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ABSTRACT 

Binocular eye movements form a finely-tuned system that requires accurate coordination of the oculomotor dynamics 
and supports the vergence movements for tracking the fine binocular disparities required for 3D vision, and are 
particularly susceptible to disruption by brain injury and other neural dysfunctions.  Saccadic dynamics for a population 
of 84 diverse participants show tight coefficients of variation of 2-10% of the mean value of each parameter. 
Significantly slower dynamics were seen for vertical upward saccades. Binocular coordination of saccades was accurate 
to within 1-4%, implying the operation of brainstem coordination mechanisms rather than independent cortical control of 
the two eyes. A new principle of oculomotor control - reciprocal binocular inhibition – is introduced to complement 
Sherrington’s and Hering’s Laws. This new law accounts for the fact that symmetrical vergence responses are about five 
times slower than saccades of the same amplitude, although a comprehensive analysis of asymmetrical vergence 
responses revealed unexpected variety in vergence dynamics. This analysis of the variety of human vergence responses 
thus contributes substantially to the understanding of the oculomotor control mechanisms underlying the generation of 
vergence movements and of the deficits in the oculomotor control resulting from mild traumatic brain injury. 
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1. SACCADIC EYE MOVEMENTS 

1.1. Saccade dynamics 
The primary form of eye movements as we look around the world are the rapid jumps known as ‘saccades’. Saccades are 
well known to be one of the most rapid forms of muscle movements in the body, being completed in a duration of the 
order of only 50 ms (from about 20 to 100 ms, depending on the amplitude of the saccade from 1 to 40°; Bahill, Clark, & 
Stark, 1975).  
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Fig. 1. A. Head-mounted infra-red binocular eye-movement recording system.  B. Overlay of position samples for 12 saccades (dots) 
by curve-fitting with a Gaussian integral function (solid line) to generate the fiducials (dashed lines) for the four parameters of 
saccadic dynamics (values below and to right of graph). The overall correlation of the resultant fit was generally excellent, with r2 = 
0.999 in this example. 
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1.1.1. Methods 
The saccadic stimulus for our studies was a 1.258 circle/cross combination jumping between horizontal positions 10º to 
the left and right of primary (straight-ahead) position (Fig. 1A), with a temporal delay randomized over a flat distribution 
between 2 and 3 s. The recording paradigm consisted of twelve repeats in each direction (alternating leftward and 
rightward for horizontal, and alternating upward and downward for vertical.)  The data were averaged over the 12 repeats 
by the procedure depicted in Fig. 1B, in which each sample was fitted with a Gaussian integral and aligned to the mean 
onset time and amplitude of the fitted function. The resulting fits provided the values for the four analysis parameters of 
onset time, amplitude, peak velocity and duration of the saccades in each direction. Typical examples of the leftward and 
rightward saccades for three participants are shown in Fig. 2. 
 

 
 
Fig. 2. Position and velocity traces for leftward (upper panels) and rightward (lower panels) saccades averaged over 12 repeats. The 
average saccades were obtained by first aligning the responses to the time of the initial deviation in amplitude from the baseline level, 
then setting the averaged waveform to the average latency for the group in each case, with SEM as a function of time shown as the 
pink shaded region around the traces. The lack of visibility of this error region reveals the high consistency of the saccadic 
performance on this compressed time scale. 

 
1.2  Saccadic oculomotility parameters 

The population distributions for the four saccadic parameters for the four directions of movement, averaged across the 
two eyes, are shown in Fig. 3 for the current group of 84 diverse normal participants.  Overall, these values were: onset 
time - 248 ms, duration - 75 ms, amplitude - 19 deg, peak velocity – 400 deg/s, although there are unexpectedly large 
differences among the four directions of movement.   
 
