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CONVERGENCE AND DIVERGENCE?

S.J. JUDGE
Oxford

SUMMARY

The geometrical requirements for binocular fusion are
stated, and the main features of horizontal vergence eye
movements are described, together with an influential
schema of understanding the interaction between
vergence and accommodation. The anatomy and
physiology of the midbrain region implicated in
vergence and accommodation control are discussed.
The cortical areas from which suitable sensory signals
might be derived are mentioned briefly, and a specula-
tion is made about esotropia.

GEOMETRICAL REQUIREMENTS FOR
BINOCULARITY

The requirement for single binocular vision in
normal human subjects is usually taken to be to
have the lines of sight of the two eyes aligned on the
target to within a tolerance of a few minutes of arc
(Panum’s fusional area). The lines of sight need to be
aligned horizontally and vertically, and for fusion of a
spatially extended stimulus torsion also needs to be
matched in the two eyes, but in this paper I shall
discuss only horizontal alignment because my focus is
on the neural circuits that underlie the behaviour and
these have only been investigated for the horizontal
system; brief reviews of vertical and torsional
vergence behaviour can be found elsewhere.'”
Although Panum’s area can be as small as a few
minutes of arc wide, it can be much larger. Fender
and Julesz’ showed that once binocular stimuli are
fused, it is possible, using specialised stabilised-vision
apparatus, to alter the horizontal binocular disparity
by as much as 2 degrees before fusion is lost,
although once fusion is lost disparities need to be
reduced greatly (approximately to the classical
values for Panum’s area) for fusion to be regained.
In other words there is considerable hysteresis in
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binocular alignment for fusion. It is perhaps there-
fore not too surprising that when, more recently,
accurate binocular measurements were made for the
first time in head-free human subjects viewing distant
real three-dimensional targets, it was found that
variations of vergence of 1-2 (in one subject 5)
degrees occurred during head movements of modest
velocity without subjects experiencing loss of fusion.*

Another caveat that has to be attached to the
notion that binocular alignment needs always to be
very precise in order for fusion to be maintained, is
that the size of Panum’s area depends on the
sharpness of the target. If the stimulus contains
only low spatial frequencies (i.e. is ‘blurred’) then
Panum’s area is considerably larger than with high
spatial frequency targets.”®

Aside from these qualifications, there is a quite
different sense in which it is incomplete — one might
even say short-sighted! — to state the requirement for
single binocular vision purely in terms of binocular
alignment; even modest errors of focus will greatly
reduce the available high spatial frequency informa-
tion unless pupil size is very small, and so the
geometrical requirement for good single binocular
vision ought, in general, to be three-dimensional and
include accommodation being accurate.

CONVERGENCE BEHAVIOUR

Components of Vergence; Systems Models

The classical view, derived from the work of
Maddox,” saw four components to vergence: accom-
modative (associated in a reflex way with effort to
focus on targets), fusional (what we would now call
disparity-driven), tonic (that present without a
stimulus) and proximal (that related to a subject’s
knowledge of the target distance, such as might arise,
for example, from having seen the layout of the
apparatus before the measurements). This categor-
isation is still influential. Maddox thought that
fusional vergence played only a minor role, but by
the 1960s disparity was thought to be more
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important. The study in 1961 by Rashbass and
Westheimer® was particularly influential. They
showed that subjects respond to suddenly imposed
disparity (of up to several degrees) with convergence
or divergence eye movements (as appropriate) with a
latency of about 160 ms and a speed roughly
proportional to the size of the suddenly imposed
disparity — a shorter latency than that of accommo-
dative vergence and a mathematically simple rela-
tionship to a cue which is geometrically defined; later
in the same decade it was shown”' that there are
cortical neurons that respond selectively to particular
horizontal disparities and not others, and this
discovery consolidated the view that disparity was
indeed of fundamental importance.

Maddox himself had shown that tonic vergence is
adjustable. What causes it to change most dramati-
cally is binocular viewing through prisms that require
extraconvergence. After a few minutes of such prism
viewing, adaptation occurs to the prisms, i.e. tonic
vergence is biased in a convergent direction (this is
most simply shown by measuring vergence in
monocular viewing, and finding that phoria has
altered), and the bias takes some time to disappear.

