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Abstract

Accommodative vergence was measured using the Miiller
experimental paradigm in which target movement along the line of
sight of the viewing eye results in large movement of the fellow
(covered) eye. Our paper demonstrates an unexpected
predominance of accommodative vergence over disparity vergence
in patients with constant strabismus amblyopia, intermittent
strabismus, and amblyopia without strabismus. Comparison of
accommodative vergence responses in these patients with responses
from normal subjects using symmetrical and asymmetrical targets
under binocular and monocular conditions established the normal
character of the patients’ accommodative vergence and the absence
of disparity vergence in most of them. The intermittent absence of
disparity vergence in certain of our patients—some with surgically
corrected strabismus, some with moderate amblyopia, and some with
amblyopia treated with orthoptics—raises questions of clinical and
neurophysiological interest. Preliminary results on the effects of
amblyopia on accommodative responses are also presented.

Key Words: accommodative vergence, disparity vergence, fusional
vergence, strabismus, amblyopia

In 1826, Miiller’ observed that if one eye
was covered and a fixation target was
changed from far to near along the line of
sight of the viewing eye, the covered eye
converged. Since Miller’s' discovery of the
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synkinetic relation between accommoda-
tion and vergence, many investigators haye
confirmed the large vergence movement In
the covered eye, and this has become the
experimental paradigm in the laboratory
and clinic for defining accommodative ver-
gence.”® Monocular presentation of the
stimulus and the large movement in the
covered eye emphasized the uniocular as-
pects of accommodative vergence.
Recently, we' found that accommoda-
tive vergence is a binocular response (Fig.
1); both eyes converge synchronously in the
Miiller experiment. However, the size of the
vergence movement in the viewing eye
equals only 12% of that in the covered eye.
For this reason it is easy to understand why
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Fia. 1. Binocular accommodative vergence in the Miiller experimental paradigm.mB‘inocular eye movements
are shown for a normal subject with the dominant right eye viewing a target during divergence. The viewing eye
was monitored simultaneously with both photocell and EOG methods; the covered left eye was monitored
photoelectrically only. Shown are the position of the covered left eye, the viewing right eye (gain approximately
equal to left eye), the viewing right eye (gain four times greater than left eye), and the viewing right eye (EOG
method), respectively, from top to bottom as functions of time. Calibration bars represent 0.25 deg for the
viewing right eye (lower two traces), 1 deg for upper two traces, and 400 msec. Leftward movements are
represented by upward deflections. Note clearly observable vergence movement in the viewing right eye
monitored with the photoelectric method but only noise and drift in the viewing eye during the same time with
EOG recording, thus demonstrating ineffectiveness of EOG technique for detecting small ocular rotations.

Miiller and other investigators using either
subjective or insensitive electrooculo-
graphic (EOG) methods observed only the
large movement of the covered eye. Use of
a high-resolution infrared photocell method
with a noise level of 1-min arc, a bandwidth
of 150 Hz, and a range of +7 deg permitted
recordings that demonstrated a small ver-
gence in the viewing eye (Fig. 1). To com-
pare these two techniques, Fig. 1 includes
simultaneous use of the EOG and photocell
methods to record eye movements in the
viewing eye; detecting the signal amid the
noise in the EOG trace is difficult without
aid from the photocell trace.

In addition to these step responses, other
studies have emphasized the transient
binocular nature of accommodative ver-
gence."! Fig. 2 displays the pulse response
of accommodative vergence to illustrate the
unequal amplitudes and dynamics of this
binocular response. Dynamics of only the
covered eye have also been investigated
by both frequency and transient tech-
niques.'®™® This recent concept of accom-
modative vergence as a binocular, not uni-
ocular, response still leaves open important
questions about the large inequality of the
vergence responses in the two eyes. Such
questions concern the role of Hering’s law
of equal innervation with respect to the

unequal vergence. Others address the role
of other eye movement systems to counter-
act the vergence of the viewing eye so as to
maintain foveal fixation. Candidates for
this interaction include the smooth pursuit
and saccadic systems.

