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Introduction 

Pure vergence stimuli can be constructed in the 
laboratory and are useful for the study of disparity 
vergence eye movements.  Such stimuli can be presented 
using a stereo pair of images moving in equal and 
opposite directions or by two targets placed at different 
depths along the midline (i.e., mid-sagittal or cyclopean 
axis).  In the latter case, an accommodative (i.e., blur-
driven) stimulus may also drive the vergence response.  
These “pure vergence stimuli” might be expected to 
produce a “pure vergence response” where vergence 
motor components drive the two eyes an equal amount in 
opposite (i.e., disjunctive) directions. Theoretically, pure 
vergence responses would follow along the mid-sagittal 
plane with no version component to the response. 

 

Here we define version and vergence formally by the 
equations:1   

Vergence = left eye amplitude – right eye amplitude      Eq. 1 

Version = (left eye amplitude + right eye amplitude)/2   Eq. 2 

      

     In this paper, we define convergence as positive. Since 
the left eye (the positive eye in Eq. 1) moves to the right 
                                                 
1  These definitions apply only to movement directions and the 
plotting convention used here.  They do not define the motor 
components of either version or vergence which are difficult to 
isolate.  See Semmlow et al. (2008) for a discussion of 
terminology.  
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Purely symmetrical vergence stimuli aligned along the midline (cyclopean axis) require only 
a pure vergence response.  Yet, in most responses saccades are observed and these saccades 
must either produce an error in the desired midline response or correct an error produced by 
asymmetry in the vergence response.  A previous study (Semmlow, et al. 2008) has shown 
that the first saccade to appear in a response to a pure vergence stimulus usually increased 
the deviation from the midline, although all subjects (N = 12) had some responses where the 
initial saccade corrected a vergence induced midline error.  This study focuses on those 
responses where the initial saccade produces an increased midline deviation and the 
resultant compensation that ultimately brings the eyes to the correct binocular position.  
This correction is accomplished by a higher level compensatory mechanism that uses 
offsetting asymmetrical vergence and/or corrective saccades.  While responses consist of a 
mixture of the two compensatory mechanisms, the dominant mechanism is subject-
dependent.  Since fixation errors are quite small (minutes of arc), some feedback controlled 
physiological process involving smooth eye movements, and possibly saccades, must move 
the eyes to reduce binocular error to fixation disparity levels.   
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during convergence, rightward version movements are 
signed positive to be consistent with the vergence 
equation (Eq. 1).   Hence divergence and leftward version 
movements are noted as negative. 

 

In the response to a pure vergence stimulus, the 
version component should theoretically be equal zero. In 
normal subjects with good binocular vision, the net 
version component must be very small by the end of the 
movement, since steady fixations errors are close to zero 
(Ogle, 1954). Two factors can lead to a transient version 
component during a symmetrical vergence response.  
First, vergence responses often contain saccades (Levi et 
al., 1987; van Leeuwen et al. 1998; Zee et al. 1992; 
Collewijn, et al., 1995, Semmlow et al. 2008) and even a 
small saccade will generate a substantial deviation for the 
midline. Second, even if no saccades are present, 
vergence movements in response to a symmetrical 
vergence stimulus are often asymmetrical because one 
eye often moves faster than the other in pure vergence 
responses (Hong et al. 1998).   

 

When saccades are present, there is a facilitation of 
the vergence response in the form of increased velocity 
during the intersaccadic period.  This facilitation was 
originally attributed by Zee et. al (1992) to the decrease 
in vergence burst neuron inhibition when omnipause 
neurons are silenced during saccades.  The original model 
of this interaction, the “saccade-related vergence burst 
model” has been updated to include an additional 
influence from the saccadic system that modifies a 
parameter of the vergence pulse generator (Kumar et al, 
2006).  This picture of saccade-vergence interaction has 
recently been modified by neurophysiological evidence 
from King and Zhou (2002) and Cullen’s group showing 
that premotor neurons encode combined conjunctive and 
disjunctive behavior for a given eye, the ipsilateral eye 
(Van Horn and Cullen 2008; Van Horn, Sylvestre and 
Cullen, 2008).  This and evidence from other premotor 
areas have led this group to conclude that saccade burst 
neurons by themselves “carry all the vergence drive 
necessary” to mediate the vergence response (Van Horn, 
Sylvestre and Cullen, 2008).  

