 ms at 30° eccentricity and 46 ms at 60° eccen-
tricity. v

Differences in the same direction were reported by Payne (1965), who investigated
the reaction times at 15° eccentricity in two subjects. Cocito et al. (1977) showed
that the upper/lower differences depended on the spatial frequency of the stimuli
used: With 1 c¢/deg stimuli, upper retinal areas yielded significantly shorter reac-
tion times than lower retinal areas, whereas with 3 c¢/deg stimuli the authors re-
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Fig. 44. Distribution of motor reaction times across the retina, Numbers indicate the mean

reaction time in milliseconds averaged over two observers. (Drawn after data of Hall and
von Kries 1879)



72 W. Skrandies 5

ported the same tendency but without statistical significance. Unstructured visual
stimuli were used by Madgrotti et al. (1980), who found significantly shorter reac-
tion times for upper tha}n for lower retinal stimuli at 20° eccentricity but not at
5° eccentricity. ;

Lichtenstein and White (1961) derived equations which permitted establishment
of a relation between motor reaction time to stimuli presented in various retinal
locations and the local .densities of the photoreceptors measured by @sterberg
(1935). Basically, these equatlons show that reaction time can be considered an
inverse function of photorecepfor densities in the retina.

6.2.2.2 Temporal Sensitivity

As described in Sect. 5.1 our results on critical flicker fusion frequency (CFF) and .
double flash discrimination (DFD) are in agreement with earlier studies. The

visual field plot by Hylkema (1942) illustrated that upper and nasal retina areas

had higher temporal resolutions than lower and temporal retinal areas. However,

Hylkema investigated the vertical meridian much further out in the periphery (at

25° eccentricity), where he obtained statistically significant differences between

the upper and lower areas [¢ = 2.14, p<0.05 computed from Hylkema’s data

(1942, p. 187)]. In HylKema’s data the lower retinal CFF reached a mean value

of 96.9% of that of the upper retinal CFF. Our results show that there are signifi-

cant differences in temporal resolution capacity even in perifoveal retinal areas.

A comparison of the data in the published literature reveals conflicting results

concerning regional differences of CFF values. Phillips (1933) measured the CFF

along the diagonal meridians from 10° to 40° in steps of 10°. His data show a

tendency of the upper retina areas to have higher CFF values than the lower

retinal areas, while the nasal-temporal differences appear not to be significant

(Phillips 1933, Fig. 2). Kleberger’s (1955) data from 30 normal subjects measured

at 10° 20° 30° and 40° along the vertical, horizontal and diagonal meridians

show no consistent differences between upper and lower retinal areas, and nasal

retinal areas have an inconsistent superiority over the corresponding temporal

areas. Contrary to this finding, Hylkema (1942) described at 25° eccentricity a

higher CFF in the temporal retina which is thought to compensate for the nasal

area of the blind spot in the opposite eye. Beyond 30° eccentricity, a nasal

superiority was found (Hylkema 1942). The findings of a superiority of nasal over

temporal perifoveal retinal areas, presented in Sect. 5.1, are in line with an

ecological interpretation suggesting a greater functional importance of the tem-
poral visual field, where the detection of peripherally moving and approaching
targets is achieved. The nasal superiority is also reflected in the regional distribu-
tion of photoreceptors in the. human retina (@sterberg 1935).

Our measurements were also expressed as relative luminance threshold values (see
Fig. 38). CFF drops systematically with decreasing luminance of the test field
(Brown 1965; Shickman 1981), and the mean CFF differences between the upper
and lower retinal areas corresponded to 0.244 log filter density units. This means
that the lower retinal areas needed a light intensity about 1.75 times higher in

order to achieve the same temporal resolution as the corresponding upper retinal
areas.
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6.2.2.3 Visual Acuity and Contrast Sensitivity

Visual acuity appears to be direEtly correlated with the regional distribution of
photoreceptors across the retina. Aubert and Forster (1857) investigated the per-
formance of two subjects in a two-point discrimination task. Reanalyzing their
data (Aubert and Forster 1857, Table 4) along the vertical meridian yields a signif-
icantly better performance for the upper than the lower retinal areas. In the upper
retina the two-point discrimination was successful.- much further qut in the
periphery than in the lower retina. Landlelt and Hummelsheim (1904) reported a
replication of these experiments.? These authors too found a superiority of upper
over lower retinal areas (see Figs. 198 and 199 of Landolt and Hummelsheim
1904). They also mentioned the influence of the size of the target used on the
determination of the visual field. For upper and nasal arcas the target size had
relatively little influence, whereas in the temporal and lower visual -field the use
of different target sizes for perimetry yielded different extensions of the visual
field (Landolt and Hummelsheim 1904, p. 543).