The Maddox categorisation leaves out of reckon-
ing several important issues. One complicating factor
is that, unknown to Maddox, not only does vergence
alter when accommodation is altered, even in
monocular viewing when it is unnecessary — ‘accom-
modative-vergence’ — but accommodation alters
when vergence is altered — ‘vergence-accommoda-
tion’’! - even when no change to accommodation is
necessary such as when viewing binocularly in a
stereoscope in which each eye views through a
pinhole pupil so that the retinal images are always
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sharp and there is no optical need to alter accom-
modation. The conventional way of thinking about
these effects is to imagine vergence and accommoda-
tion as produced by two feedback loops: one with
disparity driving vergence, and the other with ‘blur’
driving accommodation, there being cross-links in
both directions between the two loops (Fig. 1). This
schema was first suggested by Westheimer'? in 1963.
The important point to realise about the situation
this schema depicts is that the effect a vergence
stimulus has depends on what the accommodation
stimulus is: the two loops interact (hence the name
sometimes given to the schema: the dual-interactive
controller). Quite a complex set of measurements is
needed to be able to turn such a schema into a
quantitative model that matches behavioural data,
even for the static situation where neither accom-
modation nor vergence is changing,'® but one point
on which there is a great deal of evidence is that
vergence response generally matches vergence
demand very closely (fixation disparity is very
small) — much more closely than accommodation
response matches the stimulus — and this means that
quantitatively the influence of disparity on vergence
(and perhaps also on accommodation) is stronger
than that of blur.

There are a number of complications and varia-
tions on the above schema, such as those of Schor
and Kotulak,'* who favour a different position for
the cross-links, and that of Zhang et al.,'> which I
shall discuss below. Also, it must be pointed out that
while we can at least begin to see how the brain
might extract the disparity signal, how ‘blur’ (which
here means the difference between accommodation
demand (the reciprocal of target distance) and
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Fig.1. The dual-interactive controller. Two interacting feedback loops one (upper part of figure) with ‘blur’ as its error signal
and the other (lower part of the figure) with horizontal binocular disparity as its error signal, control vergence (and
accommodation). The two feedback loops are not independent, but are cross-linked in both directions: changes in ‘blur’ alter
the drive both to accommodation and to vergence (via the AC or accommodative-vergence cross-link), and changes to
disparity alter the drive both to vergence and accommodation (via the VA or vergence-accommodation cross-link). The tonic
level of vergence is affected by the recent history of disparity, by means of the ‘slow integrator’. The dashed lines indicate effects
Wat arise from the geometry of the situation rather than information flow in the brain.
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accommodation response) is extracted is not obvious.
In general, blur is not computable from the retinal
image without some additional information. Various
suggestions have been made about how this might be
done.!® The other feature of the schema which
should be noted is the box labelled ‘slow integrator’
parallel to the main output from the disparity
controller. This allows the model to prism adapt.
Not shown in the diagram is a similar box in the blur
pathway, to allow for the adaptable tonic accom-
modation that Schor et al.'” have shown in a minority
(less than 25%: personal communication) of subjects.

Newer Findings

The idea that vergence movements are small and
slow is false, and it is also false that vergence
movements are independent of conjugate move-
ments: for example, when looking from a distant
target on the left to a nearby one on the right much
of the convergence is achieved very rapidly by
making a disconjugate saccade which is larger in
the left than the right eye.'®!® Even when vergence
movements are made between binocularly viewed
midline targets (so that no saccades occur) large
vergence movements can have velocities of 100
degrees per second or more, i.e. well within the
saccadic range (though lower than for saccades of the
same size).

Moreover, other sensory cues to depth than
disparity, such as the expansion of the retinal image
of a real object that is approaching, induce ver-
gence.?*?!

Those who are inclined to doubt whether ‘prox-
imal’ vergence has any substance might like to know
that Enright®* has found that accommodative ver-
gence varies with the implied depth of the point
fixated when viewing a painting with strong perspec-
tive cues.

Busettini ef al.**> have shown that if large extended
stimuli are used, the latency of vergence can be much
shorter (about 80 ms in humans and 50 ms in
monkeys) than the value previously reported (c.
160 ms) with small targets (in both species).

ANATOMY AND PHYSIOLOGY

Ocular Motorneurons

Although the extraocular muscles are notable for
containing a wide variety of different types of muscle
fibre, the general view is that there are not special
sets of motorneurons for different types of eye
movement.*

However, Biittner-Ennever and Akert® have
shown that the distribution of the ocular motorneur-
ons in the third nerve nucleus is more complex than
previously thought, and that in addition to the main
known cell groups there are small motorneurons that
project to the orbital layers of the extraocular
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muscles, where they innervate tonic fibres. It is
tempting to speculate that these small motorneurons
might have some distinct function, and because they
are especially common in the projection to the
medial rectus muscle, vergence be implicated, but
there is no evidence to support this speculation.
Originally it was thought that individual motor-
neurons innervating the medial and lateral rectus
muscles (those with the greatest role in horizontal
vergence movements) discharged equally strongly
for vergence or conjugate movements, but the more
recent study of Mays and Porter’® found a wide
variation in the relative strength of the conjugate and
vergence signals on individual neurons. Furthermore,
in the abducens nucleus, within whose boundaries lie
both the lateral rectus motorneurons and also
interneurons that carry the main signal that drives
the contralateral medial rectus motorneurons in
conjugate movements, one does not find that the
interneurons are active in conjugate movements but
not in vergence, as would be needed to keep the
vergence and conjugate signals separate.”’

