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“Människan finns alltid i mitten av sin värld. 
De flesta längtar nånannanstans. 
Många kommer ingenstans. 
Andra packar sin kappsäck och far, vandrar kanske, cyklar, seglar eller 
köper en biljett, ibland en enkel, ibland en returbiljett. 
Ibland är själva resan målet.” 
 
”Man is always at the centre of his own world. 
Most people long to be somewhere else. 
A lot get nowhere. 
Others pack their bag and go, maybe hike, bike, sail or 
buy a ticket, sometimes one-way, sometimes a round trip. 
Sometimes the journey itself is its own end.” 
 
Olle Hammarlund, ur ”Resan till paradiset”, Raben&Sjögren 1970. 
 
Translation by the respondent. 
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Introduction 
The methodologies employed in this thesis are for the most part based 
on the visual evoked potential (VEP), and my main goal has been to 
learn more about how binocular disturbances may induce changes in 
the VEP. Clinically, this might be useful for early detection of disturbed 
binocular function in children. The first study is concerned more with 
contrast sensitivity and should be regarded as my introduction into 
VEP examination methodology. In each of the succeeding papers, the 
methods employed are based on practical experience together with the 
results from previous studies. 

Visual evoked potential 

Definition 
The visual evoked potential (VEP) is defined as the electrical response, 
evoked by visual stimulation, from neurones in the visual cortex. It can 
be recorded through electrodes affixed to the scalp. A transient VEP 
(Fig. 1) is obtained when the stimulus rate is low and the response is 
recorded over one single stimulus cycle. A steady-state VEP is defined 
as a repetitive response to a stimulus repeated with higher frequencies, 
and ideally contains discrete frequency components that remain 
constant in amplitude and phase over an infinitely long period  (Regan 
1989b) (Fig. 2). In clinical practice the use of a transient VEP response 
to a flash or a check stimulus is most common. The amplitude and the 
latency of the response are the most important parameters to evaluate, 
but the shape of the VEP complex may also carry information. The 
configuration of a normal VEP can vary considerably, depending on 
several factors, e.g. age and stimulus (Fig. 3), the attentiveness of the 
subject or the positions of the electrodes.  
 

 
 
Figure 1: A normal transient pattern reversal VEP.  (From Odom et al. 2004) 
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Figure 2: Steady-state (top) and transient (bottom) VEPs to reversing sinusoidal 
gratings. Note that positive deflection of transient VEP is downwards, compared to 
upwards in figures 1 and 2.  (From Bobak et al. 1988) 
 

 
 
Figure 3: Transient VEPs from a 10-week-old infant (left column) compared to 
an adult’s (right column). Full field flashes evoked the responses at the top 
(FVEP), and reversing sinusoidal gratings with different spatial frequencies the 
responses at the bottom (PVEP). Note the considerable variation in VEP 
configuration depending on subject age and stimulus type.  (From Fulton et al. 
1989) 

10 



The International Society for Clinical Electrophysiology of Vision, 
ISCEV, recently published a standard for clinical recording of VEP  
(Odom et al. 2004) where a basic set of standard conditions is defined. 
Experimental designs other than those outlined are allowed by the 
standard. Reasons for deviations from the standard will be discussed.  

Physiological aspects 
To elicit an evoked response from the primary visual cortex, one needs 
to induce a depolarisation of neurons in the visual pathway, resulting in 
the activation of groups of visual cortex neurons. Presenting patterns or 
flashes to stimulate the photoreceptors (cones and rods) and the gang-
lion cells of the retina is the most common method to achieve this.  
The neurons of the visual system produce different kinds of responses 
when stimulated. Apart from linear responses, meaning that if the 
intensity of the stimulus is increased the response increases 
proportionally, VEP experiments also demonstrate various kinds of 
nonlinear responses, e.g. if the two eyes are stimulated with different 
temporal frequency the resulting VEP will contain an intermodulation 
component, which is correlated to binocular interaction instead of 
stimulus intensity (Oguchi et al. 1981; Oguchi & Katsumi 1989; Suter et 
al. 1996). Non-linear responses in the form of half-way rectification  
(Spitzer & Hochstein 1985) or frequency-doubling  (Previc 1987) have 
also been identified. 
The visual pathway between the retina and the visual primary cortex has 
been mapped anatomically and physiologically through studies on 
animals and humans. Regan (1989a) summarises some major 
classifications of the visual pathway and a few aspects based upon that 
overview of this highly complex system are presented below. 
In the retina, the cones predominate in the centre and especially in the 
fovea. They are colour sensitive (responding to different light 
wavelenghts) and work better at higher luminance levels. The rods are 
more sensitive to light in general, making them important for visual 
tasks under poor lighting conditions. However, they project to retinal 
ganglion cells with larger receptive fields than the ganglion cells 
subserved by cones, and thus the resolution of a stimulus detected by 
rods will be lower. At intermediate light levels (mesopic vision), both 
rods and cones contribute to vision. It should be noted that the macular 
region, with predominantly cones, projects to a relatively large area in 
the occipital cerebral cortex. The VEP response is therefore highly 
dependent on the function of the macula (Sakaue et al. 1990; Negishi et 
al. 2001). 
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Anatomically and neurophysiologically, there is in both monkeys and 
humans evidence of a two-channel pathway carrying the signals from 
the retinal ganglion cells to the lateral geniculate nucleus (LGN) 
neurons, where two layers with larger cells (magnocellular, M pathway) 
and four layers with smaller neurons (parvocellular, P pathway) can be 
distinguished. The M pathway is sensitive to low contrast and 
luminance, is capable of following rapidly flickering stimuli but has 
poor spatial resolution. The P pathway has fine spatial resolution, 
carries colour (wavelength) information, performs better with higher 
contrast and luminance stimuli, and at lower stimulus temporal 
frequencies. From the LGN the two pathways project to neurons in the 
different laminae of the primary visual cortex (Fig. 4). 
 

 
 

Figure 4: Schematic drawing of the visual pathway from retina via lateral 
geniculate nucleus (LGN) to primary visual cortex. (Reprinted by kind permission 
of Claire Gilmore, Ninewells hospital, Scottish Sensory Centre) 
 
How neurones in the primary visual cortex receive input from the two 
eyes has been fairly well investigated. Hubel & Wiesel (1962, 1968) 
demonstrated that the majority of the neurones in the visual cortex in 
cats and monkeys respond to input from both eyes, i.e. they are 
binocularly driven. They also showed that in animals reared with squint, 
binocularly driven cells were almost completely absent (Hubel & Wiesel 
1965). On the other hand, how the different parts of the visual system 
assemble the information from two eyes to create depth perception is 
not clearly understood. Livingstone & Hubel (1987) collected extensive 
psychophysical evidence suggesting that depth perception was possible 
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only through information carried by the M pathway, whereas no depth 
was perceived in patterns that depended solely on colour contrast 
(isoluminant, P pathway mediated). On the other hand, in animal 
experiments lesions of the M pathway do not prevent depth perception, 
whereas damage to the P pathway does (Schiller et al. 1990). Li & Guo 
(1995) found that random dot stereograms produced equal depth 
sensation regardless of whether luminance contrast or colour contrast 
was used. Gonzalez & Perez (1998) conclude that there seems to exist a 
considerable overlap between magnocellular and parvocellular systems 
subserving stereopsis, and that it may be useful to consider the various 
aspects of stereopsis and how they are handled by the two subsystems. 
Although the VEP obtained through a midline occipital electrode is 
mainly the result of neuronal discharges in the primary visual cortex, 
secondary visual areas will also have an influence on the configuration 
of the complex. It has been suggested that stereoscopically evoked 
potentials are generated in the central and parietal regions, but the 
central occipital VEP curve form is also different if a shape is detected 
through contour recognition compared to depth perception 
(Yanashima et al. 1987). 
The complexity of the visual system may explain both the difficulties 
encountered when attempting to describe how the visual sensation is 
created, and the multitude of electrophysiological methods that have 
been described to assess different aspects of visual capabilities. To the 
delight of researchers, this also opens up immense possibilities to 
design experiments for the examination of the different aspects of 
vision.  