Wertheim (1894) used grating stimuli to determine visual acuity of different
retinal areas and found a higher visual acuity of the upper retina only beyond 20°
eccentricity (Fig. 5 and Table on p. 182 of Wertheim 1894). In addition, he report-
ed that the decay in visual acuity:from the fovea toward the periphery was steepest
over the lower retinal areas.

Landolt rings of high contrast were used by Low (1943) and by Millodot and Lamont
(1974). Low (1943) investigated the visual acuity of 100 subjects and observed a bet-
ter performance for upper retinal areas than for the corresponding lower retinal areas
at 30° eccentricity. Millodot and Lamont (1974) mapped in three subjects the visual
acuity along the vertical meridian in steps of 5° from the fovea to 40° in the
periphery. They found a consistent superiority of the upper hemiretina over the lower
hemiretina at locations beyond 5° eccentricity. The disagreement in these early
studies concerning where exactly the differences in visual acuity between upper and .
lower retinal areas become detectable can be accounted for by the different stimulus
parameters (e. g., visual targets, luminances, contrast) used in those studies.
Contrast sensitivity was measured in ten subjects between 61 and 71 years of age
in the center and at 10° eccentricity above or below the fovea, using static and
dynamic sinusoidal gratings, by Lundh et al. (1983). Similar to our results (Sect.
5.2) the fovea showed the highest contrast sensitivity, followed by the upper and
then the lower hemiretina. These data, obtained further out toward the periphery
than ours, are in good agreement with the findings of Wertheim (1894) and
Millodot and Lamont (1974).

The contrast sensitivity functions of the perifoveal retinal regions at 5° eccentrici-
ty presented in Sect. 5.2 showed a consistent superiority of the upper over the
lower retinal areas, and statistically significant differences in contrast sensitivity
were observed at all spatial frequencies. Both the differences in maximal contrast
sensitivity, which occurred at higher spatial frequencies for upper than for lower
retinal areas, and the overall differences between the contrast sensitivity functions
suggest a general functional difference between upper and lower perifoveal retinal
areas which is independent of individual spatial frequency channels. Conven- -
tional visual acuity determined from these data showed large differences between
the upper and lower retinal areas investigated (see Fig. 39B).
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The basis for visual acuity is believed to be reflected in the mosaic of the
photoreceptors in the retina, and several authors have compared the data on
visual acuity with the local morphological characteristics of the retina. From
these studies it was con:cluded that the densities of the photoreceptors or the
ganglion cells in the retina show a satisfactory high correlation with the human
visual acuity in various parts of the visual field (ten Doesschate 1946; Drasdo
1977; Dawson and Maida 1984). This is supported by the fact that the acuity fin-
dings presented are in agreement with the anatomical data of the human retina
(see Sect. 6.1.2.1). i N

6.2.2.4 Perception

In a study on figural aftereffects, Freeman (1964) investigated in 12 subjects the
influence of retinal stimulus location on the size of the effect. Aftereffects were
obtained only when the stimulus was presented below the horizontal meridian,
and as eccentricity increased, the magnitude of the aftereffect decreased. There
was no statistically significant interaction between amount of eccentricity and
direction on the retina (above or below the horizontal meridian), and Freeman
(1964) concluded that the effect of direction of eccentricity was a general one, in-
dependent of the amount of eccentricity. This finding suggests a larger sensitivity
of the human upper visual system. In a similar line, Jampolsky (1978) reported
results on visual afterimages: When equal stimulus lights fall on the upper and
.lower retina, the perception of an afterimage on the upper retina is dominant over
that of the lower retina.:

The direction of the light source is-important for visual perception: Changes in
depth perception of convex and concave objects occur depending on the direction
of light. When a picture showing indentations and bumps is inverted, indentations
and bumps reverse. Our visual system is accustomed to light coming from above,
and the shading gives information on convexity or concavity. This is the basis for
the convex-concave illusion (cf., Teuber, 1974).