In order to characterize the distributions in Fig. 3, they have been fit with Gaussian functions (truncated at 2 σ to reflect 
the range of the fits). It can be seen that the Gaussian provides a good first-order description of the majority of the 
distributions, although there are a few outliers in most cases. Any sampling distribution will have outliers, but they 
should occur with the probabilities implied by the tails of the distribution. The occurrence of a larger proportion of 
outliers than predicted implies that there are influences at play beyond those of the assumptions governing the fitted 
distribution, but such a tendency is not evident in any of these distributions except for the leftward and rightward 
durations, which have a small tail at ~90 ms. 
 
Table I gives the population means (black) of the Gaussian fits for these parameters of the saccadic dynamics. The 
population distributions are relatively tight, with a coefficient of variation of 2-10% of the mean value of each parameter.  
The error values given in Fig. 3 are standard deviations of the population distributions, and need to be divided by the 
square root of the number of samples to assess the significance of the mean differences. After correction for multiple 
applications (red entries in Table I), there are no significant differences between the left and right directions of 



movement, but the vertical upward saccades are significantly slower in onset times, longer in duration and slower in 
velocity than the horizontal ones. The vertical downward saccades are also significantly slower in onset times, longer in 
duration and slower in velocity than the horizontal saccades, but significantly less so in each case than the upward ones. 
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Fig. 3. Distributions of the parameters of oculomotor dynamics for left, right, upward and downward saccadic eye movements (blue 
bars). Black curves are best-fitting model Gaussian distributions after iteratively removing outliers (Winsorizing). The four panels in 
each row are for saccade onset time, saccade duration, saccade amplitude and saccade peak velocity, respectively 
 
 
 

!Table!I:!!Saccade!Parameters!and!Population!Variabilities

Onset& Duration Amplitude Peak&Velocity
Left 237 62 18.8 482

21 3 0.4 33
Right 235 61 19.1 486

21 2 0.5 37
Upward 256 104 19.8 298

17 8 1.1 27
Downward 260 81 18.1 331

18 4 0.8 30  
 

 
The measurement of 12 repeats of each type of eye movement offers the opportunity to assess the stability of the four 
parameters of oculomotor performance in each subject. For this purpose, the standard deviation (σ) of the variability for 
each parameter over repeats was calculated for each participant, then accumulated the histograms of the distribution of 
these standard deviations.   
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Fig. 4. Distributions of the intra-individual variabilities of oculomotor dynamics for leftward, rightward, upward and downward 
saccadic eye movements (magenta bars). Black curves are best-fitting model chi-square distributions after iteratively removing 
outliers (Winsorizing). The four panels in each row are for saccade onset time, saccade duration, saccade amplitude and saccade peak 
velocity, respectively. Note the large deviations of the distributions for vertical saccades from those predicted from the horizontal 
saccade distributions for durations but not for peak velocities. 
 
 
The population distributions of the σ for the four saccadic parameters for the four directions of movement, averaged 
across the two eyes (Fig. 3) show that the oculomotor performance is remarkably stable over repeats.  For horizontal 
leftward and rightward saccades, the typical σ of the onset latencies was only ~6 ms, of the durations was only ~1 ms, of 
the amplitudes was only ~0.3°, of the peak velocities was only ~10 °/s. These values all represent coefficients of 
variation of the order of only 2% of each measure of the saccadic dynamics. For the vertical upward and downward 
saccades, the σ values were generally similar to the horizontal ones.  The only significant standouts among these 
parameter variabilities was for the duration of vertical upward and downward saccades (Fig. 4: second column, third and 
fourth panels down), which had proportionately wider intra-individual spreads averaging 4 and 3 ms, still remarkably 
stable considering that the durations were of the order of 100 ms.  
 
Another question that can be asked about these distributions is whether they represent the inherent measurement 
variability or the true variation of the parameters among the subject population. One measure that can be taken for this 
purpose is the ratio between the variabilities of the parameters among participants to the distributions of the average 
within each participant. If this ratio is close to 1, it implies that the observed variability is mostly measurement error, 
while if it is much greater than 1, it implies that is predominantly population variation.  In practice, these ratios run from 
a high of 8.5 for the average of the onset parameters to a low of 4 for the average of the amplitude parameters, implying 
that the population variability is much greater than the measurement error, and hence that the distribution parameters 
represent an accurate estimate of the true population variabilities of the parameters of saccadic dynamics. 