Clinical use of VEP 
The most common indication for VEP clinically is evaluation of the 
visual pathway function. It is part of the work-up for children with 
abnormal visual development or behaviour, for children or adults with 
visual symptoms not explained by physical examination, for cases where 
a psychogenic visual disorder or malingering is suspected, and in cases 
of optic nerve disease, especially inflammation. It is used both as a 
diagnostic tool and for the monitoring of conditions. 
Apart from these established indications, some centres also use 
specialised VEP methods for the objective assessment of visual acuity 
(Tyler et al. 1979; de Keyser et al. 1990; Gottlob et al. 1993) and 
contrast sensitivity (Norcia et al. 1989). Albinism may be diagnosed 
with better accuracy if VEP is included in the workup for cases with 
subnormal visual acuity (Apkarian 1992; Sjöström et al. 2004). Several 
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VEP methods for the evaluation of binocular function have also been 
suggested (Tyler et al. 1979; Braddick et al. 1980; Braddick & Atkinson 
1983; Bagolini et al. 1988; Skarf et al. 1993; Struck et al. 1996; Fawcett 
& Birch 2000). 
In spite of the vast literature on VEP produced over the years, clinical 
ophthalmology textbooks suggest its use for only a limited variety of 
conditions, e.g. evaluation in optic nerve disease  (Duke-Elder 1971a; 
Kanski 2003) or cases of suspected malingering or functional visual 
problems (Duke-Elder 1971b).  

Contrast sensitivity 

Definition 
Pure luminance contrast information (i.e. light contrast without 
information on colour/wavelength) is carried by the magnocellular 
system to the primary visual cortex. The contrast sensitivity of a subject 
is the ability to make a distinction between areas with luminance 
differences. The contrast is mathematically described as 

(L = Luminance) 
 
Contrast sensitivity is the inverse of the contrast threshold value. A 
contrast sensitivity measurement can give important information about 
visual quality that a simple test for visual acuity test will not, but is 
rather tedious to measure subjectively. 

 

 
 
Figure 5: Example of a chart used to determine contrast sensitivity subjectively. 
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M
easured psychophysically by presenting

a subject. The subject may be asked to

t sensitivity
the parvocellular system. Of all retinal 

oded along three “colour axes”: protan 

on a plate, or to sort various colour samples in a

ethods for examination
Contrast sensitivity is usually m
sinusoidal grating patterns to
report whether a pattern is recognised or not, or the test can be
constructed so that the subject must report if the gratings are straight or 
oblique (Fig. 5).

Colour contras
Colour information is carried by
ganglion cells, 90% are colour c
(red), deutan (green), and tritan (blue). For a more comprehensive
review of the colour vision system, the interested reader is referred to
Gegenfurtner & Sharpe (1999) or to textbooks in clinical
ophthalmology.
In clinical colour vision testing the subject is usually requested to
identify symbols
specific order (Fig. 6).

 Examples of colour vision test tools: Ishihara plate (left) and Sahlgren’s 
aturation Test, SST (right). 

any information about the colour contrast 
nsitivity threshold. Arden et al.  (1988) used a computer-based system 

Figure 6:
S

These tests do not give
se
to measure colour contrast thresholds along the three colour axes of the 
human colour vision system: protan, deutan and tritan. This system can 
also produce stimuli for a VEP examination (Berninger & Arden
1991).
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Since the colour-coded cells are most abundant in the macular region, 
and VEP amplitude and latency are highly dependent on macular 

D
on in the 

d of one single picture with perceived depth (stereopsis) 

- in each eye are corresponding points, 

e two eyes’ optical axes is dependent on the 

, dots or 

function (Sakaue et al. 1990; Negishi et al. 2001), it should be of interest 
to investigate how VEP resulting from luminance patterns compare 
with VEP resulting from isoluminant colour contrast patterns. 

Binocularity  

efinitions 
When a visual stimulus is presented to the two eyes, the creati
conscious min
depends on several mechanisms. Here follows a short list of the more 
prominent conditions and/or mechanisms required to achieve single 
binocular vision with stereopsis. 
Retinal correspondence It is not difficult to understand that the 
centre of the macula – the fovea 
i.e. when a subject with normal binocular function fixates an object 
with both eyes, the image of the object will fall on the fovea. Every 
other single point of the retina in one eye likewise corresponds to one 
other single point in the other eye. The locus of all object points that 
are imaged on corresponding retinal points is called the horopter. If an 
image of an object falls on corresponding points of the two retinae, it is 
perceived as one single object; if the image is projected onto non-
corresponding retinal points diplopia – double vision – will result.  
Corresponding points in the retina project to the same binocular cells in 
the primary visual cortex. 
Fusion is the mechanism that provides us with a single binocular 
image. The alignment of th
images projected upon the two retinae being sufficiently equal and 
sharp. The complexity of the fusion mechanism is easily understood 
considering the architecture of the six extraocular muscles, which are 
involuntarily activated to point the eyes so that the image of the world 
will stimulate corresponding areas of each of the two retinae.  
Stereopsis is the ability to perceive an object as placed in front of or 
behind another object or plane. This is the result of contours
lines falling on points in the retina only slightly different from the 
corresponding points, called disparate points. If the disparity is too 
large there is no depth perception. To make the disparity small enough 
for a single binocular image with depth perception, the object or 
objects need to be located in Panum’s space, a semi-circular three-
dimensional space in front of the observer. Objects outside Panum’s 
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space will actually be perceived as double, although this is rarely noticed 
by the normal individual (Fig. 7).  

 
Figure 7: Panum’s area, a two-dimensional section of Panum’s space. F, Fixation 
point; OFPP, objective frontoparallel plane; SFPP, subjective frontoparallel plane 
(

, 
s 

n 

is; but stereopsis 
ithout fusion is not possible. The binocular system thus has a 

 based on the presentation of two slightly 

primary 

horopter); fl and fr, left and right fovea (corresponding retinal points where the 
fixation point is imaged). Objects outside Panum’s space will be perceived as double
objects located on the subjective frontoparallel plane (horopter) will be perceived a
single, and objects located off the horopter but within Panum’s space will appear as 
single but their position relative to the fixation point (in front or in back of fixatio
point) can be perceived (stereopsis). (From von Noorden 1985) 
 
Note that a subject may have fusion but not stereops
w
hierarchical structure. It should be mentioned that there are also 
monocular cues to depth information, e.g. the relative size of subjects 
and overlapping contours. 
The most common clinical tests for stereopsis are Lang cards and the 
TNO test. They are both
disparate images to each of the two eyes, images that are fused into one 
image with depth. With normal stereopsis stereoscopic images of 
objects can be seen, but with disturbed binocularity some or all of the 
objects will be invisible, and only a random dot pattern is seen. 
Suppression is a subconscious blocking of conflicting visual input to 
prevent subjective diplopia. Inhibitory mechanisms in the 
visual cortex involving the neurotransmitter gamma-amino butyric acid 
(GABA) seem to be responsible for this (Sengpiel & Vorobyov 2005; 
Sengpiel et al. 2006). During the plastic period of brain and visual 
pathway development, in humans the first 7-10 years of life, diplopia 
resulting from ocular misalignment can be alleviated by suppression of 
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the visual input from one eye. Later in life we lose this ability and ocular 
misalignment will then result in constant diplopia. 
Suppression is usually tested clinically by presenting different images to 
a subject’s two eyes. The description of the perceived image reveals if 

n the two eyes are stimulated with different 

backs 

etter visual acuity and 

ngruous images from the two eyes may, 

se. If the visual input is totally blocked in one 

the binocular function is undisturbed or if suppression is present. One 
example of a clinical test is Worth 4-dot, where four points of different 
shape and colour are presented. By using red-green spectacles each eye 
is prevented from seeing one or two of the points, but with normal 
fusion all four dots are perceived in one image at the same time. 
Bagolini’s striated glasses are another example. These will make a light 
source look like a line, angled at 45º in one eye and 135º in the other. 
With normal fusion two crossed lines with the light source in the 
middle of the cross are seen, but with suppression part or all of one of 
the lines will be missing. 
Binocular rivalry is an unstable perception of a binocular image. It is 
easiest to recognise whe
images. One image, or part of it, will be perceived while the other 
image, or part of it, will be suppressed. 