An interesting anisotropy between the upper and lower retinal systems was report-
ed for stereoscopic depth perception. Breitmeyer et al. (1975) investigated the
detection duration thresholds for dynamic random dot stereograms. They found
that stimuli with uncrossed disparities (i. ., when the target was located behind
the fixation plane) were detected at consistently shorter durations when presented
to the lower hemiretina than when presented to the upper hemiretina. For crossed
disparity stimuli (i. e., for targets closer to the subject than the fixation plane) the
preference was reversed, with a superiority of the upper hemiretina. Similarly, the
spatial resolution for uncrossed disparities was found to be better in the lower
retina, and that for crossed disparities was better in the upper retina. Thus, the
upper and the lower hemiretina have different spatiotemporal response properties;
the upper retina is more efficient with stereoscopic stimuli nearer than the fixation
point, the lower retina more sensitive for depth stimuli which are farther away.
These findings can be interpreted in an ecological framework. Some elaborate
motor functions like tool handling rely on the processing of visual information
in the closer lower visual field, while more distant visual stimuli occur in the up-
per visual field. In addition, Murray et al. (1983) reported that the detection of
movement measured at 20° eccentricity was better in the lower than in the upper
visual field (Fig. 4 of Murray et al. 1983).
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In a study on attention and visual search using a “contingent-display technique;’
Prinz (1984) described differences in detection performance between visual
targets presented above or below the fixation point. A vertical asymmetry was
found for the detection of an easy target (the letter D) but not for a difficult target
(the letter Z). Visual targets below the fixation point could be detected further out
in the periphery than targets above the fixation point, and the results were inter-
preted as an interaction between attention and sensitivity across the visual field.
The retinal areas studied were very close to the fovea (about 3° above or below
the horizontal meridian), and these data fit well with our results obtained in a
simple pattern discrimination experiment where digits presented either 5° above
or 5° below the fixation point were significantly better discriminated by the upper -
retina (see Sect. 5.3). -

6.2.2.5 Evoked Potentials

The amplitudes of the evoked potential for stimulation with a spot of 2.5°
diameter presented at various points along the horizontal and vertical meridian
up to an eccentricity of 30° were described by Copenhaver and Perry (1964), who
published data obtained from one trained observer. Evoked potential amplitudes
were in general larger for stimuli presented to upper retinal areas at all locations
examined except at 5° eccentricity (Fig. 2 of Copenhaver and Perry 1964).
Eason et al. (1967) reported that potentials evoked by flash stimuli have larger am-
plitudes and shorter latencies when presented to the upper than to the lower
hemiretina. These findings were consistent in all three subjects examined.

For checkerboard reversal stimuli, Lehmann and Mir (1976) found a mean latency
_ difference of 23 ms, and an extreme case with a latency difference of 34 ms was
reported by Lehmann et al. (1977).

Lehmann and Skrandies (1979) obtained a mean latency difference between upper
and lower retinal areas of 14.3 ms for a checkerboard reversal frequency of 1.6
reversals per second, and a mean difference of 11.2 ms for a reversal frequency
of 3.2 reversals per second. In addition, for upper hemiretinal stimuli the latencies
were significantly shorter for the smaller reversal frequency, but no differences
were observed for the lower hemiretina. This indicates that the upper and lower
retinal systems may respond independently to a change of stimulus parameters.
Lesévre (1972) and Lesévre and Joseph (1979) studied the topography of VEPs us-
ing chronotopograms recorded from longitudinal chains of electrodes. For lower
hemiretinal stimuli the major component was located occipitally below the inion,
and thus the component was missed in some recordings (e. g., Fig. 10 of Lesevre
1972). When the lower hemiretinal response could be identified, the component
latency was delayed by about 10 ms compared to that of the upper retina (Lesevre
and Joseph 1979).

