Properties of Anticipatory Vergence Responses
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PURPOSE. To characterize the dynamic properties of vergence
eye movements made between near and far targets that were
alternately illuminated with predictable timing.
METHODS. Using the magnetic search coil technique, eye movements were measured in 10 normal subjects as they shifted
their point of fixation between a near green LED and a distant
red laser spot, both aligned on subjects’ midlines. Targets were
alternately illuminated every 1.25 sec.
RESULTS. All subjects showed some anticipatory responses, consisting of vergence movements that preceded target jumps,
accompanied by a small saccade. Group median anticipatory
interval was 191 msec. Responses preceded target motion in
83% of divergence trials, and 70% of convergence trials. The
velocities of both pre- and persaccadic components of anticipatory vergence responses were greater when the near target
was positioned at 20-cm compared with at 36 cm. In control
experiments, in which target presentation was unpredictable,
vergence movements preceded stimuli in only approximately
2% of trials; for the group, vergence responses followed target
presentation after a median interval of 183 msec. To determine
whether anticipatory vergence movements depended on a
memory of prior stimuli, trials were run in four subjects in
which oddball stimuli required a different-sized vergence
movement. Most responses to oddball stimuli were not significantly different from responses to the preceding stimuli.
CONCLUSIONS. Anticipatory vergence movements occur commonly in response to predictable stimulus movements in
depth, but uncommonly when the timing of stimulus presentation is not predictable. The speed of anticipatory vergence
movements is affected by stimulus amplitude. Properties of
these movements are influenced by prior vergence responses,
indicating that they depend on working memory. (Invest Ophthalmol Vis Sci. 2002;43:2626 –2632)

that are in different directions but similar distances, anticipatory movements may precede each saccade.3 This phenomenon has been widely studied,3–7 and it has been proposed that
these anticipatory movements are due to the smooth-pursuit
system, because they are impaired in patients with cerebellar
disease who show poor pursuit.7 The vergence system has also
been shown to possess predictive properties,8 –10 but these
have not been characterized so systematically. The goals of the
present study were to determine (1) how frequently anticipatory vergence occurs in normal subjects, (2) whether the
magnitude of anticipatory vergence velocity is affected by the
size of the required vergence change, and (3) whether anticipatory vergence responses are dependent on a memory of
prior stimuli. Preliminary results have appeared in abstract
form.11

U

Visual Stimuli

nder natural conditions, most shifts of our point of visual
fixation are between objects that lie in different directions
and at different distances in the environment.1 Changes in the
direction of gaze are achieved by saccades, and shifts of the
depth of fixation by vergence.2 When subjects track a target
that jumps at regular intervals between two target locations
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METHODS
Subjects and Recording Methods
We studied 10 healthy human subjects (age range, 24 –54 years), 7 of
whom were naive as to the purpose of the experiments. All subjects
gave informed, written consent. The study was conducted in accordance with the tenets of the Declaration of Helsinki and was approved
by the Institutional Review Board of Cleveland VA Medical Center.
We measured horizontal and vertical movements of each eye using
the magnetic search-coil technique, with 6-foot field coils that used a
rotating magnetic field in the horizontal plane and an alternating
magnetic field in the vertical plane.12 Search coils were calibrated
before each experimental session. The SD of system noise was less
than 0.02° and cross talk between horizontal and vertical channels was
less than 2.5%. The curve relating coil rotation on a protractor to the
signal measured from the system over a range of ⫾20° was within
98.5% of a straight line.