Binocularity: Advantages and draw
When the brain receives input from two coordinated eyes, several 
advantages over monocular vision are evident: b
contrast sensitivity, together with a larger visual field, increase the ability 
to discover and identify objects. The time to react to a visual stimulus is 
shorter with binocular stimulation compared to monocular (Blake et al. 
1980). The slight difference (disparity) between the images projected on 
the two retinae in a binocular system will activate a population of 
neurones in the visual cortex (Ohzawa et al. 1990), which should allow 
for discrimination of depth. 
On the other hand, circumstances that prevent the input to the visual 
cortex of two sharp and co
because of binocular mechanisms including suppression, lead to 
disturbances in visual development, such as loss of stereopsis and/or 
fusion, and amblyopia. 
Amblyopia is defined as decreased visual capacity in one or both eyes, 
without any organic cau
or both eyes during the sensitive period a severe deprivation amblyopia 
will result. A blurred image projected on one or both retinae will also 
lead to amblyopia, as well as misalignment of the two eyes’ optical axes 
causing the image to fall onto non-correspondent points of the two 
retinae. 
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Neurophysiology 
Using recordings from single neurons in the primary visual cortex of 

sel showed that: 1) there is normally a majority of 
ry visual cortex that are binocularly driven (1962, 

ance during 
, such as discrimination of a luminance contrast or a 
attern (Campbell & Green 1965; Simmons & 

lthough Apkarian et al. demonstrated that the relationship between 
binocular and monocular steady-state VEP amplitude is dependent on 
the temporal and spatial frequencies of the pattern and may vary from 
zero summation to facilitation (binocular amplitude more than double 

animals, Hubel & Wie
neurones in the prima
1968), 2) when the animal is reared with surgically induced squint the 
binocularly driven cells are absent (1965), and 3) the binocularly driven 
cells need a normal binocular input during a specific period in early life, 
called the sensitive period, to develop normally (1970). The third point 
correlates well with the clinical observation that disturbances in 
binocular function may be successfully treated only during a certain 
period of childhood. For example, amblyopia is more difficult to 
improve with treatment such as spectacles and occlusion therapy if the 
child is older, and it has been suggested that amblyopia treatment is not 
worthwhile later than 12 years of age (Holmes et al. 2006). 

Psychophysics 
Binocular vision has been shown to improve perform
various visual tasks
colour contrast p
Kingdoms 1998) and reaction time (Blake et al. 1980). It has been 
shown that performance with binocular stimulation is better than 
would be predicted by a simple probability summation model, i.e. the 
purely statistically larger probability that two eyes would detect a 
pattern at threshold than the chance that one eye would. Therefore, 
neural interaction between the eyes is necessary to explain the 
improvement. This improvement is dependent on the similarity of the 
input to the two eyes. If the stimuli differ enough between the eyes 
regarding stimulated retinal areas (Harwerth et al. 1980), orientation 
(Blake et al. 1980), spatial frequency (Blake & Levinson 1977), or 
temporal frequency (Blake & Rush 1980), the advantage of binocular 
vision over monocular viewing will be gone. In subjects with strabismus 
and/or amblyopia, the improvement in performance with binocular 
stimulation is absent or clearly below that of normal subjects (Blake et 
al. 1980; Levi et al. 1980; Sireteanu et al. 1981). 
 

Electrophysiology 
A
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the monocular) in the same individual (Apkarian & Tyler 1981; 

s 
detected in electrophysiological and neurophysiological experiments. 

P and psychophysical 

Apkarian et al. 1981), there is abundant research demonstrating 
electrophysiological correlates to the psychophysical findings above. 
Binocular mechanisms can easily be demonstrated and to some extent 
evaluated using a dichoptic paradigm, i.e. the two eyes receive different 
inputs (Jakobsson & Lennerstrand 1981; Jakobsson & Lennerstrand 
1985; Jakobsson 1985). In the following however, binocular stimulation 
will mean dioptic stimulation, i.e. the two eyes receive equal inputs. 
The amplitude of binocular transient VEP has been found to be larger 
than monocular for flash stimuli, with a greater difference if the flash is 
of low intensity (Ciganek 1970). The same relationship can be seen for 
patterns, but less so with more blurred patterned stimuli compared to 
sharply focused patterns (White & Bonelli 1970). 
The latency of the transient VEP has been found to be less variable 
than the amplitude (Sokol & Jones 1979). It is shorter with binocular 
stimulation compared with monocular (Adachi-Usami & Lehmann 
1983; Knierim et al. 1985; Aso et al. 1988; Spafford & Cotnam 1989; 
McKerral et al. 1996), although in some experiments no such difference 
is found, probably due to stimulus parameters (di Summa et al. 1999). 

A model for processing binocular signals 
Several models for processing the visual input have been suggested, 
taking into account both the subdivision into two parallel pathways (M 
and P pathways) and the existence of linear and nonlinear component

Odom & Chao (1995) obtained data from VE
experiments using dioptic and dichoptic stimulation that were fitted by 
a model where two pathways from each eye converge. In one of these 
pathways a nonlinearity is generated (the triangles in Fig. 8) before the 
signals converge and are linearly summed, and in the other the 
nonlinearity is generated prior to convergence of the signals. The results 
from low luminance stimulation differed from those obtained with high 
luminance stimuli, indicating the presence of two pathways. Since the M 
pathway has a higher temporal resolution than the P pathway, 
experiments using low and high temporal frequency stimuli were 
performed. The results could be accounted for by assuming that the 
relative strength of the linear binocular pathway decreases with 
increasing temporal frequency, consistent with properties of a P 
pathway that converges with both subtractive (high lumination) and 
additive (low lumination) summation. The signals in the M pathway, 
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with a nonlinearity prior to convergence, are additively summated at 
convergence (Fig. 8). 
 

 
 
 
Figure 8: Visual pathway model showing two pathways carrying signals from each 
eye, one pathway converging after each monocular signal passes a non-linearity, and 

e other where linear elements may be combined either additively or subtractively 
efore a binocular nonlinearity. Linear signals (large squares) converge (smaller 

s

ular 

 expect from this model that 
rabismic subjects would show greater abnormalities in the pathway 

 vision over monocular is 
d 0; Levi et al. 1980; Sireteanu et al. 
1 nocularity is usually a difference 

th
b
quares) before or after non-linearities (triangles), and may be added or subtracted at 

convergence.  (From Odom & Chao 1995) 
 
Although this model cannot account for phenomena such as binoc
rivalry, it does fit the electrophysiological and psychophysical data 
collected by Odom & Chao. They
st
that sums monocular nonlinearities (M pathway), while amblyopia 
would affect the pathway that combines monocular linear elements 
prior to a nonlinearity (P pathway). We shall see below how the results 
of the present study meet these expectations. 

Disturbances in binocularity 
When binocular functions are disturbed or absent, for example in 
strabismic subjects the advantage of binocular
iminished or absent (Blake et al. 198
981). The cause of disturbances in bi

or incongruity between the inputs of the two eyes, either because of 
misalignment of the optical axes as in squint, or because of interocular 
difference in image quality as a consequence of refraction anomalies or 
media opacities. 
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Strabismus 
Congenital strabismus 
Strabismus that is evident immediately after birth or during the first 

ths after birth usually has a fairly large angle between the 
erging optical axes. Although this precludes stereoscopic 

mblyopia is relatively small since the baby uses its 

ly detected. Although there may be cases 
inocularity is preserved, stereopsis is usually absent. 

t object are not focused sharply on 
point behind the retina. Increasing the refractive 
i.e. accommodation, may compensate for this. 

because of the close link between accommodation and 

tropia 

re hyperopic eye will always have a defocused 
ll therefore develop amblyopia. Since a more hyperopic 

couple of mon
two eyes’ conv
vision, the risk of a
left eye to view things to the right, and its right eye for objects located 
to the left (cross-fixation). 
Microstrabismus 
Microstrabismus is usually defined as a squint with a maximum angle of 
5º. This condition may be difficult to diagnose, since the small 
misalignement is not easi
where some b
Amblyopia may be slight or severe. 