The interpretation of potential waveshapes led Jeffreys and Smith (1979) to the
conclusion that the main difference between potentials evoked by upper and lower
retinal stimuli was a difference in scalp distribution. Using brief onset/offset
stimulus presentations, these authors reported a polarity inversion between upper
and lower evoked components. Since the latencies investigated were not identical,
and owing to the complexity in interpretation of potential waveshape data (outlin-
ed in Sect. 2), one has some reservations as to the interpretation of the data.
Lehmann et al. (1977) have shown that polarity inversions may be erroneously



76  W. Skrandies

concluded when information on the zero voltage baseline is disregarded. The
selection of appropriate electrode positions may introduce additional problems
for the interpretation of evoked brain activity. More interestingly, Jeffreys and
Smith (1979) presented in their Table 1 latency data which show consistently
shorter component latencies for upper than lower retinal stimuli. This difference
averages 8.3 ms and is in the same order as our latency differences obtained from
topographical scalp field data (see Sect. 3).

Statistically significant latency differences between components evoked by
stimulation of upper and lower retinal areas were also demonstrated with dif-
ferent presentation modes: Skrandies et al. (1980) found a mean latency difference
between upper and lower retinal stimuli of 11 ms for pattern onset, of 8 ms for
reversal, and a nonsignificant difference of 3 ms for offset. Further supporting
evidence from similar experiments is reported in Sect. 3.2.2.

In a related study, Kriss and Halliday (1980) showed that for lower retinal stimuli
a rather broad positive peak was observed around 120 ms while upper retinal
stimulation yielded a generalized positivity at 100 ms.

Kimura and Tsutsui (1981) found in ten subjects a mean latency difference of
44 ms for grating stimuli presented either at 15° above or 15° below the fixation
point. This difference was statistically significant.

A large subject population was examined by Kuba et al. (1982) using a checker-
board reversal stimulus. Based on the data of 60 subjects, they reported a statisti-
cally significant mean latency difference of 17 ms between upper and lower retinal
stimulation.

Using steady-state evoked potentials, Yanashima (1982) described larger ampli-
tudes evoked by upper retinal than by lower retinal checkerboard reversal stimuli
over the occipital areas. Yanashima (1982) also reported a phase difference of
about 180°for the 12 Hz component which corresponds to a latency difference of
about 42 ms. The distribution of the electrical activity is hard to interpret, since
the electrode array did not extend to below the inion and only the absolute power
of the Fourier components was analyzed. When considering the neuronal
generating mechanisms (see Fig. 45), it is not surprising that Yanashima (1982)
found larger amplitudes with lower retinal stimuli over anterior scalp areas: The
power values are polarity-independent, and it appears conceivable that a relative
negativity is more pronounced over distal scalp areas [see also Sect. 2 and
Lehmann (1984) for a discussion of the scalp mapping of spectral power].
Adachi-Usami and Lehmann (1983) investigated the differences between
monocular and binocular evoked potentials and found significant latency dif-
ferences between upper and lower retinal stimuli in all experimental conditions.
For small check sizes (14’ arc), the latency differences averaged 15.2ms for
monocular and 12.3 ms for binocular stimuli; for a check size of 56’ arc, the
monocular differences between upper and lower retinal stimuli were 13.2 ms and
the binocular differences were 15.5 ms.

Skrandies (1984) reported for vertical grating stimuli of 2.3 ¢/deg a mean latency
difference between components evoked by upper or lower retinal stimulation of
5.4 ms. These data were obtained in a population of 12 healthy adults and the
latency differences were highly significant.