Subjects alternately switched their point of fixation between near and
far targets, both aligned as closely as possible to their midlines (Fig. 1).
The far visual stimulus was a red laser spot at a distance of 1.2 m, and
the near target was a green LED at either 20 or 36 cm, in a dimly lit
room. Each target was alternately illuminated in a predictable sequence, every 1.25 seconds (0.4 Hz). For each near target position, we
carried out three 40-second runs, so that there were 48 cycles for each
target position. Subjects were instructed to “look at the target that
lights up, and stay with it as it jumps.” They were given encouragement throughout the sessions to “stay with the target,” taking short
rest periods between each experimental run.
We performed two control experiments in five subjects. First, we
measured responses when the near and far stimuli were presented
with unpredictable timing (multiples of 1.25 seconds, determined by
random number generator) to determine whether this abolished anticipatory vergence responses. Second, we measured responses to ⫾30°
horizontal target jumps at 0.4 Hz on the tangent screen, to determine
whether these subjects also made conjugate anticipatory movements
with saccades, as previously reported.3,7
To investigate further whether anticipatory vergence movements
depend on a “working memory” of prior stimuli, we ran trials in four
of our subjects in which an oddball stimulus was presented. In these
experiments, the target motion was basically periodic, but after a
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Data Analysis
To avoid aliasing, coil signals were passed through Krohn-Hite Butterworth filters (bandwidth, 0 –150 Hz) before digitization at 500 Hz with
16-bit resolution. These digitized coil signals were filtered and differentiated, as previously described.12 Version was calculated as (right
horizontal gaze plus left horizontal gaze)/2. Vergence angle was obtained by subtracting right horizontal gaze from left horizontal gaze;
this signal was filtered (bandwidth, 0 –30 Hz) and then differentiated to
yield a vergence velocity signal with noise typically less than 0.5
deg/sec.
Even with careful alignment, a small saccade with vertical and
horizontal components accompanied almost every vergence response;
this is consistent with prior reports.1 A representative response is
shown in Figure 2A. We separately analyzed the components of the
vergence response that preceded and followed the saccade onset. The
anticipation period (negative response latency) of the vergence movement was calculated as the time period by which the vergence movement preceded the target jump. We defined the start of the vergence
movement when vergence velocity exceeded 1.5 deg/sec.7
We excluded the first response of each run, because this was
evoked by a target jump that could not be predicted. For each response, we measured the time at which the vergence movement
started, the time at which the small saccade began, and the time of
occurrence of peak vergence speed. Thus, as shown in the example in
Figure 2A, the pre-saccadic part of the response lies between points Ad
(beginning of response) and Bd (onset of saccade) for divergence, and
between Ac and Bc for convergence. We measured the persaccadic
response between points Bd (onset of saccade) and Cd (peak vergence
speed) for divergence, and between Bc and Cc for convergence. In this
study, we used mean pre- and persaccadic vergence velocity values as
measures of responses, because they were less influenced by any
oscillations, postsaccadic drifts, or noise than a single measurement of
peak velocity. We compared mean vergence velocities of responses to
near targets at 36 cm versus 20 cm, as well as the timing of onset of
saccades made during these responses. Statistical comparisons were
made with either a t-test or Mann-Whitney rank-sum test, depending on
whether data were normal in distribution.

RESULTS
Frequency of Occurrence of Anticipatory
Vergence Movements

FIGURE 1. Geometric arrangement of experimental stimuli. Subjects
shifted their point of fixation between a far target at 1.2 m and a near
target lying at either 20 or 36 cm.
random number of cycles, an unexpected change was made in the
amplitude of the target—the “oddball.” Subjects were informed that
some stimuli might be different, but were encouraged to “stay with the
target.” Subjects viewed a red laser spot that was projected from above
onto a nearly horizontal plank of wood in front of them, just below eye
level. The laser spot stepped between two standard distances (20 and
90 cm) except for the oddball stimuli that were 25% of all jumps. For
the divergence oddballs, the spot jumped from the standard near target
(20 cm) to 60 cm for decreased divergence and 120 cm for increased
divergence. For the convergence oddballs, the spot jumped from the
standard far target (90 cm) to 10 cm for increased convergence and 50
cm for decreased convergence. The timing between target jumps was
1.25 seconds, but the subject did not know when the oddball stimulus
would occur. All target locations were aligned with the subject’s
midline.
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All subjects showed some anticipatory responses; the frequency of occurrence and the anticipation period are summarized in Table 1. Representative data are shown in Figure 2A.
Overall, divergence responses were anticipatory in 83% of the
trials, whereas anticipatory convergence responses occurred in
70%. For the group of subjects, median anticipation period for
all vergence responses was 191 ms.