Refractive errors 
Hyperopia 
In hyperopia light rays from a distan
the retina, but on a 
power of the lens, 
However, 
convergence, there is a risk that a hyperopic person will develop 
convergent strabismus. In this case diplopia will result, and in the 
plastic or sensitive period of the visual system suppression and 
amblyopia will also follow. 
Myopia 
Myopia, or nearsightedness, as long as it is not extreme, is less prone to 
lead to amblyopia since a sharp image of objects close to the eye will be 
projected on the retina. 
Anisome
When hyperopia is more pronounced in one eye, accommodation will 
be sufficiently activated to produce a sharp image on the retina in only 
one of the eyes. The mo
image and wi
eye has a smaller diameter and sometimes also anatomical changes in 
the optic nerve there may be organic explanations for the weaker visual 
function as well (Lempert 2004). 
A severe unilateral myopia will lead to amblyopia because the myopic 
eye will never have a sharp image projected on the retina, but organic 
factors may also play a role here, since extreme myopia usually is 
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combined with changes in retinal structure as well as other parts of the 
eye. 

Deprivation amblyopia 
When one or both eyes receive visual input that is of highly inferior 

ult. If the deprivation is unilateral, 
nce the amblyopic visual defect and this 

timulation 
ors, severe amblyopia will result if the media are 

ne eye to treat an injury for a short 
of time during the sensitive period may result in significant 

ractice, binocular disturbances and amblyopia are usually 

ing using 

rors are corrected with spectacles. Contact 

re that 

quality, deprivation amblyopia will res
binocular factors will enha
unilateral amblyopia may be very severe and difficult to treat. 
Unclear optical media 
Cataract or ptosis may prevent one eye, or both, from having a 
contoured image projected on the retina. Without pattern s
of the photorecept
blocked during the sensitive period. 
Injuries 
An injury that prevents an image from being projected on the retina of 
one eye, or even just a patching of o
period 
amblyopia. 

Detection of binocular disturbances and amblyopia 
In clinical p
diagnosed at screening activities, which may be carried out at pre-
school age or when the child begins school. Pre-school screen
visual acuity charts has been evaluated as an effective means to prevent 
severe amblyopia, although some cases still pass through the screening 
without detection (Kvarnström et al. 2001). Other suggested methods 
include stereo acuity testing  (Ohlsson et al. 2001) and objective 
refraction (Anker et al. 2004). They cannot be recommended as a single 
screening measure because of the low specificity and sensitivity of all 
available stereo tests (Ohlsson et al. 2001), and because objective 
refraction will for example miss cases with microstrabismus that may 
have normal refraction. 

Treatments for binocular disturbances and amblyopia 
Significant refractive er
lenses may be considered in cases of extreme refraction errors or large 
anisometropias. Occlusion treatment is often necessary to ensu
the visual input from the weak eye is allowed through the visual 
pathways unsuppressed. The earlier occlusion therapy is started, the 
better the chances of improved visual function in the amblyopic eye 
(Flynn et al. 1999). Surgical alignment of squint is usually performed 
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only after amblyopia has been treated successfully. The congenital large 
angle squints may develop better binocular functions with early surgery 
to align the eyes before 2 years of age (Ing 1999). A prospective 
European multi-centre study has shown only slightly better results with 
early surgery, and the risks in connection with extremely early surgical 
correction of congenital strabismus must be considered as well 
(Klainguti 2005). 

Fourier analysis 

Definition 
It is possible to describe any function, or curve, over time in pure 

hase lags. 
 Fourier (1768-1830), French physicist and mathematician, 

is of EEG curves. 

mposed of a multitude of different 
tain artefacts, such as 

 A Fourier analysis can extract 

important aspects to 

requency 

sinusoidal curves with different amplitudes, frequencies, and p
Jean-Baptiste
developed a mathematical method called the Fourier analysis to extract 
and characterise these sinusoidal curves. In Regan (1989c) the inte-
rested reader will find a theoretical summary along with Fourier 
algorithms. Bach  (1999) gives a more schematic explanation, shown in 
Figure 9. Several computer programs include Fourier analysis packages. 

Applications 
In electrophysiology Fourier analysis may be applied to any periodic 
response, for example flicker ERG and steady-state VEP. It is also 
useful for analys

Reasons for use in VEP analysis 
A steady-state VEP response is co
waves, generated by brain activity. It may also con
power current (usually 50 or 60 Hz).
from the power spectrum those frequencies that are related to a 
stimulus. Signal-to-noise analysis is also possible.  

Special considerations when Fourier-analysing VEP 
Bach & Meigen (1999) have listed a number of 
consider when applying Fourier analysis to steady-state VEP. While 
analysis may be made more effective since we know the exact f
of the stimulus, there are some pitfalls that may generate artefacts if 
computer software Fast Fourier Transform (FFT) packages are not 
used properly. Some examples: An integer relationship between samp- 
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Figure 9: Fourier analysis. Top left: A somewhat irregular waveform with both 
slow and fast oscillations. Bottom left: Three sinusoidal waveforms which, when 
added together, produce the top trace. The lowest frequency (thick trace) contains 
exactly 8 periods in the recording interval (= analysis interval) of 1 s length. The 
corresponding spectral line (right) is thus located at 8 Hz. The spectrum further 
reveals the second frequency of 16 Hz and a third 50 Hz component, which could 
well stem from a non-physiological source like mains interference.  (From Bach & 
Meigen 1999) 
 
ling rate and Cathode Ray Tube (CRT) monitor frame rate is necessary. 
Analysis interval must comprise an exact integer number of stimulus 
periods. Bach & Meigen conclude that proper use of Fourier analysis of 
electrophysiological records will reduce recording time and/or increase 
the reliability of physiologic or pathologic interpretations (Bach & 
Meigen 1999). 
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Aims of  the study 
As a VEP examination does not demand any active cooperation, the 
method may be of interest when examining patients where cooperation 
is uncertain. Malingering subjects or patients with functional defects 
may not cooperate actively during psychophysical testing. Also, both 
young and aged subjects may have difficulties performing the more 
complicated or time-consuming tests. As contrast sensitivity is one 
aspect of visual ability that is attracting growing interest, the first of the 
aims of this study was to examine the specific effects of suprathreshold 
contrast on the transient VEP latency, and to establish whether these 
effects render this parameter suitable for objective testing of contrast 
sensitivity. 
Although we know how neurones in the visual cortex are organised to 
receive input from one or both eyes, it is not exactly clear how the 
signals from these neurons work to create the unconscious and 
conscious aspects of binocular functions, such as fusion and stereopsis. 
Therefore our second aim was to learn more about the timing with 
which the visual pathways process the signals connected with binocular 

nctions. Thirdly, we tried to find a VEP method for evaluation  
ts 

all 
in 
P 
h 
h 

ty: The monocular contrast sensitivity threshold was 
etermined for vertical sinusoidal grating patterns with spatial 
equencies of 2, 4, 6, 8, and 12 c/deg. A computer generated the 
rating patterns on a circular monitor subtending 9.6º of the visual 
eld. Viewing distance was 109.5 cm and mean luminance was 100 

cd/m². The pattern was reversed twice per second, corresponding to a 
temporal frequency of 1 Hz. Contrast sensitivity threshold was 

fu
b

of
inocular function, as this could be an aid to diagnose binocular defec

earlier than present psychophysical tests. 
A VEP examination can be rather time-consuming. When sm
children are to be examined, a short examination time will result 
fewer untestable cases. We therefore worked not only to find a VE
method discriminating normal from defective binocularity with as hig
specificity and sensitivity as possible; we also wished to find a test wit
as simple set-up procedure and as short duration as possible. 

Materials and methods 

I.  
Subjects: Ten healthy subjects aged 25-51 years with normal corrected 
visual acuity were examined. 
Contrast sensitivi
d
fr
g
fi
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established as the average of three measurements where stimulus 

g distance as in paper I. Contrast 
used. 

