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Normal subject data replicate Meese et al. (2006),
and are well described by the Two Stage model,
using the parameters from that paper (see table).

Parameters S and k were allowed to vary to describe
variations in sensitivity and dipper placement.
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3. The Two Stage model of binocular contrast vision

2. Method - interocular pedestal masking

Contrast vision in strabismic amblyopia is characterised by:

i) threshold elevation in the amblyopic eye (Hess & Howell, 1977)

ii) poor binocular summation at threshold (Levi et al, 1979)

iii) abnormal dichoptic masking (Harrad & Hess, 1992)
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Here, we explore contrast masking functions in greater
detail than reported previously, and use a model of
interocular contrast vision to describe our results.

Observers
DHB (author - normal control)
5 strabismic amblyopes
Squints corrected using prisms

Mask contrasts
0% - 30dB
[dB given by: 20.log10(C%)]

Equipment
VSG2/5 Stimulus Generator
Clinton Monoray Monitor
FE-1 Stereo Goggles

Stimuli
Horizontal test grating
Either 3cpd or 0.5 cpd
Raised cosine spatial window

Presentation
114cm viewing distance
2AFC - contrast discrimination
200ms duration
500ms ISIProcedure

3-down, 1-up Staircase method
Blocked by mask contrast
Randomised blocks
1 staircase for each condition

Analysis
Data merged across sessions
and thresholds estimated by
Probit analysis

Phase
Random phase to homogenize
luminance adaptation

• Previous studies used mirror
stereoscopes, and vertical stimuli
• Could lead to artifacts because
of phase misalignment of stimuli
• We used stereo goggles and
horizontal gratings
• We also corrected any
strabismus using prisms

ND filters

There is some indication in the
literature that a normal subject with a
neutral density filter over one eye
behaves somewhat like an amblyope
(Gilchrist & McIver, 1985; Heravian-
Shandiz et al, 1991).  The normal
subject also ran the experiment with a
1.5ND filter in front of the left eye.

4. Analysis part I: binocular summation at threshold

We used the Two Stage model of
Meese et al (2006) to describe
our results.  This model features
two distinct stages of contrast
gain control, one before and one
after binocular summation.

By ‘lesioning’ the model using
either an attenuator or removing
some connections, we can
attempt to simulate the deficits
observed in amblyopia (Meese &
Hess, 2004).

It is common in the clinical literature to calculate
binocular summation ratios relative to the good
eye only.  The left panel shows this analysis for
our subjects.

Amblyopes all show <√2 binocular summation.

However, it is conceivable that the summation
process is normal, but appears to be absent
because of low sensitivity in the bad eye.  This is
illustrated by the case of the normal subject with
an ND filter (*). Neural summation is presumably
constant, but ratios appear to decrease with the
filter present.

An alternative approach is to formally characterize the
summation process using Minkowski summation to incorporate
the monocular thresholds from both eyes.  For each subject, we
attempted to satisfy the following equation for k:

where S is sensitivity (1/threshold) in left (L), right (R) or both
(B) eyes, and k is the Minkowski exponent.

Analysed this way (right panel), the results from two amblyopes
are consistent with a normal binocular summation process.
(Two other subjects show less sensitivity binocularly than with
the most sensitive monocular eye, so the equation cannot be
solved, and their results are set to a ratio of 1).

5. Masking functions for normal subject
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• Thresholds in amblyopic eye always elevated

• Dichoptic facilitation present for 3 subjects (left)

• Dichoptic facilitation absent for other 3 (right)

• Masking functions steep in dichoptic condition
Two subjects (left column) show behaviour very
similar to that of a normal subject with an ND filter
in front of one eye.  Both dichoptic facilitation and
binocular summation (see Box 4) are preserved.

The other three subjects (right column) do not
show normal binocular summation (Box 4) or clear
evidence of dichoptic facilitation.

In contrast to Harrad & Hess (1992), the slope of
dichoptic masking is similar to that in normals on
threshold normalized axes (below, red line).
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In this scheme, amblyopic threshold elevation is
caused by a process of attenuation early on in the
model.  The rest of the model remains intact.  Several
attenuator positions were tried, all with similar
results.  Depicted here is the best, which provides a
reasonable description of the data for two amblyopes
(ML and EMD), as well as for the normal subject
with an ND filter (DHB).  Fits are shown in the left
column of the main figure in Box 6, each having three
free parameters (S, k and i).

Early attenuator Independent channels

For the other three amblyopes, who show no sign of
dichoptic facilitation, and abnormally low binocular
summation at threshold, a model with independent
channels provides a better description of the data.  As for
the other model, threshold elevation is caused by an early
attenuator, but all binocular interactions, including
interocular suppression and binocular summation, are
absent (‘lesioned’). Performance is now determined by a
peak picker at the output stage, implemented using
Minkowski summation with a large exponent (k=20).

Subject SH’s data
are not described
well by either
model, and require
more thought
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Weighted Error Statistics

It is common practise to use RMS
error to determine best fitting model
parameters.  However, noisy data,
such as is typical of amblyopes, can
sometimes erroneously skew the fit.
We use an alternative error statistic
weighted by the reliability of the data
to avoid this problem:

3cpd 0.5cpd

Test stimuli

Three masking conditions:

• Monoptic (pedestal and test to same eye)

• Dichoptic (pedestal and test to opposite eyes)

• Binocular (pedestal and test to both eyes)

Run monoptic and dichoptic for each eye, hence 5
masking functions:

Dichoptic masking

Normal 
summation

In model
diagrams and
equations:
B = Bad eye
G = Good eye

No
summation

•  Dichoptic facilitation is not always absent in amblyopia, and the process
of binocular summation at threshold may be intact in some subjects

•  Dichoptic masking is typically normal for our amblyopes
•  The largest losses in binocularity (tan shading) occur in the subjects with

the greatest acuity losses or greatest angular strabismus
•  Subjects fall into two groups, indicating two types of strabismic

amblyopia
•  Lesions and attenuators in the Two Stage model give a reasonable account

of many of our findings, but not a complete description