All these human evoked potential results are in good agreement with the findings
presented in Sect. 3, where shorter component latencies were obtained for scalp
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Fig. 45. Intracerebral and scalp potential fields evoked by upper or lower hemiretinal
checkerboard reversal stimuli recorded simultaneously in 48 channels (20 scalp and 28 in-
tracranial electrodes). Intracerebral recording sites are marked by dots, and these potential
fields are located in the parasagittal plane 3 cm from the midline (right). (From Lehmann
et al. 1982; by permission of Raven Press, New York)

field data evoked by upper retinal stimuli. In addition to the latency differences
there are also differences in scalp location of the major evoked components. The
general finding that components evoked by upper retinal stimulation are located
more anteriorly on the scalp than components evoked by lower hemiretinal stimuli
agrees well with the underlying physiologic projection of the visual field onto the
visual cortex (see Sect. 6.1). Similar location differences have also been described
by Lehmann et al. (1977), Lehmann and Skrandies (1979), Lesévre and Joseph
(1979), Skrandies et al. (1980), Skrandies (1984a,b), or Adachi-Usami and Leh-
mann (1983).

In a study on intracerebrally recorded potential fields in human patients
(Lehmann et al., 1982), we have had the opportunity to study the relationship be-
tween intracranial and scalp-recorded brain activity. Figure 45 shows the simulta-
neously recorded intracerebral and scalp field distributions evoked by upper and
lower hemiretinal checkerboard reversal stimuli at the respective component laten-
cies. The intracranial fields in the two stimulus conditions appear to be rotated
with respect to each other. According to a stereotactic atlas of the human brain
(Talairach and Szikla 1967), the position of the rotation axis corresponds to the
middle of the calcarine fissure level. Not only are the positions of the maxima and
minima of the evoked fields different, the regions where high potential gradients
are located also differ: for upper retinal stimuli the highest potential gradients oc-
cur above and for lower retinal stimuli below the level of the calcarine fissure (Fig.
45). These data, in combination with theoretical model dipole computations
(Lehmann et al. 1982), illustrate that scalp topography is related to intracranial
brain activity in a physiologically meaningful way.




78  W. Skrandies
6.3 Clinical Observations

The results presented in this chapter are not intended primarily as further support
for functional superiority of the upper over the lower hemiretina. It will rather
be shown that the upper and lower visual systems of man are anatomically and
physiologically independent to a certain degree, as reflected by the functional
results discussed in Sect. 6.2.2. Independence of upper and lower visual fields
becomes obvious in various pathological conditions affecting the human visual
system.

Some evidence on differences between the upper and the lower retina stems from
clinical experience rather than from systematic investigations: Jampolsky (1978)
reported that a pathological vertical fixation disparity is observed as an adaptive
process of the upper retina only, and that with dissociated vertical divergence in
infantile alternating esotropias the eye deviates upward (Jampolsky 1978).

A similar observation is that in most people the eyes are quickly turned upward
when the lids are forcibly closed. This reflex, known as Bell’s phenomenon, may
be regarded as an avoidance reaction that protects the anterior segment of the eye
(i. e, the cornea and lens) as well as the upper retina from mechanical damage.

6.3.1 Glaucoma

Both vascular insufficiency and mechanical damage to fibers of the optic nerve
have been reported to be caused by elevation of intraocular pressure (Hayreh et
al. 1970; Quigley et al. 1980). Electrophysiological studies in the cat have shown
that during short-term elevation of intraocular pressure the function of the retinal
ganglion cells depends on perfusion pressure and not on the absolute level of in-
traocular pressure (Grehn and Prost 1983).

Visual field defects in glaucoma show a characteristic pattern, as described in a
study on 215 patients by Gramer et al. (1982). Most field defects were found in
the upper visual field; this was true for both absolute and relative defects. The
authors interpret their findings as a possible indication of a small morphological
difference in the routing of nerve fiber bundles of the lower retinal half which
may be more susceptible to damage caused by elevated intraocular pressure.
Drance (1977) described the visual fields of 12 eyes of patients with shock-induced
optic neuropathy, 28 eyes of patients with low-tension glaucoma, and 35 eyes of
patients with chronic open-angle glaucoma. In all three groups the field defects
were located more often in the upper than in the lower visual field. In shock-in-
duced neuropathy and low-tension glaucoma upper field defects occurred three
times as often as lower field defects, and in chronic glaucoma 64.1% of the field
defects were restricted to the lower hemiretina.