Pre-motor Vergence Neurons

In the pioneering studies in unanaesthetised mon-
keys of the behaviour of ocular motorneurons in the
third nerve nucleus several neurons were noted,
dorsolateral to the caudal part of the nucleus, whose
discharge appeared to be proportional to the angle of
convergence.”** More recently these neurons have
been studied systematically3%-31 The majority of
these neurons increase their discharge rate in
convergence but there are some neurons that
decrease their discharge rate in convergence. The
neurons do not seem to be divided into categories
that relate in any simple way to the Maddox
components of vergence, i.e. one rarely sees neurons
that are active, say, only in accommodative-vergence
and not in disparity-driven vergence. Moreover,
because vergence and accommodation are normally
closely associated, it is not simple to tell whether
these neurons are related to vergence or accommo-
dation. Judge and Cumming®' used a stereoscopic
apparatus that allowed accommodation and vergence
demand to be either normally coupled or dissociated.
By comparing the activity of neurons in normal
binocular viewing and viewing with conflicting
accommodation and vergence demands, they were
able to show that some neurons discharged as though
they were driving accommodation, some as though
they were driving vergence and others in more
complex ways. Applying the dual-interactive control
model to the situation, they suggested that the
explanation of the more complex behaviour of
some neurons might be that these neurons received
mismatched drive from ‘blur’ and disparity. This
suggestion was followed up by Zhang et al.,'” who
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showed that one could account for such data by
employing a multi-channel version of the dual-
interactive controller model. Neurons in channels
receiving well-matched blur and disparity-derived
inputs would behave appropriately for their motor
connections, whereas neurons with modestly mis-
matched inputs would not do so, and if the mismatch
had just the wrong value might even look as though
they were related to the opposite response. More
importantly, the same group'>** were able to
examine the behaviour in normal and conflict view-
ing of a number of neurons that could be activated
antidromically by electrical microstimulation of the
medial rectus subdivision of the third nerve nucleus.
The activity of these neurons was generally more
closely related to vergence than accommodation,
with the relationship to accommodation averaging
out to zero over the sample.

In a separate study> some of the neurons in the
same region were identified as Edinger-Westphal (E-
W) nucleus neurons by antidromic activation from
electrical stimulation of the third nerve (not nucleus).
These neurons turned out to have the distinctive
property (amongst the near-response neurons in
general) of a rather small increase in firing rate as
the animal accommodated, so it might in principle be
possible to go back through the data from earlier
experiments and select out putative E-W cells from
others. Tested in conflict viewing, the majority of
identified E-W neurons behaved as though they were
related to accommodation alone.

Another question asked of the near-response
neurons dorsolateral to the third nerve nucleus was
how they behave when the animal is adapted to
prisms.

This is a difficult experiment because one needs to
record from neurons before, during and after prism-
adaptation. It would appear>* that part but not all the
tonic vergence signal needed to account for prism-
adaptation is present on the pre-motor vergence
neurons.

There are two other groups of near-response
related neurons that have been identified in the
midbrain: one near the abducens nucleus® and the
other in the pretectum or perhaps in the anterior
superior colliculus. 3!

In the cortex, the best candidate for a region from
which sensory signals might derived for vergence and
accommodation control would seem to be the
inferior parietal lobule. Damage to this region is
known to affect depth perception.® Sakata er al.”*
have found neurons there whose activity is related to
distance of fixation, or to tracking of targets moving
in depth; and more recently Gnadt and Mays® have
described neurons in parietal area LIP that are tuned
for eye movements in three-dimensional space. In
the cat, Bando’s group*®*! has found that there are
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convergence-related neurons in the lateral suprasyl-
vian area, and that electrical stimulation there can
elicit small convergence eye movements. Very
recently Gamlin et al. (personal communication)
have discovered a region of the frontal cortex, just
anterior to the saccadic frontal eye fields, where
neurons discharge in relation to vergence.

A SPECULATION ABOUT ESOTROPIA

Attempts to prevent children developing squint still
rely largely on the observation made over a hundred
years ago by Donders, that esotropic squint is
associated (to some degree) with hyperopic refrac-
tive errors. By identifying children with high hyper-
opia early in life, and persuading them to wear
corrective spectacles, the incidence of squint can be
reduced.*?*3 Donders supposed that accommodation
and vergence were inflexibly linked early in life, and
that the effort of the hyperopic child to focus induced
inappropriate convergence, which in turn prevented
normal development of binocular vision. My interest
in this idea is largely in the degree to which the first
premise is true. We know very little indeed about
vergence early in life. One might speculate that it is
only in some children that accommodation and
vergence are inflexibly linked at the crucial stage in
life. If so, then the Donders esotrope is the
unfortunate person who was both hyperopic early
in life and whose early accommodation-vergence
linkage was inflexible. One point that should be
made is that it is not the ratio of accommodation to
vergence that needs to be adjusted to make
accommodative vergence appropriate in hyperopia,
but the bias in vergence — in other words the critical
component is the level of tonic vergence.
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