VEP electrode placement: As in paper I, except that the distance between 
the inion an 0 cm. 

sequence with first the right eye, then the 

contrast was first lowered in 0.5 log unit steps until the subject did not 
recognise the pattern. The procedure was then repeated, with contrast 
steps of first 0.25 and then 0.1 log unit steps.  
VEP stimulus: Monocular transient VEPs were then obtained in 
response to the same patterns with contrast settings 1.50 (the lowest 
setting that evoked a reliable VEP response), 1.75, 2.00, 2.25, 2.50, 2.75, 
and 3.00 log units above the threshold determined for each spatial 
frequency in each subject. 
VEP electrode placement: Ag-AgCl midline electrodes, one 2.5 cm above 
the inion and one on the vertex, and one ground electrode attached to 
the right earlobe. 
Signal processing and recording: Signals were fed into a Medelec AA6 MkIII 
amplifier and a Medelec AV6 averager, and band-passed between 
0.03125 and 32 Hz. Each VEP was the average of 128 sweeps, triggered 
by pattern reversal and presented on an oscilloscope screen. It was 
transferred onto photographic paper together with a time scale accurate 
to 1 ms. The latency of the P100 positive peak was measured. 
Statistical method: Regression analysis 

II.  
Subjects: One normal group of 10 healthy subjects aged 26-44 years with 
normal corrected visual acuity and good stereopsis was compared with 
a group of 5 stereoblind subjects with microstrabismus and mild 
amblyopia, aged 10-33 years. The stereoblind subjects had a visual 
acuity of 0.9-1.0 in the better eye, and 0.5-0.9 in the amblyopic eye. 
Stimulus: Sinusoidal vertical grating patterns with spatial frequencies 4 
and 8 c/deg and reversal rate twice per second, produced with the same 
equipment and the same viewin
settings of 1.0, 0.316, and 0.1 were 

d the occipital midline electrode was 2.
Signal processing and recording: As in paper I except that recordings for 
each pattern were made in a 
left eye, and finally both eyes stimulated. 
Statistical method: Student’s paired and unpaired t-tests. 
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III.  
Subjects: One normal group of 11 healthy subjects aged 12-47 years with 
normal corrected visual acuity and good stereopsis was compared with 
a group of 6 stereoblind subjects with microstrabismus and mild 
amblyopia, aged 8-38 years. The stereoblind subjects had a visual acuity 
of 0.9-1.2 in the better eye, and 0.5-1.0 in the amblyopic eye. 
Contrast sensitivity measurements: Sinusoidal vertical grating patterns with 
spatial frequencies 1, 2, and 4 c/deg were presented in a square-wave 
fashion for a period of 500ms, once per second. A computer generated 
the patterns on a monitor subtending 22.9º x 17.2º of the visual field. 
Viewing distance was 100 cm. 
A modified binary search method yielded the contrast sensitivity as 
follows: For each contrast level, the pattern was presented four times. If 
the subject reported that a pattern was visible the pattern was presented 
again at lower contrast level, and if no pattern could be seen the 
contrast level was increased. The contrast level changes were made 
successively smaller for each new presentation, and the test ended when 

tions was less than 0.01% for 
luminance p tterns and less than 0.1% for colour contrast patterns. 
VEP stimulus: Transient pattern onset VEPs were elicited by patterns 

 by 

le potential peak, and in those 

IV.  
Subjects: One normal group of 9 healthy subjects aged 7-14 years with 
normal corrected visual acuity and good stereopsis was compared with 
a group of 9 stereoblind subjects with microstrabismus and mild 
amblyopia, aged 9-15 years (stimulus pattern reversal rates 5-20 Hz). 

the change between two presenta
a

presented as for the contrast sensitivity measurements, but with 
luminance or colour contrast set at 100%.   
VEP electrode placement: As in paper II. 
Signal processing and recording: The signal was band-passed between 0.3125 
and 32 Hz, and each VEP was the average of 64 sweeps triggered
pattern onset. For colour patterns the latency of the first prominent 
negative potential was measured. In some subjects the VEP (with 
similar waveforms for right eye, left eye, and both eyes stimulation) 
contained only a positive clearly discernib
cases the latency to this peak was measured. Other features as in paper 
II. 
Statistical method: Student’s paired t-test, Wilcoxon’s signed rank test and 
Wilcoxon’s rank sum test. 
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Pattern reversal rates 15-27.5 Hz were examined in 10 normal subjects 
aged 8-13 years and 10 stereoblind subjects, aged 8-15 years, with visual 

P electrode placement: As in paper II. 

cond harmonic in the Fourier Transform 
iagrams were measured. 

Statistical method: Two-way analysis of variance, Student’s paired and 
unpaired t-tests.  

acuity 0.9-1.0 in the better eye and 0.6-1.0 in the amblyopic eye. 
Stimulus: Sinusoidal vertical grating patterns were generated by a 
personal computer on a monitor viewed at a distance of 100 cm, 
subtending 20º x 14º of the visual field. Spatial frequency was 4 c/deg, 
Contrast was 0.3 and mean luminance of the screen 26 cd/m². The 
gratings were reversed in a square wave fashion with reversal rates 5, 
7.5, 10, 12.5, 15, 17.5, 20, 22.5, and 27.5 Hz (reversals per sec). 
VEP electrode placement: As in paper II. 
Signal processing and recording: Signals were fed into a UTAS-E 2000 
personal computer based electrophysiological testing system, band-
passed between 0.3 and 100 Hz, A/D converted and stored digitally.  
Each VEP was the average of sixteen 2.55 second sweeps. Recordings 
for the right, the left and both eyes were made in one sequence for each 
reversal rate. Fast Fourier transformation of the raw steady-state VEP 
complexes was made using Stanford Graphics software, and the power 
and phase of the second harmonic to pattern reversal rate was 
measured. 
Statistical method: Two-way analysis of variance, Student’s paired and 
unpaired t-tests. 
 

V.  
Subjects: All subjects were aged 4-5 years and were divided into three 
groups: Ten children with normal corrected visual acuity and good 
stereopsis, 6 microstrabismic children who lacked stereopsis (MIC 
group), and 7 children with significant unilateral amblyopia (AMB 
group). 
Stimulus: As in paper IV, except that reversal rates were limited to 5, 10, 
and 15 Hz. 
VE
Signal processing and recording: As in paper IV, except that both the first 
(fundamental) and the se
d
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 Results 

I. Effects of pattern contrast and spatial frequency 
on the transient VEP latency 

Psychophysical contrast sensitivity is lower – i.e. the contrast of a 
pattern needs to be increased to be recognised – when the spatial 
frequency of a pattern increases (Fig. 10). 

 
 
Figure 10: The contrast sensitivity function for reversing sinusoidal gratings in 10 

eased, VEP latency will decrease. 

normal subjects, mean (squares) and range (bars). 
 
When the contrast of a stimulus is incr
Latency also decreases with lower stimulus spatial frequency. Both 
these relationships are evident from Fig. 11. 
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Figure 11: The transient pattern reversal VEP latency as a function of contrast 
above threshold (log units) for five spatial frequencies. Each point is the average of 
10 subjects. Linear regression lines are extended to show the extrapolated latency at 
contrast sensitivity threshold ( = 0 log units suprathreshold contrast). 
 
In this graph, the curves for spatial frequencies 4-12 c/deg are close, 
indicating that if contrast is set to equal suprathreshold levels for each 
spatial frequency in this region, a change in spatial frequency will not 
induce a large change in VEP latency. Most of the change in latency 
with changed spatial frequency is thus due to a change in relative 
contrast level. As the regression lines in Fig. 11 do not cross the y axis 

0” on the x axis is the contrast sensitivity threshold) at a common 
p

ensitivity threshold. 

ared to stereoblind 
subjects with microstrabismus 

 
Transient pattern VEP latency is shorter with binocular stimulation in 
subjects with stereo perception. This finding was most consistent for 
gratings with a spatial frequency of 4 c/deg, and with intermediate 
contrast, C=0.316 (Fig. 12). 

(“
oint, the latency of the VEP evoked by reversing grating patterns is 

not a reliable means to determine contrast s
 

II. Transient VEP latency in subjects with normal 
binocular functions comp
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Figure 12: Bars indicate the difference between binocular VEP latency and the 
m

.316 (grey 
ars). 

ean of the latencies for right and left eye, for ten individuals with normal stereo 
acuity (TNO 60”). Negative values indicate that the binocular latency is shorter 
than the mean monocular latency. Stimulus: Reversing sinusoidal gratings with a 
spatial frequency of 4 c/deg and contrast levels 1.0 (black bars) and 0
b
 
For the same pattern, microstrabismic subjects show a binocular latency 
that is equal or longer than monocular stimulation (Fig. 13).  

 

 
 
Figure 13: Analogous to Fig. 12, but bars indicate the difference between 
binocular latency and the latency for the dominant eye, for five micro-strabismic 
subjects with no stereopsis detectable with TNO test. 
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III. Contrast sensitivity and transient VEP latency 
with colour and luminance patterns in subjects 
with normal binocular functions compared to 
stereoblind subjects with microstrabismus 

Contrast sensitivity is significantly better when the stimulus is viewed 
binocularly compared with monocular stimulation in subjects with 
normal binocular functions, but this is not the case in stereo blind 
microstrabismic subjects (Fig. 14). 
 