Comparison of the Speed of Components of
Anticipatory Convergence and Divergence
The mean velocities of anticipatory vergence responses from
the group of subjects are summarized in Figure 3A. For either
convergence or divergence movements, persaccadic vergence
velocities were significantly greater than corresponding presaccadic components (P ⬍ 0.001). We also compared the speed of
convergence and divergence responses of the group of subjects, analyzing separately the presaccadic and persaccadic
components. In all but one case, divergence was faster than
convergence (P ⬍ 0.001), the exception being presaccadic
convergence and divergence responses for the near target at 36
cm, which were not significantly different.
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FIGURE 2. (A) Representative responses to predictable stimulus motion. At the onset of the record, the
subject is converged approximately
12°, but commences a divergence
movement (Ad) approximately 0.4
seconds before the near visual target
goes off and the far target goes on.
Gray area corresponds to when the
far target is on. The velocity records
show an initial presaccadic phase
(Ad–Bd). After a small saccade, vergence speed increases for approximately 200 ms to a peak (Cd). The
final part of the vergence movement
is slower and finishes after the target
jump (Td). The second response in
the record consists of an anticipatory
convergence movement that shows
similar phases preceding (Ac–Bc),
during (Bc–Cc) and after a saccade.
Positive deflections indicate convergence and rightward movements.
Note different scales for position and
velocity on left and right axes. (B)
Representative responses to unpredictable target motion. Symbols and
conventions are similar to (A). Note
that the vergence-saccade response
follows target motion. See text for
details concerning measurement of
responses.

Comparison of Anticipatory Vergence Responses
to Near Targets Located at 20 or 36 cm
For the group of subjects, we separately compared pre- and
persaccadic components of vergence responses when the
near target was positioned at 20 cm versus at 36 cm; these
data are also summarized in Figure 3A. Responses were
significantly greater (P ⬍ 0.001) in all cases when the target
was located at 20 cm. Individually, all subjects showed
significantly greater velocities for the near target at 20 cm
(P ⬍ 0.05), except in the case of presaccadic convergence,
when only five subjects showed significant differences. We
also compared the anticipation period of vergence responses for near stimuli at 20 versus 36 cm. For divergence,

Downloaded from jov.arvojournals.org on 08/07/2022

the anticipation period was significantly greater (P ⬍ 0.01)
for the 20-cm near stimulus (group median 231 ms, interquartile range 246 ms) than the 36-cm near stimulus (group
median 200 ms, interquartile range 173 ms). For convergence, the anticipation period was not significantly different
for the 20-cm near stimulus (group median 260 ms, interquartile range 190 ms) compared with the 36 cm near
stimulus (group median 247 ms, interquartile range 202 ms).
Table 1 contains median values based on combined data
from both target positions. Individually, no subject showed
differences in the anticipation period for convergence responses to the two near stimuli; for divergence responses,
subjects 3 and 10 showed significantly greater anticipation
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TABLE 1. Summary of Rate of Occurrence and Length of Anticipation Period
Anticipatory Convergence

Anticipatory Divergence

Subject

Occurrence (%)

Period (ms)*

Occurrence (%)

Period (ms)*

1
2
3
4
5
6
7
8
9
10

86.4
100.0
96.7
95.6
41.1
66.3
5.6
78.4
34.8
96.5

247 (3–642)
290 (31–789)
271 (98–485)
293 (52–673)
103 (9–337)
187 (2–549)
90 (26–186)
144 (4–424)
99 (4–244)
318 (22–608)

97.9
94.7
100.0
95.6
91.7
75
43.3
61.2
79.3
93.4

292 (19–702)
156 (3–397)
290 (82–498)
301 (19–660)
194 (2–517)
144 (1–554)
66 (8–206)
111 (4–354)
188 (10–648)
290 (14–654)

* Median (range) of pooled predictive responses with the near target at 36 and 20 cm.