2. BINOCULAR EYE MOVEMENT CONTROL 
2.1  Introduction 

The coordination of the horizontal movements of the two eyes requires effective management of the action of the four 
horizontal rectus muscles (two per eye). The functioning of these muscles is well understood over a wide range of 
oculomotor behaviors, from fixational jumps (saccades) to reflexive, compensatory tracking, voluntary tracking three-
dimensional depth movements, and their interactions throughout the three-dimensional visual space. To characterize the 
specific binocular properties of these movements with respect to the coordination of the movements of the two eyes, the 
analysis will be broken down into two main topics: binocular coordination during saccades and binocular coordination 
during vergence. 

2.2   Binocular coordination during saccades 
The question of the binocular coordination between saccades can be approached by comparing the dynamic parameters 
as in Figs. 3 & 4 between the two eyes of each individual. The differences between these parameters provide a 
quantification of the degree of coordination between the two eyes relative to the population variation in the parameters. 
Fig. 5 shows that none of the differences deviate significantly from the expected value of zero, so there is no average 
asymmetry in oculomotor control. Moreover, the difference distributions are quite similar across the four saccade 
directions (except for the upward durations, which have a significantly wider spread than the durations for the other three 
directions, matching the longer mean durations for this direction). The onset times are synchronous to about 3 ms (1%), 
the durations are similar to within about 6 ms (5-10%), the amplitudes are similar to within about 2º (10%) and the peak 
velocities are similar to within about 60º/s (10-15%). Binocular*Coordina-on*of*Saccades*
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Fig. 5. Distributions of differences (blue bars) between the left eye (LE) and right eye (RE) values for the four parameters of saccadic 
dynamics of Figs. 3 & 4. Black curves are best-fitting model Gaussian distributions after iteratively removing outliers (Winsorizing). 
The four panels in each row are for saccade onset time, saccade duration, saccade amplitude and saccade peak velocity, respectively 
None of the mean differences deviate significantly from the expected value of zero difference between the eyes. Note similarity of the 
difference distributions across the four saccade directions except for the upward durations, which have a significantly wider spread 
than the durations for the other three directions. 



 
 
The differences between these parameters provide a quantification of the degree of coordination between the two eyes 
relative to the population variation in the parameters. Fig. 5 shows that none of the differences deviate significantly from 
the expected value of zero, so there is no average asymmetry in oculomotor control. Moreover, the difference 
distributions are quite similar across the four saccade directions (except for the upward durations, which have a 
significantly wider spread than the durations for the other three directions, matching the longer mean durations for this 
direction). The onset times are synchronous to about 3 ms (1%), the durations are similar to within about 6 ms (5-10%), 
the amplitudes are similar to within about 2º (10%) and the peak velocities are similar to within about 60º/s (10-15%). 
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Fig. 6. Distributions of the intra-individual variabilities of oculomotor dynamics for leftward, rightward, upward and downward 
saccadic eye movements (magenta bars). Black curves are best-fitting model chi-square distributions after iteratively removing 
outliers (Winsorizing). The four panels in each case are for saccade onset time, saccade duration, saccade amplitude and saccade peak 
velocity, respectively. These distributions indicate that the binocular coordination is stable over repeats to 1-4% of the mean 
amplitudes (see Fig. 3). 
 

The intra-individual variabilities of the intraocular differences quantify the stability of the coordination between the two 
eyes relative in each participant. Fig. 6 shows the remarkable precision with which the two eyes are coordinated across 
repeats, again with the principal outlier being the upward duration parameter. The onset time synchrony is accurate to 
about 0.5 ms (1%), the duration match is accurate to about 1 ms (2%) (except for the upward saccades, which are 
accurate to about 4 ms, or 4%), the amplitude similarity is accurate to within about 0.4º (2%) and the peak velocity 
coupling is accurate to about 10º/s (2-4%).  Overall, the values validate the high precision of the current measurement 
techniques, implying that the measurement noise is no greater than 2% of each of the measures.  