 

The neural mechanism by which eye movements are 
organized at the premotor level is an active research area, 

but the focus of this work is on the processes and strategy 
used to compensate for the midline deviation produced by 
saccades during responses to pure vergence stimuli.  
These corrective processes represent a high level control 
strategy and are only peripherally related to the 
interactions between version and vergence described 
above. 

 

Semmlow et al. (2008) found that most responses to a 
pure vergence stimulus do contain saccades.  For more 
than half of their subjects, every response contained at 
least one saccade.  A similar finding has been reported by 
Coubard and Kapoula (2008) who found either horizontal 
or vertical saccades in 84% of all vergence responses.  
Semmlow et al. (2008) also found that the initial saccade 
in these responses to pure vergence stimuli usually 
increased the deviation from the midline.  (Here we refer 
to midline deviations as simply “error” and the saccades 
that produce these deviations, “error-inducing saccades.”)  
Although most initial saccades produced error, all 
subjects had some responses where the initial saccade 
reduced the midline deviation by compensating for a 
vergence-induced midline deviations. Semmlow et al. 
(2008) present evidence that most error-inducing initial 
saccades were the result of a monocular distraction 
produced by the transient diplopia of the vergence 
stimulus along with ocular preference.  A similar 
suggestion has been made by van Leeuwen et al (1998) 
who showed that subjects without a strong monocular 
preference were much more likely to produce saccade-
free vergence responses to pure vergence stimuli.   In a 
few subjects, initial error-inducing saccades brought the 
preferred eye closer to the target, which could lead to 
faster recognition at the expense of delayed binocular 
vision.   

 

Irrespective of the motivation for error-inducing 
saccades, some compensation must occur by the end of 
the movement. While larger errors, particularly 
congurgate errors, may be tolerated under certain 
conditions, normal subjects can achieve highly accurate 
binocular fixation with errors of minutes of arc (Ogle, 
1954).  If the initial saccade in the vergence response 
moves the eyes away from the midline, then either a 
subsequent compensatory saccade, an offsetting vergence 
asymmetry (or slow version), or both is required to bring 
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the eyes back to the midline.  This study will isolate those 
vergence responses containing error-inducing initial 
saccades and determine the corrective mechanism used to 
bring the eyes back to binocular fixation.      

Methods 

 

Details regarding the data acquisition and analysis 
procedures can be found in an earlier paper (Semmlow et 
al. 2008) and will be only briefly repeated here.  

 

Data Acquisition and Subjects: 
 

Twelve subjects between the ages of 21 and 67 
participated in this study.  Subjects all had normal 
binocular vision assessed by the Randot Stereopsis test 
and used refractive correction if needed. All signed 
informed consent approved by the NJIT institutional 
review board. Eye movements of the left and right eyes 
were recorded using a Skalar Iris (model 6500, Delft, 
Netherlands) limbus tracker, and calibration references 
were taken for each movement.  The stimulus consisted 
of three LED targets (Stanley model MU07 part 5101, 
London, OH) carefully aligned along the midline to 
produce convergent and divergent step-like stimuli. Of 
the several different stimuli presented during an 
experimental run, only convergent stimuli between 4 and 
8 deg (i.e., 4 deg step change) were analyzed in this 
study.   All stimuli had a random delay to reduce 
predictive cues (Alvarez et al. 2005).  Random delays do 
not eliminate prediction of direction, but when the 
stimulus direction is also randomized, prediction is 
substantially reduced.  Data were sampled at at a rate of 
200 Hz.  

 

Analysis: 
 

Recordings of the left and right eye- movement in 
response to 4 deg step changes in pure vergence stimuli 
were collected from 12 subjects.  Calibration was done 
immediately before and after the two second data 
acquisition period with the assumption that fixation errors 

were very small before, and several seconds after, the 
stimulus.  All of the parameters described below are 
based on left and right eye position during the two second 
data acquisition period assuming that most of the 
movement is completed within two seconds after the 
stimulus presentation. Following calibration the 
individual eye movements were combined into version 
and vergence time responses using the standard 
definitions given above (Eqs. 1 and 2).   