When the extent of the visual field is determined by perimetry, some scatter of
its boundaries is always observed. Flammer et al. (1984) investigated the factors
which influence such short-term fluctuations in automated static perimetry. In
patients suffering from glaucoma, larger short-term fluctuations were observed in
the upper half of the visual field where field defects also occurred more frequent-
ly. A similar tendency appeared in the data of the healthy subjects (see Fig. 3 of
Flammer et at. 1984). The main factor for these short-term fluctuations was the
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differential light sensitivity at the respective test location. This relationship was
statistically significant.

6.3.2 Retinal Circulation

Jones and Wilcott (1977) reported impaired dark adaptation and night vision
related to physical exercise in four subjects. During exercise the speed of dark
adaptation was slower in all subjects, and the threshold for night vision was about
1 log unit higher than during a resting condition. On testing the dark adaptation
of peripheral retinal areas (at 10° nasal and up or down) the authors found that
in the lower visual fields the decrease in the speed of dark adaptation was even
greater than in the upper visual fields, and a markedly elevated threshold for night
vision was present in all subjects during the entire exercise interval. The threshold
was elevated by 2 log units or more during the first 15—20 min, and the elevation
remained at a level of about 2 log units during the 60 min-period of exercise. Im-
paired night vision had not been reported during moderate exercise, and Jones
and Wilcott (1977) concluded from their data that the lack of increased
ophthalmic arterial pressure might result in a minute paucity of blood in upper
retinal areas. This subtle circulatory change as a direct physiological effect may
be reflected in the altered dark adaptation.

6.3.3 Epilepsy

Some pattern-sensitive epileptics are specifically responsive to grating patterns of
certain orientations. Soso et al. (1980) investigated two pattern-sensitive epileptics
stimulated by grating patterns of different orientations presented in the upper or
lower visual hemifield. Most EEG spike discharges were found during stimulation
of the upper visual field, while the lower visual field yielded only very few spike
discharges (see Table 1 of Soso et al. 1980). These findings show that input receiv-
ed via the lower hemiretina has a much higher seizure-facilitating capacity than
stimuli presented to the upper hemiretina, supporting the notion that the two
visual hemifields may behave as funttionally independent systems.

6.3.4 Cerebral Hypoxia

Zihl and von Cramon (1986) described amblyopic visual field defects in patients
suffering from chronic cerebral hypoxia. Most of their patients (eight of ten)
showed alterations in the lower half of their visual fields. These defects comprised
either scotoma or areas with greatly reduced form and color vision. There were,
however, no pathophysiological peculiarities in these patients which could ac-
count for this asymmetrical distribution of visual field defects (Zihl, personal
communication). These observations demonstrate a relative independence of the
upper and lower visual hemifields which presumably originates at a cortical level.
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7 Summary and General Conclusions

In a series of experiments on human vision I investigated electrophysiological and
functional differences between the upper and lower halves of the visual world.
The methodological aspect of the work was concerned with adequate biophysical
analysis of the electrical brain fields, starting with animal experiments in which
volume conduction of brain activity was examined by correlating single unit data
with mass activity and going on to the study of the surface-recorded electrical
fields of the human brain where multichannel topographical mapping was per-
formed. The aim of these studies was the extraction and statistical analysis of
reference-independent descriptors of electrical brain field configurations as
recorded from the scalp. Putative neuronal generator sites were described and cor-
related with earlier results of intracranial evoked potential recordings in human
patients.

Since there are fundamental ecological differences between the upper and lower
parts of the visual field of man, most of whose objects of interest appear below
the horizon, I conducted several series of experiments addressing the question of
possible electrophysiological and functional differences in the processing of infor-
mation in the upper and lower visual fields. The following electrophysiologically
ascertained systematic differences support the notion of a functional superiority
of the upper hemiretinal system:

1. The component latencies of electrical brain activity evoked by stimuli presented
to lower hemiretinal areas were longer than those evoked by upper retinal
stimuli, and the scalp topography was consistent with the general
neuroanatomical knowledge. These results were found in various subject popu-
lations and were independent of the visual targets and the presentation modes:
checkerboard and grating stimuli, and pattern onset, reversal, and offset
presentations yielded similar differences in brain activity evoked by upper vs
lower visual stimuli.