It is also noteworthy that the oculomotor control is has a far greater temporal precision than the perceptual processing 
that it serves, since the temporal integration time is of the order of 30 ms and temporal order judgments are of the same 



general resolution. Thus, the binocular coordination of onset times is as much as two orders of magnitude faster than the 
perceptual processing of asynchrony (0.5 ms vs 30 ms). This high precision implies that the binocular coordination is 
determined in the motor plant rather than by the cortical signals controlled by the synchrony of the neural signals 
controlled by the visual inputs to the two hemispheres of the frontal motor control areas, 

2.3  Oculomotor Control Mechanisms 

The simplest approach to oculomotor control would seem to be to provide independent control of the two eyes, such that 
each would receive the appropriate signal to acquire the target as rapidly as possible wherever it might be in the visual 
field of that eye. Evolutionarily, it was evidently not possible provide for rapid eye movements in this fashion, because 
symmetric eye movements to targets at different distances (known as vergence eye movements) are typically about a 
factor of five slower than asymmetric (lateral) eye movements (known as saccades) of the same extent.  If there was 
independent eye movement control of the two eyes, vergence and saccadic movements should be equally rapid, since 
there is no obvious evolutionary reason to downregulate fixations to different distances if the capability had been 
available.  

Oculomotor)Neuron)Coupling)Concepts)

Vergence) Saccade)Saccade)  

Fig. 7. Oculomotor control scheme incorporating the equal innervation (green) and reciprocal inhibition (black) cross-coupling. 

The key issue in this regard is thus the antagonism between the bilateral symmetry of the facial (and hence ocular) 
anatomy and the parallel action requirement for the two eyes to move rapidly in the same direction (that is, 
asymmetrically relative to the face) to look at objects at different positions in the visual field .  More specifically, each 
eye has a medial rectus muscle symmetrically on its nasal side and a lateral rectus muscle symmetrically on its temporal 
side (Fig. 7). To make a saccade, the brain needs to innervate the medial rectus of one eye and the lateral rectus of the 
other, requiring an asymmetrical pairing of the innervations (whereas only a vergence movement would be generated by 
symmetrical innervation of the two eyes). For rapid eye movements, therefore, binocular coordination has traditionally 
been viewed as being governed by two main principles 

1. Sherrington’s Law of reciprocal innervation (of the antagonistic pairs of muscles on the two sides of each eye, 
Sherrington, 1912). This law proposes that the innervation to antagonist muscle pairs is reciprocally balanced 
(see Wikipedia), to ensure that the eye is innervated for only one direction at a time.  



2. Hering’s Law of equal binocular innervation (of the co-lateral muscles of the two eyes; Hering, 1875/1977). 
This law proposes that the innervation for the fast saccadic movements is equal for muscles moving the two 
eyes in the same direction, to ensure that the two eyes move to fixate the same object at asymmetric locations in 
the (two-dimensional) visual field.  

To this pair, I will now propose a third principle that accounts for the binocular coordination of eye movements 
throughout the three-dimensional visual field 

3. Tyler’s Law of reciprocal binocular inhibition (of the symmetrical muscles in the two eyes). This law is a kind 
of interocular version of Sherrington’s law, and proposes that there is reciprocal inhibition between the signals 
to the symmetrical pairs of muscles across the two eyes, such as those between the two medial recti, or those the 
two lateral recti (but not between the pairs of vertical rectus muscles). The inhibition is ex hypothesi 
proportional to the innervation of the paired muscle.  [Indeed, it is possible that the system has hijacked the 
Sherrington inhibition and that it ONLY operates across eyes, not between the recti of the individual eyes.] 