UNEXPECTED PREDOMINANCE OF
ACCOMMODATIVE VERGENCE

When a normal subject is instructed to
follow near and far symmetrical stimuli pre-
sented binocularly, disparity vergence re-
sponses result (Fig. 3). As Fig. 3a shows,
normal disparity vergence consists in a
smooth, equal, disjunctive movement of the
eyes in response to the equal retinal dispar-
ity produced by midline targets."** How-
ever, when patients with strabismus and/or
amblyopia are presented with such binoc-
ular stimuli, responses differ greatly from
those of normal subjects.'® For example, in
Fig. 3b, instead of equal vergence ampli-
tudes, the dominant eye verges only a frac-
tion of the vergence amplitude found in the
nondominant eye, a characteristic that re-
sembles normal accommodative vergence.
In this disparity vergence paradigm, the
amplitude of the vergence in the dominant
eye measures about 12% that of the non-
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Fic. 2. Transient binocular accommodative vergence response to a pul/se of accommodative stimulus with
right eye as viewing eye. Inequality of vergence amplitudes in the two eyes is obvious even in these transient
responses. The following notations for this and subsequent figures apply unless otherwise noted: §.. = left eye
velocity, . = right eye velocity, 6= left eye position, 6k = right eye position, : + s = target position
summed with right eye velocity. (Using this summation, five functions can be displayed in four channels.) The
time marker is 500 msec; leftward movement is an upward deflection. N and F refer to near and far target

positions at 25 and 50 cm, respectively.

dominant eye, similar to the viewing eye
vergence amplitude found in the accom-
modative vergence paradigm.

In addition to accommodative vergence,
a binocular saccade is used to foveate the
target with the dominant eye. The combi-
nation of this saccade and accommodative
vergence movement maintains fixation of
the dominant eye on the target.

NORMAL ACCOMMODATIVE
VERGENCE IN STRABISMIC/
AMBLYOPIC PATIENTS

First, we can show that if the patient’s
nondominant eye is covered and a target is
displaced along the line of sight of the view-
ing dominant eye, we obtain normal accom-
modative vergence. The patient’s accom-
modative vergence responses in Fig. 4a are
similar to the normal’s accommodative ver-
gence responses in Fig. 4b. Characteristic
corrective movements in the viewing eye
can be seen in each case.’” Thus, these
patients have normal accommodative ver-
gence with the dominant eye viewing. Sec-
ond, we can compare our patient’s re-
sponses with and without the nondominant
eye covered when target displacements oc-
cur along the midline. Comparing Fig. 5b,

with both eyes viewing, and Fig. 5a, with
only the dominant eye viewing, reveals sim-
ilar responses. Uncovering the patient’s
nondominant (and presumably suppressed)
eye does not alter the nature of the re-
sponse. Third, the response of a patient
viewing with two eyes (Fig. 6a) is similar to
the response of a normal subject viewing
with one eye (Fig. 6b) in the symmetric
target condition. Both responses contain
unequal vergence amplitudes and binocular
saccades. Again, patients respond as if only
their dominant eye saw the targets. Fourth,
a quantitative comparison of the response
asymmetry in normals and in patients with
strabismus and/or amblyopia showed sim-
ilar characteristics in the two groups. Under
Miiller’s' condition, the viewing eye shows
about 12% of the amplitude found in the
covered eye’s vergence response. A similar
percentage is obtained in patients with stra-
bismus and/or amblyopia.

One mechanism that might act to block
binocular vision in these patients is sup-
pression, commonly found in the nondom-
inant eye of such patients under binocular
conditions.”>* The “monocular” vision
that results from this suppression would
leave only accommodation to drive ver-
gence. Hence, the predominance of accom-
modative vergence when both eyes view
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Fic. 3. Symmetric vergence in a normal subject compared with a patient with intermittent strabismus. Eye
mpvement responses are shown to near and far targets placed symmetrically between the two eyes. Under
binocular viewing conditions; a, shows the normal control subject used disparity information from the stimuli to
produce smqoth, equal disjunctive movements, and b, shows the responses of a patient with both eyes viewing
the sy_mmetnc targets. Instead of producing smooth, equal vergence movements, the response of this subject
contains unequal vergence with smaller amplitude vergence in the dominant right eye. A binocular saccade
places the dominant eye's fovea on the new target each time.

the targets is probably due to the lack of
usable binocular input.

‘Regardless of the precise nature of the
dlsparity-blocking mechanism in these pa-
tients, accommodative vergence is the dom-
mant response in the absence of disparity
vergence. This does not imply that the ac-
commodative vergence (with the dominant
eye) is abnormal—only that its normal oc-
currence is revealed because disparity ver-
gence is absent.