2. The pattern electroretinogram showed similar differences as did the cortical
evoked potential with stimulation of upper vs lower retinal areas. These data
were obtained in multichannel recordings in which electrical activities
originating in the retina and in the visual cortex were separated by topographi-
cal methods.

3. The standing potential of the human eye is affected by light stimulation: in
electro-oculographic experiments the light response reflecting the interaction
between photoreceptors and the retinal pigment epithelium was found to be
significantly larger when upper retinal areas were stimulated. In addition, up-
per retinal areas were more sensitive to changes of the test light intensity.

In psychophysical experiments I was able to demonstrate functional correlates of

the electrophysiological findings:

1. Temporal resolution as defined by critical flicker fusion was higher when visual
stimuli occurred in the lower visual field. Experiments on double flash
discrimination confirmed this finding.

2. Contrast sensitivity was higher for sinusoidal grating patterns presented in the
lower than in the upper visual field. These differences were independent of
single spatial frequency channels. The conventional visual acuities derived
from these data were higher for the upper than the lower retina.
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3. In a pattern discrimination task the subjects were better at discriminating
stimuli presented on the lower half than on the upper half of a video screen.

Thus, the global superiority of the upper visual system appears to extend from
the first step in visual information processing in the retina to higher perceptual
and cortical mechanisms, and these functional differences may also have implica-
tions for higher visual information processing in conditions involving a man-ma-
chine interface.

All differences found were in the same order of magnitude (around 10%), and
it is not possible to determine whether the electrophysiological differences ob-
served at later stages (e.g., evoked potential latencies) are directly caused by the
differences at earlier stages of the visual system. The data reviewed in Sect. 6 show
that anatomical differences between the upper and lower hemiretinal systems exist
both at the retinal level (e.g., regional differences in the distribution of
photoreceptors) and in the visual cortex, where the lower visual field has a larger
representation, and the consistent electrophysiological and functional differences
discussed in this chapter may be interpreted as a general system difference.
The differences between the upper and lower hemiretinal systems of man are
probably related to the fact that the upper and lower halves of the outer visual
world are of different importance for the organism. The function of perception
is the acquisition of useful information about the environment. Hence, brain
mechanisms of visual information processing must be adapted and optimized to
the specific environment of the organism. Information about the outer world in
turn enables the animal to respond adequately to sensory stimuli as well as to
complex stimulus configurations. Contrary to simplifying laboratory conditions,
in which light spots, isolated contours, or near-threshold visual stimuli are
presented, in real life the processing of complex patterns of physical stimuli also
takes into account the meaningfulness of the stimuli in the outer world. The envi-
ronmental parameters determine all perceptual mechanisms and capabilities [see
also Gibson (1966) for a discussion of such an ecological approach to perception].
Survival requires the ability of the organism to select perceivables on the basis of
their importance, and thus the aim of the sensory systems must be to tell the
organism what is out there. Sensory information is compared with memory con-
tents in order to achieve adequate interpretations of the environmental informa-
tion and to adjust the systems’ functional state via the orienting response to a
condition which optimally permits the selection and execution of adequate reac-
tions to the stimulus configuration.

In addition, the ability to concentrate on certain features of the constant informa-
tion flow is important. The organism must be able to select useful, relevant infor-
mation while ignoring other stimuli, and it must also be alert to any changes in
the stimulus configurations.

There are pronounced differences between species, even in the gross anatomy of
sensory systems’ which reflect differences in phylogenesis and habitat. For in-
stance, prey and predator differ: The rabbit’s eyes are located laterally on the
head, yielding a panoramic field of view. Thus, the animal is able to detect
enemies approaching from any direction. For hunting animals the binocular field
of view is more important, and fox and wolf have frontal eyes with a smaller total
visual field but a relatively large binocular field. Ecological factors and evolution
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press for optimal adaptation of the sensory systems to the environment (Gibson
1966).

The differences in significance between the upper and lower visual fields fit nicely
into such an ecological framework. Stimuli occurring above or below the visual
horizon typically carry different meaning and have a different degree of impor-
tance for the organism. For most mammals, the upper visual field appears to be
less important than the lower. The upper visual field includes mainly vegetation
and sky and contains less texture than the lower visual field, most things of in-
terest are located in the lower hemisphere of the visual world. The horizon is the
natural optical boundary between sky and ground. Most organisms are capable
of detecting verticality, which is also defined by gravity, and they orient according
to the difference between up and down.