 

For all responses, a custom MATLAB (Waltham, 
MA) interactive graphics program was used both to 
measure saccadic behavior and construct an estimated 
saccade-free vergence response.  The analysis procedure 
is discussed in detail in Semmlow et al. (2008) and is 
outlined here.   To identify saccades, the derivative of 
individual left and right eye-movements was calculated 
using the two-point central difference algorithm.  (This 
algorithm applies smoothing to the derivative trace.)  The 
velocity trace was similar to the curve shown in Figure 
1B (solid line) and was displayed on the computer screen.  
A human operator identified and marked the beginning 
and end of the high velocity segments using a mouse-
controlled cursor (indicated by ‘*’ in Figure 1B).  Hence 
saccades are defined by their dynamics which feature 
peak velocities well above those of other eye movements.  
These marks were used to identify the position and 
timing of all saccades in a response and these parameters 
were used in our analysis.  Only saccades greater than 
approximately 0.1 to 0.15 deg were identified and 
quantified since saccades less than this value produce 
velocity traces that were difficult to indentify accurately.   

 

Saccade-free eye movements were estimated by 
constructing a low-velocity profile where the high-
velocity section was replaced with a linear change in 
velocity.  This is shown for a right eye velocity trace in 
Figure 1B where the low-velocity estimate is shown as a 
dashed blue curve.  The low-velocity estimate (blue 
curve) is integrated to produce a reconstructed saccade-
free vergence response as shown in Figure 1C.  The 
reconstructed vergence movements shown here will be 
identical to the original vergence movement except for 
the period during saccades when the behavior is 
necessarily an estimate. The difference between high- and 
low-velocity components can be used to estimate the 
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‘vergence-free’ velocity of the saccadic component in 
each eye.     
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Figure 1 Outline of the technique used to separate vergence and saccades.   A) Individual left- (red) and right- (blue) eye movements 
where a convergent movement is plotted as positive.  This unusual plot scheme emphasizes the dynamic characteristics of vergence.  
In these plots, congregate movements are in opposite directions.  B) The velocity trace of the right-eye movement (black line) during 
this response.  The high-velocity contributions have been separated from low-velocity components by linear interpolation between 
the beginning and end of each saccade (blue dotted line).  The difference between the black solid high-velocity curve and the blue 
dotted low-velocity curve provides an estimate of the high-velocity component in this eye movement.  C) The reconstructed saccade-
free vergence response is obtained by integrating the left and right eye low-velocity traces and combining using Eq. 1.    

 

If the high-velocity components could be attributed 
solely to saccades and the low-velocity to vergence, then 
this velocity separation technique would be sufficient to 
separate the two components.  However, as mentioned 
above, there is considerable evidence that disparity 
vergence is enhanced when accompanied by either 
horizontal or vertical saccades. Here, we classify high-
velocity components as a combination of saccades and 
saccade-induced vergence enhancement.  Although not of 
interest in this study, saccade-induced vergence 

enhancements were quantified by differences between the 
left- and right-eye high velocity components.   

Results 

The goal of this paper is to describe the mechanism 
used for returning the eyes to midline binocular fixation 
after an initial saccade has produced a midline error.  
There are two possible mechanisms to correct the 
saccadic-induced error:  saccadic compensation and/or an 
asymmetrical vergence response.  In the discussion, we 
note the latter could be a true asymmetric (i.e., 
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monocular) response or the combination of symmetric 
slow vergence and symmetric slow version responses  
We use the term ‘asymmetric vergence’ as a generic 
description of the behavior with no implications about the 
neural nature of the response. We use the term ‘vergence 
asymmetry’ as the measure of the version component of 
the an asymmetric vergence.  Both saccades and 
asymmetrical vergence were used to compensate 
saccadic-induced midline errors in our subjects.  An 