INTERMITTENCY

Not all patients showed this unexpected
predominance of accommodative vergence

under binocular conditions. Patients who
showed counterexamples to this phenome-
non included some having amblyopia with-
out strabismus and some who had had sur-
gical correction as children and no longer
had strabismus. In Fig. 7a, an amblyopic
patient with 6/12 (20/40) visual acuity in
the left eye shows a predominance of ac-
commodative vergence as well as intermit-
tent episodes of normal disparity vergence,
especially during convergence (95% of the
time). These episodes of normal vergence
were not predictable from one response to
the next. This intermittent vergence was
also found in a patient who had had surgical



570 AM J OPTOM & PHYSIOL OPTICS

correction at age 3 for an esotropia and now
has an esophoria. In Fig. 7c this patient’s
responses show both normal and abnormal
disparity vergence. Here, too, the occur-
rence of normal responses was not predict-
able; but, again, they occurred more fre-
quently during convergence. However, a
patient who had been successfully treated
for amblyopia [6/33 (20/110)] and eccentric
fixation in the left eye as an adult and who
had 6/6 (20/20) visual acuity and no eccen-

Vol. 57, No. g

tric fixation at the time of examination®
showed an absence of normal disparity ver-
gence eye movements (Fig. 7b). The or.
thoptics therapy had no demonstrable ef.
fect on this patient’s ability to perform nor-
mal disparity vergence.

This intermittent absence of disparity
vergence in certain of our patients raises
interesting questions on what neurophysi-
ological mechanisms might underlie the pa-
thology of their binocular visual motor loss.
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Fic. 4. Accommodative vergence in a patient is similar to accommodative vergence in a normal subject:
monocular viewing of visual axis targets. a, Shows recordings of a patient with constant strabismus and
amblyopia in the left eye (VA = 6/36.6 (20/122), 10* ET). Accommodative vergence response characteristics
are normal; note the large movements occurring during vergence in the viewing dominant eye. b, ShC{WS
characteristic accommodative vergence response of a normal subject with vergence movements in viewing
right eye less than 0.5 deg in amplitude and large vergence in occluded, nondominant left eye.
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Fig. 5. A patient's vergence responses to symmetric targets are similar with and without the nondominant
eye covered. An intermittent left exotrope without amblyopia shows similar responses with the nondominant left
eye covered (a) and with both eyes viewing (b). Each response contains an accommodative vergence,
characterized by unequal vergence amplitudes, and a saccade to fixate the viewing eye in a and the dominant
eye in b. Notice that covering of the nondominant eye does not change the basic response found under
binocular viewing conditions. This similarity would be expected if only accommodative vergence were active

under binocular conditions.

Neurophysiological experiments on ani-
mals with induced strabismus have shown
that strabismus has strong effects on the
population of binocular cells in the visual
cortex.”* These binocular cells presum-
gbly perform the sensory disparity process-
ing for both psychophysical processes and
may perform the sensory disparity process-
ing for motor binocular visual processes,
that is, stereopsis and disparity vergence.
When binocular vision is restored, for in-
stance, in the former strabismus patient
whose eye movements are shown in Fig. 6¢,
the psychophysical function may recover.
However, recovery is not complete, in that
disparity vergence is intermittently absent.
The same is true for the patient in Fig. 7b.
Here, orthoptics treatment resulted in a
marked improvement of stereoacuity from
1000 to 60 sec arc, yet the patient exhibited

absence of normal disparity vergence re-
sponse.” Either there has been a differen-
tial recovery of psychophysical and motor
disparity units, or some separate motor
control process has been disrupted and not
fully recovered. In our amblyopic patients,
the intermittent presence of disparity ver-
gence (Fig. 7a) again suggests differential
effects of the deprivation mechanism pos-
tulated for the amblyopia on the psycho-
physical and motor disparity sensory pro-
cessing. These intriguing findings call for
replication in animal experiments in which
assessment of binocular cortical single units
can be carried out.

EFFECT OF AMBLYOPIA ON
ACCOMMODATIVE VERGENCE

Although strabismus has a more disrup-
tive effect on disparity vergence than am-
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FiG. 6. A patient's responses under binocular viewing conditions are similar to monocular viewing responses
in a normal subject (symmetric target conditions). The symmetric vergence response of this constant strabismus
(4 ET) patient with mild amblyopia [6/9 (20/30)] shows an accommodative vergence response under binocutar
viewing conditions (a). When the normal subject has the nondominant right eye covered, the accommodative
vergence responses to the monocularly viewed symmetric targets show the same response as does the patient
in a. In both a and b the response contains an unequal vergence and a fixating saccade.

blyopia does,®® amblyopia has a more
marked effect on accommodative vergence
than strabismus does. With targets along
the line of sight of a patient’s dominant eye
and the fellow eye covered, the resulting
accommodative vergence responses show
normal characteristics, as shown in Fig. 3.
If targets are now placed along the line of
sight of the patient’s nondominant eye and
the dominant eye is covered, accommoda-
tive vergence amplitudes in the covered eye
are related to the depth of amblyopia. In
Fig. 8a, responses from an intermittent ex-