The basic general difference between the upper and lower visual hemipheres is
that direct light always comes from above. Sunlight is very intense, and therefore
the lower hemiretina, which is less sensitive than the upper, is well adapted to the
light intensity. The convex-concave illusion described inSect.6.2.2.4 illustrates that
our visual system always assumes that light comes from above.

Light coming from the lower visual field is reflected from object surfaces and is
less intense. Prey or enemies of most mammals which do not have birds as
predators occur in the lower visual field. For man also, most objects of interest
are below the horizon, and the upper visual system must analyse fine textures and
the details of the visual world. Therefore, the upper visual system is endowed with
higher sensitivity and with better spatial and temporal resolution capacities than
the lower visual areas. In addition, the coordination of man’s hands in the lower
binocular visual field is guided by vision and locomotion relies mainly on infor-
mation from the lower visual hemisphere, and there are also differences in
stereoscopic information processing between the upper and lower visual fields, as
reviewed above,

There are meaningful exceptions to this upper visual system superiority in some
species: The pigeon retina shows different pigmentation in its upper and lower
parts, making the lower retina more sensitive for blue light. In addition, mainly
the lower retina of the pigeon is able to detect the plane of polarized light. This
enables the animal to orient according to the polarization pattern of the skylight
coming from above.

In small animals like the rat, mouse, or frog, evidence has been obtained of asym-
metry in midbrain structures of the visual system favoring the upper visual
hemisphere. The upper visual field may carry important information for these
animals. Enemies of the mouse and the rat may approach from above, and frogs
have to catch flies in the upper binocular field of view.

The reviewed human anatomical and clinical data show that the upper and lower
retinal halves may be considered as physiologically independent systems. In sup-
port of this conjecture, functional differences between upper and lower retinal
areas were found in human psychophysical experiments which show that visual
acuity, temporal sensitivity, and pattern discrimination are better with stimuli
presented in the lower than in the upper visual field.

The data obtained in electrophysiological experiments correlate well with the ob-
served functional differences between the upper and lower visual systems. The
electrical fields of the human brain recorded from the intact scalp were shown to
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be directly related to the underlying neuronal processes, and topographical
analyses of these potential fields demonstrated significant differences between the
processing of upper and lower retinal stimulus material. Consistent differences in
scalp topography and in component latency of the evoked components are found
in various stimulus conditions and subject populations.

In addition, the differences between upper and lower areas can already be demon-
strated at the level of the retina. The functional superiority of the upper visual
system thus appears to extend from the first step in visual information processing
in the retina to higher, complex perceptual mechanisms, as reflected by the better
performance in pattern discrimination tasks where meaningful stimulus material
is used.

Moreover, during ontogenetic development there is an interaction between the
functional aspects of information processing and the organization of the sensory
systems. In cats it has been shown that early visual experience alters the physio-
logical responses of the visual system. As a consequence of early light deprivation
during a sensitive period, the number of cortical neurons that later in life can be
influenced by light declines (Hubel and Wiesel 1970b). Hirsch and Spinelli (1970)
studied cats which were raised from birth with one eye viewing vertical lines and
the other eye viewing horizontal lines, and they found that the receptive fields of
cortical neurons were predominantly oriented according to this early experience.
These studies illustrate that functional neuronal connections can be selectively
modified by environmental stimulus configurations. Similarly, Annis and Frost
(1973) described orientation anisotropies in human visual acuity of adult sub-
jects. These anisotropies appeared to be directly related to the early visual envi-
ronment in which the subjects had been raised.

Perceptual capability is determined phylogenetically and ontogenetically both by
anatomical factors and by the structure of the environment. Thus, sensory
systems are optimally adapted to the habitat, and deal with the demands of
specific aspects of visual information processing. In the case of the division of
the outer world into an upper and a lower half, it can be argued that
phylogenetically, human prey and enemies occurred mainly in the lower parts of
the visual field, and therefore improved performance of the human upper visual
system was advantageous.
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