example of saccadic compensation is seen in Figure 2A.   
A large 2.5 deg initial leftward saccade occurs near the 
beginning of the vergence movement and is compensated 
approximately 200 msec later by a rightward saccade.  
There is still some residual error at the end of the second 
saccade (approximately 0.3 deg) and it is eventually 
corrected by a combination of asymmetrical vergence and 
other saccades, Figure 2B and 2C, respectively.   
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Figure 2 A response from Sub. 10 where an initial error-inducing saccade is followed by a correcting saccade.  A) Individual eye 
movements are plotted using the same format as in Figure 1A where convergence is plotted upward for both eyes.  B) The 
convergence movement as defined by Eq. 1.  C) The version movement as defined by Eq. 2 where rightward movements are plotted 
as positive.  The straight green line indicates the midline or mid-sagittal plane.   

An example of the second compensatory mechanism, 
an offsetting asymmetrical vergence, is shown in Figure 
3.  In Figure 3A, an approximately 1.4 deg saccade to the 
right visual field is quickly offset by a larger vergence 
movement in the right eye (blue curve) than in the left 
(red curve). The combined vergence signal using Eq. 1 
and version signal using Eq. 2 is shown in Figure 3B and 
3C respectively.  

It is also possible that both mechanisms contribute 
approximately equally to compensate for an initial error-
inducing saccade.  This is illustrated in Figure 4 where a 
large initial rightward saccade is compensated about 
equally by a leftward saccade and a vergence 
assymmetry.
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Figure 3  A response from Sub. 4 where an initial error-inducing saccade is corrected primarily by subsequent vergence asymmetry 
showing individual eye movements (plot A), the convergence movement (plot B) and the version movement (plot C).  The format is 
the same as Figure 2.   
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Figure 4  A response from Sub. 1 where an initial error-inducing saccade is corrected by both a secondary saccade and 
asymmetrical vergence showing an individual eye movements (plot A), the convergence movement (plot B) and the version movement 
(plot C).  The format is the same as Figure 2.   

 

Error-Inducing Saccades – Saccadic Correction 

 
If the midline error produced by an initial error-

inducing saccade is compensated by a secondary saccade, 
we would expect that the amplitude of the second saccade 
would correlate strongly (and negatively) with the 
amplitude of the initial saccade.  Figure 5 shows the 

correlation between an initial error-inducing saccade and 
the subsequent saccade for three subjects.  These subjects 
were chosen because they represent the range of 
behaviors seen in our subjects.  If all of the error induced 
by the initial saccade were compensated by the second 
saccade, points would lie along the 1-to-1 line passing 
through zero (solid black line).  The slope of the 
regression line would be -1.  When a point lies above or 
below this line, the difference between the point and that 
line represents the compensatory contribution of the other 
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mechanism, in this case asymmetrical vergence (or slow 
version).  The dashed black line shows the linear 
regression of second saccade amplitude against initial 
saccade amplitude when the initial saccade was error-
inducing.  (Only responses that had an initial error–
inducing saccade were included in the data of Figure 6.)  
When the error-inducing saccade was the only saccade in 
the response, the amplitude of this saccade was plotted as 
a square point and these responses were not included in 
the regression analysis.   

 

Figure 5A shows a highly scattered set of data with a 
regression line (dashed line) having a slope = -0.18 and a 
low correlation coefficient (r2 = 0.1). This non-significant 
correlation indicates that the second saccade did not 
systematically compensate for the midline deviation 

produced by the initial error-inducing saccade.  A figure 
below shows that vergence asymmetry is primarily 
responsible for compensating the saccade-induced 
midline errors in this subject.  