periods to the 20-cm target, whereas subject 5 showed the
converse (P ⬍ 0.001).
To determine whether the timing of the small saccades that
occurred with each response could account for the difference
in vergence responses to near targets at the two viewing
distances, we compared the timing of these saccades for trials
with targets at 20 cm versus 36 cm using the Mann-Whitney
rank-sum test. The group of 10 subjects showed no significant
difference of the time period from saccade onset to stimulus
onset for the 20-cm stimulus (group median, 114 ms; interquartile range, 106 ms) versus the 36 cm stimulus (group median,
113 ms; interquartile range, 111 ms). Individually, six subjects
showed no difference, whereas three showed a significantly
longer period from saccade onset to stimulus onset for responses to the 20-cm stimulus (P ⬍ 0.05), and one subject
showed a longer period from saccade onset to stimulus onset
for the 36-cm stimulus (P ⬍ 0.01).

Results of Control Experiments
In response to unpredictable target presentation, the five subjects tested showed vergence movements that preceded stimulus onset in only 1.8% of trials (range 0%–3.9%). Representative responses are shown in Figure 2B and pooled data from
the five subjects are summarized in Figure 3B. Thus, almost all
vergence responses followed the target presentation. In this
group of five subjects, vergence responses followed target
presentation by a median interval of 183 ms. As a group,
convergence speed was greater than divergence for corresponding near targets (located at 20 or 36 cm), the difference
being significant for targets located at 20 cm (P ⬍ 0.005).
When corresponding vergence responses to predictable and
nonpredictable targets were compared (corresponding boxes
in Fig. 3A and 3B), velocities were significantly greater (P ⬍
0.05) in every case for nonpredictable targets, with the exception of presaccadic divergence responses with the 20 cm near
target, for which the predictive responses were faster (P ⬍
0.05). All the five subjects tested showed some anticipatory
conjugate movements in response to horizontal target jumps
⫾30° at 0.4 Hz, similar to those previously reported.7

Responses to Oddball Stimuli
When we compared each response to an oddball stimulus with
the response that preceded it (Fig. 4), there was no significant
difference of the presaccadic component in three of the four
subjects (paired t-test). Three subjects responded to the oddball stimulus with the same-sized presaccadic vergence movement as for the preceding stimulus, and then after the actual
target jump, they made a corrective vergence movement. Only
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subject 4 showed responses to convergent, but not divergent,
oddball stimuli that were significantly different from the preceding stimulus (Fig. 4). To better understand this discrepancy,
we compared the anticipation period of the four subjects for
responses to the oddball stimulus and found that subject 4
often waited until after the target jumped before responding to
convergent oddball stimuli. Thus, her anticipation period for
convergent oddball stimuli (median, ⫺97 ms) was significantly
different (P ⬍ 0.05) from the anticipation period (median, 73
ms) of the other three subjects. None of the subjects showed
a tendency to wait for divergent oddball stimuli. We also
compared the period from stimulus presentation to onset of
the small saccades occurring with responses to oddball versus
non-oddball stimuli (Mann-Whitney rank-sum test) and found
no significant difference.

DISCUSSION
Our main findings in these experiments were (1) vergence
movements that occur in anticipation of predictable target
jumps were common in normal subjects; (2) vergence movements seldom preceded stimulus onset when the timing of
target motion was unpredictable; (3) the speed of anticipatory
vergence movements was influenced by the magnitude of the
vergence stimulus, being faster when the near stimulus was
positioned at 20 cm versus 36 cm; and (4) the speed of each
anticipatory vergence response was similar to the prior response. We discuss the significance of each of these findings,
comparing the behavior with anticipatory conjugate movements, which have received more systematic study.
All our subjects developed anticipatory vergence movements in response to predictable target jumps between near
and far locations. Most subjects showed anticipatory responses
in over 70% of trials, making them as common a phenomenon
as conjugate movements in anticipation of predictable changes
in the direction of the target.3–7 For our group of subjects, the
median anticipatory interval was 191 ms, which is similar to
conjugate anticipatory movements.7 During control experiments, in which target jumps were made unpredictable, vergence movements only rarely preceded stimulus onset; this
behavior is also similar to conjugate movements with unpredictable jumps.7 The median latency to onset of vergence
responses after presentation of these unpredictable stimuli was
183 ms, which is similar to prior reports,9 but approximately
100 ms longer than the shortest vergence responses.13 These
differences in vergence latency measurements may be attributed to different visual stimuli (small- versus large-field) and to
the mental set of the subjects. Thus, in our experiments,
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FIGURE 3. Tukey box plot summarizing pre- and persaccadic convergence and divergence mean velocity
values. (A) Pooled data from the
group of 10 subjects in response to
predictable target jumps. (B) Pooled
data from five subjects for the control experiment in which target
jumps were unpredictable. The
boxes display 10th, 25th, 50th (median), 75th, and 90th percentiles. In
each panel, the four boxes at left
summarize divergence responses;
the four boxes at right summarize
convergence responses. Responses
to near targets located at 36 cm are
displayed separately from response
to near targets located at 20 cm. Statistical comparisons between different responses are described in the
Results section.