otrope without amblyopia show normal ac-
commodative vergence amplitudes in the
covered, dominant right eye while viewing
with the nondominant left eye. However,
this patient had longer response duration
here than when the dominant eye was used.
In Fig. 8¢, an amblyopic patient with 6/12
(20/40) visual acuity in the left eye shows
an accommodative vergence amplitude in
the left eye which shows little if any reduc-
tion from the accommodative vergence re-
sponse of the dominant right eye. In Fig.
8b, a strabismus patient with 6/36.6 (20/
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Fig. 7. In‘termittent normal disparity vergence in an untreated amblyope (a), a treated amblyope (b), and a
former s}rabpmic patient (c) under binocular viewing conditions (symmetric targets). a: Patient SH has
amblyopia without strabismus. This record shows both the normal and the abnormal vergence responses, which
occurred unpr.edic!ably in this patient. b: Another patient having 6/6 (20/20) visual acuity, at time of eye
mfovemen.t testing, ina formerly amblyopic [6/33 (20/110)] left eye. This adult patient had just completed 2 yr
o exten_swe orthoptics therapy. Again, as found in all patients with strabismus and in some patients with
jlmblyopla only, characteristic abnormal vergence responses are clearly seen. ¢: Shows recordings of patient

W, who had an esotropia but was surgically corrected at age 3. This record shows episodes of normal

vergence but only to convergence stimuli.

122) visual acuity in the left eye also re-
sponds with little if any reduction in ampli-
tude of accommodative vergence. However,
when visual acuity is 6/120 (20/400) or

worse, response amplitudes are dramati-
cally decreased. In Fig. 9, b and ¢, a patient
with such deep amblyopia shows little or
no accommodative vergence in the domi-
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Fia. 8. Accommodative vergence to targets aligned along the visual axis of the nondominant eye in patients
with low and moderate depths of amblyopia. The effects of different degrees of amblyopia on accommodative
vergence are shown here and in Fig. 9. a: The accommodative vergence responses of patient having intermittent
strabismus and no amblyopia shows normal amplitude accommodative vergence in the covered eye. In addition,
the viewing eye performs compensatory movements found in normal subjects. The viewing eye’'s vergence
equals 15% of that in the covered eye. However, note that the duration of the accommodative vergence is in
excess of 1.5 sec. b: Responses of patient who has strabismus and 6/36.6 (20/122) visual acuity in the left
eye. The accommodative vergence responses show normal durations. However, there is a tendency to saccade
with the covered eye, as if the patient is using the covered eye to view the target; such responses may be
learned responses to accommodative stimuli. c: Response from a patient with only amblyopia [6/12 (20/40)]
in the left eye. The response shows no reduction of the vergence amplitude in the covered eye compared to

those along the visual axis of the normal eye. Notice that the compensatory movements in the viewing eye are
similar to those of normal patients.

nant eye. Interestingly, the response in Fig. indicates that this is a purely anticipatory
9c is similar to the divergence response seen response. This anticipation suggests that
in Fig. 9b, but there was no actual change the responses in Fig. 9b may also be pre-
in the stimulus to accommodation, which programmed movements, not stimulus
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de:;‘JGén?sl Acgomn.\odat_lve vergence to ta_rgets along the visual axis of the nondominant eye of patients with
0 yo.pla. a: Patient with amblyopia of 6/189 (20/630) and strabismus in the left eye. Little if any
dmmodatlve vergence can be seen in the covered eye. Instead, there is a pair of saccades when the targets
?ar:)gel;c:aa: ?ccomwodgtlve Stimulus. The saccadgs seem to act initially to place the covered eye on the new
o 1 t(;ie ime. b: Patient ha\_/mg only ambl_yopua in the right eye of 6/120 (20/400). Mostly saccades are
rormal sub_setres’i_)'ons,es al.wd little vergence in the coyered eye. These responses are different from those of
responss wjift? s (Fig. 1). ¢ Same pat_lgnt as in b anticipating the change of targets from near to far. This
demand th no f:hgnge in target position is similar to those when the target did produce an accommodative
nd. This similarity may show that these responses are not part of the stimulus but are programmed or

learned responses.

driven. When visual acuity is further re-
duceq to 6/189 (20/630), as in the constant
strab15rpus _amblyope whose response is
shown in Fig. 9a, accommodative vergence

in the covered dominant eye is essentially
absent. The response consists only of a pair
of binocular saccades that produce no net
movement of the viewing eye.
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Thus, accommodative vergence records
with the nondominant eye alone viewing
can provide us with information on the
accommodative response in amblyopia and
the effect of amblyopia on the accommo-
dation system. For many years the accom-
modative vergence response has been used
to indicate the state of accommodation in
both experimental and clinical situa-
tions.* ' * Our preliminary results indicate
that the accommodative sensory processing
is defective in deep amblyopia. Further
studies using this stimulus paradigm may
aid us in understanding the effects of am-
blyopia on the development and control of
the accommodation system.
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