In Figure 5B, a steeper regression line (slope = -0.74) 
is seen with a significant correlation (r2 = 0.74;  p < 0.01) 
indicating that some, but not all of the error compensation 
is provided by the second saccade.  In Figure 5C, a large 
negative slope is found (slope = -0.86) with high 
correlation (r2 = 0.88, p < 0.01).  It is clear that in this 
subject the second saccade is compensating for much of 
the midline error produced by the initial saccade.  The 
fact that the regression line is shifted to the right of the 1-
to1 line indicates that the secondary saccades are slightly 
larger than that necessary for full compensation.  
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Figure 5 The amplitude of the second saccade plotted against the amplitude of the initial saccade in responses where the initial 
saccade was error-inducing.  The squares are for responses that had only the error-inducing saccade.  A) A low regression slope of -
0.18 is seen between the amplitude of the second and initial saccade in Sub. 3  (r2 = 0.1, not significant p > 0.1).  B) A moderate 
correlation with a slope of -0.74 is found between the amplitude of second and initial saccade in Sub. 6 (r2 = 0.74; p < 0.01).  C) A 
high correlation with a slope of -0.86 is found between the second and initial saccade in Sub. 12 (r2 = 0.88; p <0 .01). Note the 
scales of the horizontal and vertical axes are different.     

The information provided in Figure 5 is summarized 
by graphing the regression slopes for all our subjects in 
Figure 6 (gold bars).  Compensatory correlations are 
negative:  a compensating secondary saccade has an 
amplitude that is the negative (i.e., oppositely directed) of 
the initial saccade.  For better visualization, the negative 
values are plotted upward.  The higher bars show greater 
correlation between the error-inducing saccade and the 
corrective saccade. The purple bars represent the 

regression slope between the initial error-inducing 
saccade versus all successive saccades. Again, only 
responses that have an initial error-inducing saccade are 
used to determine the regression slopes.  (The bar graph 
shows subject numbers on the bottom which have been 
ordered so that the regression slope values are generally 
increasing.)     
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Figure 6 Regression slopes showing the correlation between the 
amplitude of second and initial saccades (gold bars) and the net 
amplitude of all subsequent saccades and the initial saccade 
(purple).  Only responses that had initial error-inducing sac-
cades are included in the correlation.  The ‘*’ indicates statisti-
cally significant correlations (p < 0.01). Negative correlation is 
plotted upward.  
 

Responses often contain more than two saccades and 
it is possible that these additional saccades could also be 
compensating for the midline error induced by the initial 
saccade.  The purple bars in Figure 6 show the correlation 
slopes when the net amplitude of all saccades following 
the initial error-inducing saccade is used. For most 
subjects, there is no increase in the regression slope, 
indicating that saccades that occur after the second 
saccade do not serve in a compensatory role.  In Sub. 12, 
a large increase in slope value is seen, but saccadic 
compensation is actually reduced because the slope is 
now further from the ideal -1.0 value than it was before 
the additional saccades were included.  Hence, we 
conclude that in all subjects that use saccades to reduce 
the midline error, only the second saccade is involved in 
compensation. 

 

If the initial error-inducing saccade is not fully 
compensated by subsequent saccades, the difference must 
be accounted for by vergence asymmetry.  Compensation 
through asymmetical vergence is quantified in the next 
section.  

 

Figure 7 shows data from the same three subjects as 
Figure 5, but in this case vergence asymmetry is plotted 
along the vertical axis.  Vergence asymmetry is taken as 
the difference in saccade-free left and right eye 
movements at the end of the response.   This is also equal 
to the total vergence asymmetry during the response.  As 
with Figure 5, these plots include only responses that 
have an initial error-inducing saccade.  Since the 
vergence compensation is measured at the end of the 
response while the saccadic-induced error occurs early 
(sometimes even before the vergence response begins), a 
strong correlation suggests a causal relationship, one in 
which the vergence asymmetry is in response to the error 
saccade. 

 

Error-Inducing Saccades ~ Vergence Correction 
 

If the midline error produced by the initial saccade is 
compensated by asymmetrical vergence, the vergence 
asymmetry should have a strong negative correlation with 
the amplitude of the initial saccade.   