vergence responses to predictable target jumps typically led
responses to visual stimuli by approximately 370 ms.
Most anticipatory responses consisted of a vergence movement and a small saccade (Fig. 2A), which is the most common
behavior even for targets aligned on the midline.1 As previously
noted, the persaccadic components of the anticipatory vergence responses had higher peak velocities than presaccadic
components10; both were influenced by the amplitude of the
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target jump (Fig. 3). A similar trend is reported with conjugate
anticipatory movements, with larger (50° versus 1.5°) changes
in target direction inducing faster (40 deg/sec versus 2 deg/
sec) movements.3,7 Could the anticipatory vergence movements that we measured be influenced by changes in the
timing of the saccadic component of the response? To examine
this issue, we compared the timing of the saccadic component
for responses to near targets at 20 cm versus 36 cm; overall,
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FIGURE 4. Comparison of presaccadic mean velocity vergence responses to oddball stimuli and the
prior, predictable stimuli for 4 subjects (S1–S4); see text for explanations. Plots show mean (dot) ⫾ SD
(lines) of the ratio: velocity of responses to oddball stimuli/velocity of
response to the prior stimulus. If the
vergence velocity of the response to
the oddball stimulus was the same as
that of the prior stimulus, the ratio
should be 1.0. The four types of oddball stimulus (compared with the
prior stimulus) are indicated at the
bottom. Only subject 4 showed significant differences between the two
responses for convergent stimuli (*indicates P ⬍ 0.05, paired t-test).

there was no difference. Furthermore, we noted that when
subjects made small vertical saccades in response to small
target jumps on the tangent screen, no vergence movements
were evident, although they showed some conjugate anticipatory movements. Thus, we tentatively conclude that the anticipatory disjunctive movements that we report originate from
the vergence, not the saccadic, system. However, our evidence
is indirect, and it remains possible that the saccadic component influences the persaccadic part of the vergence response.
An unexpected finding was that anticipatory divergent
movements were generally faster than anticipatory convergent
movements (Fig. 3A). This is the opposite of the trend for most,
but not all, prior studies of nonanticipatory vergence responses
to target jumps,1,2,14 as well as our control experiments with
unpredictable target jumps (Fig. 3B). Further studies are required to confirm this result.
Prior studies of conjugate movements have suggested that
anticipatory responses depend on a history of prior target
motions.15,16 We tested this hypothesis for anticipatory vergence movements by presenting oddball stimuli that varied in
the magnitude of the target jump, even though the timing was
unchanged. Most subjects showed responses to such oddball
stimuli that were not different from responses to the prior
stimulus, supporting the idea that anticipatory vergence responses are dependent on a working memory of prior stimuli.
Only in the case of convergence did one subject show responses that were different from the prior stimulus, a result
that can be explained by the subject’s tendency to wait until
after the target jumped before responding.
Caution should be applied in generalizing the results to the
stimuli selected for these experiments to the behavior of vergence movement in general. However, it seems possible that
anticipatory vergence movements might provide a useful
method to test patients with neurologic disease affecting either
the cerebellum,7 or the cerebral hemispheres.17–19 Thus, for
example, adjacent frontal eye fields, which contain saccadic,
pursuit, and vergence units,20 might impair both anticipatory
conjugate and vergence responses.
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