 
 
Figure 14: Group mean individual binocular-monocular contrast sensitivity ratios 
for luminance, protan, deutan and tritan sinusoidal gratings. Error bars indicate the 
standard deviation. Monocular contrast sensitivity of normal subjects (n = 11) was 
calculated as the mean of the contrast sensitivities for the right and left eye. Columns 
marked “#” indicate patterns with statistically significant differences between mean 
monocular sensitivity and binocular sensitivity (ratio ≠ 1.0). For the stereo-deficient 
group (n = 6), the monocular contrast sensitivity is represented by the contrast 
sensitivity of the dominant eye. Asterisks indicate patterns with statistically 
significant differences between groups (Wilcoxon rank sum test, * p<0.05, ** 
p<0.01, *** p<0.001). 
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A st
subje s
as well as 
contrast g
the groups ant for 

ncy. However, for protan colour 
ontrast patterns with spatial frequency 2 c/deg and for tritan patterns 

with spatial frequencies 1 and 2 c/deg, binocular stimulation evokes 
VEPs with significantly shorter latency compared with monocular 
stimulation, provided the binocular function is normal. Moreover, the 
binocular-monocular latency differences of normals and those of stereo 
blind subjects are significantly different for all the three colour patterns 
with spatial frequency 2 c/deg, and also for the tritan 1 c/deg pattern 
(Fig. 15). 

atistically significant difference between normal and stereo blind 
cts i  evident at spatial frequency 4 c/deg for luminance contrast 

for all three colour patterns, but only for protan and deutan 
ratings at spatial frequency 2 c/deg. The difference between 
 at spatial frequency 1 c/deg is not statistically signific

luminance nor for colour contrast patterns. 
With the pattern onset stimulation we find no difference between 
monocular and binocular stimulation to luminance contrast patterns 
regarding the transient VEP late
c

 
 

Figure 15: The group means of the individual differences between VEP latency 
with binocular and monocular stimulation are depicted by columns, error bars 
denoting standard deviation. Monocular VEP latency calculated as monocular 
contrast sensitivity in Fig. 14. Negative values (up) indicate a shorter latency with 
binocular stimulation. Asterisks indicate patterns where the difference between t
normal and the stereo-deficient group was statistically significant. Columns m
“#” indicate patterns where the binocular-monocular latency difference means w
significantly below zero for 

he 
arked 

ere 
the normal group. 
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IV. The second harmonic of Fourier-analysed 
steady-state visual evoked potential in subjects 
with normal binocular function and in 
stereoblind subjects with microstrabismus 

The second harmonic peak in the Fourier analysed steady-state VEP is 
higher in subjects with normal binocularity when they are binocularly 
stimulated than when the stimulus is presented to one eye. This 
enhancement is seen in a low temporal frequency - 5 Hz - and a high 
temporal frequency region - 12.5 Hz to 27.5 Hz (Fig. 16). 
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Figure 16: Second harmonic in the steady-state VEP for different stimulus 
temporal frequencies. Mean values and standard deviations for 9 subjects with 
normal binocularity. Binocular stimulation (filled squares) yields higher power than 
monocular stimulation except for stimulus frequencies 7.5 and 10 Hz. 
 
The stereo blind subjects display the same binocular enhancement for 
patterns 5 to 7.5 Hz and 12.5, 15, and 27.5 Hz. The second harmonic is 
significantly lower in the stereo blind subjects, when compared with 
normal subjects, for the higher temporal frequencies, 15 to 27.5 Hz 
(Fig. 17). 

n 
 was 

in 

Mean apparent latency was obtained based on the slope of the functio
of the phase of the second harmonic to temporal frequency. It
significantly longer for stereo blind subjects than for normal subjects 
the higher temporal frequency region (15 – 27.5 Hz) (Fig. 18). 
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Figure 17: Comparison between normal subjects (squares, n = 10) and TNO 
negative subjects (circles, n = 10): mean powers of second harmonic in the steady-
state VEP for stimulus temporal frequencies 15 to 27.5 Hz, binocular stimulation. 
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Figure 18: Phase of the second harmonic of steady-state VEP as a function of 
stimulus temporal frequency, binocular stimulation. Mean apparent latency
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ate VEP 
as 15 Hz. At this reversal rate, stereo blind subjects had a significantly 

lower second harmonic than subjects with significant amblyopia and 
normal subjects (Fig. 19).  

normal group 155 ms, for TNO negative group 198ms (P < 0.01). 

V. The Fourier-analysed steady-state visual evoked 
potential in pre-school children (1) with normal 
binocular function, (2) lacking stereo vision, and 
(3) with significant amblyopia 

 
In visually normal 4-year old children, the maximum reversal rate that 
evoked a second harmonic in the Fourier analysed steady-st
w
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Figure 19: The group means of the power of the second harmonic in the Fourier 
analysed steady-state VEP. Binocular stimulation with 30% contrast 4 c/deg 
sinusoidal gratings, reversal rates 5, 10, and 15 Hz. 
 
The amblyopic subjects had a significantly larger second harmonic peak 
of the better eye compared to the amblyopic eye at 5 Hz. The first 
harmonic was significantly larger for the better eye compared to the 
amblyopic eye at 5 and 10 Hz (Fig. 20). 
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analysed ste blyopia. Comparison 
etween stimulation of dominant eye, non-dominant eye and binocular stimulation 

 
: The group means of the power of the first harmonic in the Fourier 
ady-state VEP of subjects with significant am

b
with 30% contrast 4 c/deg sinusoidal gratings, reversal rates 5, 10, and 15 Hz. 
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Discussion 

VEP latency and contrast sensitivity 
The contrast level relative to the psychophysically determined contrast 
sensitivity threshold has a major influence on the transient VEP latency. 
Large inter- and intraindividual variations regarding latency and 
regression line slopes render the transient VEP latency unsuitable for 
the development of objective tools for contrast sensitivity evaluation. 
Other methods based upon sweeping techniques have been proposed 
for this purpose (Orban & Orban 1985; Allen et al. 1986; Norcia et al. 
1989), although they seem not to have gained widespread acceptance 
f

d steady-state VEP 

ere stereoblind subjects show 
absent or diminished binocular enhancement both for luminance and 
colour contrast gratings, support suggestions that both pathways 
process signals important for stereopsis, as opposed to the conclusions 
drawn by Livingstone & Hubel (1987). Thus, both faster (M pathway) 
and slower (P pathway) signals may be of interest for electro-
physiological examination of binocular function. Single unit recordings 
from visual cortex of cats have shown quicker responses if the visual 
input is binocular compared to monocular stimulation (Minke & 
Auerbach 1972). As the experiments in papers II and III showed the 
binocular latency of transient pattern reversal VEP to be shorter than 
mean monocular latency in subjects with stereopsis, but longer in stereo 
blind subjects, it would seem that the neurones in the primary visual 
cortex of a disturbed binocular system may need more time from visual 
s the 

give 
e, 
to 

determine how the visual system can follow a visual stimulus that is 
repeated faster and faster, i.e. with higher temporal frequency. At some 
frequency the neurones cannot keep pace and frequency components 
of the VEP that are related to the stimulus frequency (fundamental 

or clinical use. 
 