 

In Figure 7A, a strong negative correlation is 
observed between vergence asymmetry and the amplitude 
of the initial error-inducing saccade. The regression line 
has a slope of -1.1 (r2 = 0.67; p < 0.01) indicating that 
most of the initial error is compensated by asymmetrical 
vergence.2  This complements the findings in Figure 5A 
that show saccades have no role in compensating for the 
saccade-induced midline error in this subject’s responses.  
In Figure 7B, the slope is reduced to -0.46, but the 
correlation remains significant (r2 = 0.55; p < 0.01) 
demonstrating that some of the error compensation comes 
from asymmetrical vergence.  Again this complements 
the data in Figure 7B which shows that some saccadic 
compensation was also used for compensation in this 
subject.  The positive regression slope for the Sub. 12 in 
Figure 7C shows that vergence asymmetry plays no role 
in compensating for the error induced by the initial 
saccade.  Vergence asymmetry may even be increasing 
the saccade-induced error although the correlation was.  

                                                 
2 The fact that the slope is greater than 1.0 suggests that 
vergence asymmetry is compensating for asymmetries induced 
by later saccades as well as the initial saccade.   
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Figure 7 Vergence asymmetry plotted against the amplitude of an initial error-inducing saccade.  The regression line is plotted as a 
dotted black line and the ideal 1 to 1 line is plotted as a solid black line. A) A high regression slope of -1.1 is found for Sub. 3 (r2 = 
0.67; p < 0.01).  B) A moderate regression slope of -0.46 is found in Sub. 6 (r2 = 0.55; p < 0.01).  C) The relationship between 
vergence asymmetry and initial saccade has a small non-significant positive slope of 0.35 in Sub. 12 (r2 = 0.19).  Note the scales of 
the horizontal and vertical axes are different.     

  

not significant.   Figure 5C indicated that the second 
saccade was the primary compensatory mechanism in this 
subject  

 

The role of asymmetrical vergence can be 
summarized for our 12 subjects using a bar graph of 
regression slopes as in Figure 6.  Again, negative values 
are plotted upward so that higher bars indicate greater 
compensation from vergence asymmetry.  Figure 8 plots 
the regression slopes of the relationship between 
vergence asymmetry and initial saccadic amplitude 
(purple bars) and also repeats the slopes of the 
relationship between the amplitudes of the error-inducing 
and corrective secondary saccade (gold bars in Figure 6).  
Since the inverse values are plotted, a negative value 
means that the regression slope was actually positive; that 
is opposite to the slope of a compensatory mechanism.  
As expected, the slopes that indicate the use of 
asymmetrical vergence as a compensatory mechanism 
(purple bars) are approximately complementary to the 
slopes indicative of saccadic compensation.  
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  Figure 8 Absolute value of regression line slopes of the 
relationship between vergence asymmetry and the amplitude of 
the initial error-inducing saccade (purple bars).  The slopes of 
the relationship between the amplitude of the initial error-
inducing and second saccades presented in Figure 6 is repeated 
here for comparison (gold bars).  The ‘*’ indicates slopes that 
had statistically significant correlations (p < 0.01).  Negative 
values are plotted upward as in Figure 6.  
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A comparison of the regression slopes in Figure 8 for 
saccadic and vergence correction of initial error shows 
a reciprocal relationship.  This relationship is 
emphasized in the plot of saccade compensation 
slopes versus vergence compensation slopes shown in 
Figure 9.  The inverse 1-to-1 line is shown as a solid 
black line and the correlation of these values as a 
dashed red line.  The regression line has slope of -0.89 
showing a highly correlated inverse relationship 
between these two corrective mechanisms (r2 = 0.61; 
p < 0.01).  The 12 subjects have been grouped into 
three classes based on the dominant compensatory 
mechanism.  The boundaries were first identified 
using unsupervised cluster analysis (routine 
“clusterdata” from the MATLAB Statistical Toolbox), 
but are also apparent from the data.  

Discussion 

 

Horizontal saccades are found in almost every 
response to a pure vergence stimulus in our untrained 
subjects.  While we did not measure vertical saccades, 
their only influence on our data would be to enhance 
vergence dynamics and that is not of interest in this 
study.  Here, we concentrate on the processes that return 
the eyes to binocular fixation in those responses where 
the initial saccade produces a midline error.  The three 
regions shown in Figure 9 were selected by cluster 
analysis and represent the primary mechanism for 
correction based on the amplitude of the corrective 
movement.  The reason a subject selects a given strategy 
is not currently known.  The groups do not correspond to 
any of the groups found in the previous study (Semmlow 

et al. 2008) that were based on saccadic behaviors.  The 
type of strategy used is also not determined by properties 
of the vergence system such as peak velocities or 
response latencies.  However, based on the strong 
negative correlation between the two compensatory 
processes, the role of each of the compensatory processes 
appears to be well-established, on average, within any 
given subject.    
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Figure 9 Regression slopes for saccadic compensation of initial 
saccadic error versus the slopes for vergence compensation of 
this error (from the data in Figure 8).   Three subject groups 
have been defined based on the dominant corrective 
mechanism(s): Vergence compensation in blue, combined 
vergence and saccadic compensation in green and saccadic 
compensation in orange.  The inverse 1-to-1 line is shown as a 
solid black line. The regression slope of these data are plotted 
as a dashed red line. 
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Figure 10 A) Second saccade amplitude as a function of the initial error-inducing saccade amplitude for Sub. 10.  This subject relies 
heavily on saccadic compensation (regression slope = -0.72; r2 = 0.78; p < 0.01).  Two responses (yellow diamonds) are highlighted 
where the saccadic compensations are well below that necessary for accurate binocular fixation (the negative 1 to 1 line).  B) The 
plot of vergence asymmetry versus initial saccadic amplitude shows a much larger than normal vergence asymmetry is used to 
provide the necessary compensation in these two responses.   

The regression slopes indicate an average behavior 
observed over all responses.  Even in subjects that rely 
primarily on one mechanism, either or both mechanisms 
may be utilized in any given movement.  In other words, 
for any given response, the two processes trade-off 
compensating each other’s errors.  An example of this 
shown in Figure 10 which plots the relationship between 
the second and initial saccade amplitude, Figure 10A, and 
vergence asymmetry and initial saccade amplitude, 
Figure 10B, for Sub. 10.  This subject relies heavily on 
saccadic compensation as seen in Figure 10A (regression 
slope = -0.72); however, in the two specific responses 
plotted as yellow diamonds, the saccadic compensation is 
unusually weak.  Figure 10B shows that in these two 
particular responses (also plotted as yellow diamonds), 
the vergence asymmetry is much larger than normal for 
this subject and it is vergence compensation that is 
primarily responsible for correcting the initial error in 
these responses.   

Despite this variability, the eyes always arrive at the 
correct final position using saccadic and/or vergence 
compensation.  Since there are two potential 
compensatory mechanisms, some process must exist to 
achieve balance between the two processes.  

Krommenhoek and Van Gisbergen (1994) have shown 
that both saccades and vergence components use internal 
(i.e., extra-retinal) feedback loops in their control. These 
internal feedback mechanisms may provide a possible 
mechanism for balancing between the two compensatory 
processes.  Considering the accuracy of binocular 
fixation, a visually driven feedback path is probably 
involved in compensating for any residual binocular 
error.  The factors that determine the dominant 
compensatory strategy and the mechanism that ultimately 
attains the highly accurate binocular fixation are the two 
most important questions to emerge from this work.   

 

We have been referring to all slow version 
movements as vergence asymmetry primarily as a matter 
of verbal convenience.  It is likely that early slow midline 
deviations are attributable to vergence asymmetry as the 
two eye movements rarely show identical vergence 
dynamics (Horng et al., 1998).  If one eye is faster, or has 
a shorter latency, the inequality will create a deviation 
from the midline.  However, toward the end of the 
movement when dynamic vergence has decayed is it 
possible that the vergence asymmetry is due to some type 
of slow conjunctive movement:  either smooth pursuit or 
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another unknown slow corrective process?  Recent 
evidence regarding the premotor organization cited above 
indicates that both vergence and saccades, including slow 
vergence are driven by neurons preferential to a specific 
eye.  This suggests that the observed vergence asymmetry 
is due to monocular control components that drive the 
two eyes asymmetrically to achieve the final required 
binocular fixation.  An intriguing final question is 
whether or not these motor signals are the result of 
monocular or binocular stimulus signals.      
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