The temporal aspects of transient an
in relation to a suggested model for processing 
binocular visual signals 
Regarding the M and P pathways and how they subserve binocular 
functions the results of paper III, wh

timulus to discharge, and thus more time will be needed before 
neurones are ready to depolarise again. Reaction time studies 
psychophysical support to this hypothesis (Blake et al. 1980). Therefor
papers IV and V employed Fourier analysis of steady-state VEPs 
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frequency and h
neurones need a l

armonics) should diminish or disappear. If the 
onger interval between one discharge and the next, as 

p ubjects, the steady state 

ay prior to convergence. This is also where Odom & 
hao expected changes to be detectable in strabismus cases. That 

f  
M  
stereograms  (Negawa et al. 2002) is also in line with this. On the other 
h n paper V show differences compared to 

apers II and III suggested for stereo blind s
VEP of these subjects should show disappearing responses at lower 
stimulus temporal frequencies than in normal subjects. The results in 
papers IV and V support this hypothesis, which has also been put 
forward by Suter et al. (1996). As the difference between subjects with 
and without stereo vision can be demonstrated in the higher temporal 
frequency region, and in the second harmonic to stimulus frequency, 
this is consistent with a disturbed function mainly in the M pathway, or 
the pathway with - according to the model outlined by Odom & Chao  
(1995) - a nonlinearity (frequency doubling mechanism) in each 

onocular pathwm
C
unctional magnetic resonance imaging techniques reveal activation of

-pathway related areas during binocular detection of random-dot

and, the amblyopic subjects i
normal subjects in the lower temporal frequencies, and most clearly in 
the first harmonic, consistent with a disturbed function in the P 
pathway, where linear signals converge and are summed prior to a 
nonlinearity. Investigations of blood flow activation in different brain 
areas in relation to visual stimuli with low temporal frequency  
(Mizoguchi et al. 2005) and VEP data  (Shan et al. 2000) support this 
connection between changes in P pathway and amblyopia. 
 

A review of previously suggested electrophysiological 
methods for evaluation of binocular function 
 
Table I lists a sample of papers from the latest three decades that deal 
with how binocular function influences the characteristics of the VEP.  
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Table I. Papers on VEP and binocularity 
First 
author 

VEP parameter Stimulus Special 
equipment  

Number, age of 
subjects 

Tyler   
(1979) 

Sweep steady-
state VEP 

Square-wave 
or sine 
gratings 

Synchronous 
filter and 
integrator, 
X-Y-plotter 

Curves are 
displayed for single 
subjects 

Braddick  
(1980) 

VEP Red/green 
random dot 
dynamic 
pattern 

Red/green 
goggles 

9, 1-2 months; 
9 (1 congenital 
esotropia), 3-5 
months; 
8, 5-8 months 

Oguchi 
(1989) 

Fourier analysed 
steady-state VEP, 
intermodulation 
component 

Checks, 
dichoptic 
with different 
temporal 
frequency 
OD/OS 

Fusional targets 
superimposed by 
prisms 

Graphs from one 
subject 

Adachi-
Usami  
(1983) 

Transient VEP 
amplitude and 
latency 

Checks, 
monocular 
and binocular 
dioptic 

Stimulus 
presented to 
upper or 
lower 
hemiretina, 
fixation spot 

31 normal subjects 

Braddick 
(1983) 

VEP appearance Dichoptic 
pulsating 
red/green 
light  

Red/green 
goggles 

9, 1-20 weeks 

Skarf  
993) 

Fourier analysed 
steady-state VEP

Dynamic 
random dot 

Spectacles 
incorporating 

10 ad
infants 

correlograms light-scattering 

ults, >40 
(1

and 
stereograms, 
dichoptic 
checks 

liquid crystal 
lenses, 
alternating clear-
opaque 
synchronised 
with stimulus 

Bagolini Steady-state VEP Sine gratings, Off-line 3 
(1988) amplitude and 

phase of filtered 
response 

8,16, 32 
reversals/sec, 
monocular 
and binocular 
stimulation 

Fourier 
analysis 
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Table
First 

 I. Pap i  (con
VEP parameter Stimulus  age of 
ers on VEP and b nocularity t.) 

Special 
author equipment  

Number,
subjects 

France   
(1994) 

ed 
VEP, beat and 
sum components

ic 
 

fields, 

 
 8 

ne 2 months; 
14 esotropic infants 

Fourier analys Dichopt
red/green

modulated 
sinusoidally 6
Hz OD /
Hz OS 

Red/green 
goggles, off-li
Fourier 
analysis 

25 normal infants, 6 
weeks – 2

4 – 44 months 

Stevens   Fourier analysed Red fields, 
ave 

 17 

ly 

ally 

Sedation for 

 swim 
goggles with light 
emitting diodes 
(LEDs), 

, 0.6 – 7.7 
yrs 

(1994) VEP, beat and 
sum components

square-w
modulated
and 21 Hz 
either 
monoptical
or 
dichoptic

uncooperative 
subjects, 
modified

Fourier 
analysis 

20 normals, 
20 stereoblind 
children

Bagolini   
(1994) 

tate VEP 
amplitude and 
phase of filtered 
response 16 Hz 

reversals/sec, 
monocular 

lar 
 

r 
18 normals, 4-20 
years; 
19 esotropes 2-30 
PD ET and 

1.0, 
4-20 years; 
 
 

Steady-s Sine gratings, 
16 

and binocu
stimulation

Off-line 
Fourie
analysis 

amblyopia 0.2-

McKerr
(1996) 

al   

lation 
strabism, 6 
anisometropia), 5 
status post optic 
neuritis 

VEP latency Checks, 
monocular 
and binocular 
stimu

 9 normals, 12 
amblyopes (6 

Struck  
(1996) 

Fourier analysed 
steady-state VEP, 
beat 

en 
anaglyphic 
circular fields, 

n 
ier 

11 monofixation 
patients, 24-164 
months; 

 stereoblind 

months 

Red/gre

dichoptic 6/8 
Hz 

Red-gree
goggles, Four
analysis 

12
patients, 32-255 

Yu 
(1998) 

 VEP 

 
pseudo-
random 
binary 
sequence 

Multifocal 
VEP system, 
stimulus 
matrix (steady 
fixation of 
stimulus centre) 

45 control eyes, 5 
esotropic amblyopic 
eyes, 6 
anisometropic eyes 

Multifocal Stimulus 
matrix, 
modulated in
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Table I. Papers on VEP and binocularity (cont.) 
First 
author 

VEP parameter Stimulus Special 
equipment  

Number, age of 
subjects 

Fawcett  
(2000) 

Motion VEP, 
first and second 
harmonic 

Monocular 
sine gratings 

Fourier 
analysis 

89 children, 68 with 
esotropia of various 
types, age 9 months 
– 9 years (mean 3 
years) 

Shan 
(2000) 

Fourier analysed 
steady-state VEP, 
amplitude of 
fundamental 
component 

Low-contrast 
checks 
sinusoidally 
modulated 
appearance-
disappearance 
at 6 Hz (P) 
and 12 Hz 
(M), 
monocular 
and binocular 
stimulation 

Fourier 
analysis 

22 normal subjects; 
5 anisometropic 
amblyopes, 
9-57 years 

 
Several of the authors (bold letters in the table) arrive at the conclusion 
that the method employed in their paper lends itself as suitable for the 
objective evaluation of binocular function and/or amblyopia. Few if 
any of those methods have been accepted for wider clinical use. There 
may be several reasons for this: many of the methods (see Table I, 
italics) demand special cooperation, or equipment such as goggles, 
prisms, and/or modifications of existing standard electrophysiological 
apparatus. The number of cases where objective information on 
binocular function and/or amblyopia would prove crucial for a 
successful treatment of the condition is difficult to assess but is 
probably limited. Consequently, clinics have not been eager to purchase 
and install the necessary equipment as well as train staff to handle it for 
these purposes. 
How does the present study compare with the papers above? 
Although several papers deal with considerably larger groups, many 
contain results from only one or a few subjects. Braddick et al. (1980), 
France & Ver Hoeve (1994), Stevens et al. (1994), Bagolini et al. (1994), 
McKerral et al. (1996), Yu et al. (1998), Fawcett & Birch (2000) and 
Shan et al. (2000) have all compared normal subjects with groups of 
binocularly defective individuals, and collected sizable materials. While 
Braddick et al. (1980), France & Ver Hoeve (1994), and Fawcett & 
Birch (2000) all examined infants and children aged from weeks up to 
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approximately 9 years of age, only Fawcett & Birch provide figures on 
positive predictive values, finding motion VEP to be an indicator of 
bifoveal fusion with positive predictive values ranging between 97% 
and 100%. For detection of lack of stereopsis the positive predictive 
value was lower, between 57% and 80%. 

Do the results of this study indicate a possible 
diagnostic tool? 
According to the study, the steady-state VEP of amblyopic or 
stereoblind subjects differs from normal subjects. But does this 
difference mean that the Fourier analysed steady-state VEP can provide 
diagnostic assistance when assessing binocular functions? First, we 
must stress that the number of subjects in paper V is limited. Second, 
we have used sinusoidal gratings for stimulation, a pattern chosen for 
its single spatial frequency and one-dimensionality. A pattern with more 
and sharper borders, such as a checkerboard pattern, may elicit VEPs 
easier but contains multiple spatial frequencies at different angles. 
Third, spatial frequency, luminance and contrast of the pattern were 
chosen based on where we had found inter-group differences in 
previous papers, and we also took into consideration the results of 
Katsumi et al. (1985) who suggested intermediate contrast and 
luminance stimuli for assessment of binocular functions. Katsumi used 
checkerboard patterns and found optimal binocular summation for 
temporal frequency 12 Hz (corresponding to a reversal frequency of 24 
Hz) in normal adult subjects (Katsumi et al. 1988). We did not perform 
any experiments to compare the results obtained with the 30% contrast 
4 c/deg sinusoidal grating stimulus with other patterns in the pre-
school subjects. 
With these limitations, we still find a difference between normal and 
disturbed binocularity. For the 4-5 year old stereo blind microstrabismic 
subjects with mild amblyopia, this difference is found with a single 
binocular steady state VEP measurement at 15 Hz. The power of the 
second harmonic for all 10 normal subjects was around 1 μV2 or higher, 
whereas 5 of 6 microstrabismic subjects had power values below 0.5 
μV2 and one had a second harmonic power of 1.25 μV2. With a chosen 
normal limit of 0.9 μV2, one false negative result appears in this material 
(normal value in a microstrabismic subject), and no false positive 
(abnormal value in a normal subject), giving a sensitivity (test true 
positives / all true positives) of 83%, and a specificity (test true 
negatives / all true negatives) of 100%, and a positive predictive value 
(test true positives / all test positives) of 100%. 



To detect amblyopia, the monocular responses are compared. We 
divide the larger first harmonic monocular power with the smaller first 
harmonic monocular power, at a reversal frequency of 10 Hz. All seven 
normal subjects that were tested with monocular stimulation of both 
eyes had ratios between 1.0 and 1.5. For the amblyopic subjects one 
would expect the response from the amblyopic eye to be smaller than 
t ratios clearly 
above 1.5, but two amblyopes had ratios around 1. With an upper 
hat from the better eye. Five of seven amblyopes showed 

normal limit of 1.5 we obtain a sensitivity of 71%, a specificity of 100%, 
and a positive predictive value of 100%.  
The small sample size must be considered when judging these figures, 
and a comparison with larger screening studies must be made with large 
caution. With this in mind, we can consider the results obtained by 
Ohlsson et al. (2001), who investigated the screening merits of 5 stereo 
tests in a total of 1,035 children aged 12 to 13 years. In  the TNO test, 
they found sensitivity levels of 70% for strabismus and 43% for 
amblyopia, and positive predictive values of 18% for strabismus and 
32% for amblyopia. Visual screening with letter charts in children 3 and 
4 years of age gave positive predictive values of 58 % and 75% 
respectively (Kvarnström et al. 1998; Kvarnström & Jakobsson 2005). 
While an electrophysiological test for assessment of binocular function 
and/or amblyopia is not suitable for screening, it may have a place in 
the workup for cases where normal psychophysical tests are 
inconclusive, or when a strong family history of strabismus and/or 
amblyopia makes it desirable to diagnose or eliminate the presence of 
binocular disturbance such as microstrabismus or amblyopia in a small 
child. 

44 



Summary and conclusions 
 
We have shown that the latency of the VEP depends on suprathreshold 
contrast. The results do not support the use of VEP latency for 
objective contrast sensitivity testing. 
The latency of the transient VEP is shorter with binocular stimulation 
than with monocular stimulation in subjects with stereopsis, but this is 
not the case in stereo blind subjects.  
Fourier analysed steady-state VEPs in normal subjects, microstrabismic 
subjects, and amblyopes have properties that fit proposed models for 
the visual pathways, although we do not have answers to questions such 
as what the role of the frequency-doubling nonlinearities in the M and 
P channels is? All we have shown is that the frequency-doubling 
mechanisms seem to work less efficiently in subjects with 
microstrabismus, but we do not know the cellular substrate for this, or 
if it is a primary or secondary phenomenon. 
The binocular functions of the human visual system can be evaluated 
using Fourier analysed steady-state VEP. In the present study, the 
simple stimulation paradigm used in papers IV and V is useful for 
distinguishing stereoblind subjects with microstrabismus from subjects 
with normal binocularity. This finding is confirmed in an age group 
where it may be difficult to diagnose microstrabismus with current 
subjective methods. Amblyopia is also detectable by comparing 
responses from the two eyes. The optimal stimulus conditions still need 
to be confirmed or established.  The earlier disorders disrupting 
binocular function are detected, the greater the chance that they can be 
treated successfully. Regarding strabismus with larger angle, parents 
usually observe and report this to the health or welfare centre. 
Unilateral amblyopia as a consequence of microstrabismus or aniso-
metropia, on the other hand, may go unnoticed until the child’s 
monocular visual acuity is tested adequately. In Sweden visual screening 
at 4 years of age detects several but not all of these cases (Abrahamsson 
et al. 1992; Kvarnström et al. 1998). With or without pre-school 
screening, cases may be detected as late as after beginning school. 
Although the Fourier analysed steady-state VEP is not an appropriate 
screening tool, it might be possible to develop it into an instrument for 
evaluating binocular function and detecting amblyopia early in pre-
school children with a family history of such visual disorders. 
The method used in paper V is simple and straightforward. To 
determine if microstrabismus is evident, the subject is requested to view 

45 



a monitor with 15 Hz reversing sine gratings for about 40 seconds with 
 each single eye with 10 Hz 

ence of 
both eyes. Consecutive stimulation of

versing gratings yields data that may indicate the presre
amblyopia. Further studies are necessary to establish optimal stimu-
lation parameters, and to confirm the usefulness of this method as well 
as describing the degree of testability in larger numbers of subjects. 
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”Ett väl utfört arbete ger en inre tillfredsställelse och är den grund 
varpå samhället vilar.” 
 
”A job well done gives an inner satisfaction and is the foundation upon 
which society rests.” 
 
Tage Danielsson, från ”Sagan om Karl-Bertil Jonssons julafton” ur ”Sagor för barn 
över 18 år”, Wahlström&Widstrand 1968. 
 
 
 

”Utan tvivel är man inte klok”. 
 

”Without doubt you are mad.” 
 

Tage Danielsson, ur ”Tankar från Roten”, Wahlström&Widstrand 1976. 
 

Quotes by kind permission from Märta-Stina Danielsson. 
Translations by the respondent. 


	Olle Hammarlund, ur ”Resan till paradiset”, Raben&Sjögren 19
	Translation by the respondent.
	Introduction
	Visual evoked potential
	Definition
	Physiological aspects
	Clinical use of VEP

	Contrast sensitivity
	Definition

	Binocularity
	Binocularity: Advantages and drawbacks
	Neurophysiology
	Psychophysics
	Electrophysiology
	A model for processing binocular signals

	Disturbances in binocularity
	Strabismus
	Congenital strabismus
	Microstrabismus

	Refractive errors
	Hyperopia
	Myopia
	Anisometropia

	Deprivation amblyopia
	Unclear optical media
	Injuries

	Detection of binocular disturbances and amblyopia
	Treatments for binocular disturbances and amblyopia

	Fourier analysis
	Definition
	Applications
	Reasons for use in VEP analysis
	Special considerations when Fourier-analysing VEP


	Aims of the study
	Materials and methods
	VEP electrode placement: As in paper I, except that the dist
	VEP electrode placement: As in paper II.
	VEP electrode placement: As in paper II.



	Results
	Effects of pattern contrast and spatial frequency on the tra
	Transient VEP latency in subjects with normal binocular func
	Contrast sensitivity and transient VEP latency with colour a
	The second harmonic of Fourier-analysed steady-state visual 
	The Fourier-analysed steady-state visual evoked potential in

	Discussion
	VEP latency and contrast sensitivity
	The temporal aspects of transient and steady-state VEP in re
	A review of previously suggested electrophysiological method
	Table I. Papers on VEP and binocularity
	Red/green goggles
	Red/green goggles



	Do the results of this study indicate a possible diagnostic 

	Summary and conclusions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