2.4  Supporting evidence 

This section develops the evidence supporting the existence of such reciprocal inhibition.  The first point has already 
been made that vergence movements are about 5 times slower, and correspondingly have a duration about 5 times longer, 
than saccades of the same amplitude (300 ms and 80 deg/sec for a 10 deg vergence movement, compared with 50 ms and 
400 deg/s sec for a 10 deg saccade; see Collewijn, Erkelens & Steinman, 1995).  There seems to be no reason to 
incorporate a separate, weaker vergence control mechanism unless the saccadic mechanism had been deactivated by a 
process such as the proposed reciprocal inhibition.  

Hering (1875/1977) was aware of the need to provide for vergence movements, which would be disallowed by a 
universal application of his equal innervation principle. Thus, Hering’s Law prohibits both dysmetric saccades (fast 
movements of different amplitudes in the two eyes) and their extreme case, monocular saccades. He therefore proposed a 
separate vergence system operating orthogonally (in terms of cyclopean or average angle of eye direction). It implies that 
the vergence component of the asymmetric demand should have the slow time course of a symmetric vergence 
movement. It further implies that the eye on the side of the asymmetry would saccade in the direction away from the 
target before verging toward it.  
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Fig. 8. Time course of asymmetric vergence movements (reconfigured from van Leeuwen et al., 1998).  Left eye (LE), right eye (RE) 
and difference traces for convergence and divergence directions for two subjects (S1, S2).  Note that the time course of each 
movement is of the order of 100 ms (time bar), faster than typical symmetric vergence but slower than typical saccades. 

The implications of Tyler’s Law are different. The reciprocal inhibition is assumed to be proportional to the innervation 
of each muscle. Thus, if the demand is for a symmetrical vergence movement, the inhibition is symmetrical and has 
maximal effect.  If, on the other hand, the demand is for an asymmetrical vergence movement, the inhibition of the 
stronger innervation on the weaker is greater than the inhibition of the weaker on the stronger, and the predicted result is 
a dysmetric saccade with a slow vergence component.  Importantly, the duration of the two saccadic innervations is 
predicted to be the same; only their amplitudes should be modulated.  Just such a result has been reported by van 
Leeuwen, Collewijn & Erkelens (1998), in which the first part of the eye movement is a rapid dysmetric (partial 



vergence) saccade preceding the pure vergence movement, with the saccade accounting for roughly 50% of the vergence 
change (see their Fig. 7). The behavior of the saccadic component is captured in a reanalysis of the data from their Fig. 3 
(albeit only at the moderate temporal resolution available in the published figure), showing the alignment between the 
saccades in the two eyes and the fast vergence component of approximately 100 ms duration (Fig. 8).  Interestingly, this 
duration is longer than expected for a true saccade (~50 ms, see Section 1) but substantially shorter than for typical 
vergence movements (350 ms), implying that asymmetric vergence is still driven by the vergence system, though 
released from reciprocal binocular inhibition, rather than recruiting the saccadic system per se. 

In fact, Hering’s Law was violated experimentally even before he formulated it, in an experiment by Müller (1826), who 
showed that, when one eye was covered, the fixing eye remained stationary while the covered eye moved in accordance 
with the change in distance. This observation has been validated by later studies such as Alpern & Ellen (1956), Pickwell 
(1972) and Kenyon, Ciuffreda & Stark (1978) (who also observed microsaccades in the fixing eye). The latter authors 
also reported a variety of different behaviors in relation to the microsaccades, but all basically consonant with the 
concept of the uniocular accommodative vergence movement with a slow time course derived from that of the 
accommodations response. 

Note that the slow vergence component will still be present to take up any shortfall in the target acquisition by the fast 
vergence component (not shown in Fig. 8). The existence of the fast vergence component is just what is predicted by the 
reciprocal inhibition principle, and specifically disallowed by the equal innervation principle. However, there is an issue 
as to how the reciprocal inhibition is implemented. It requires a mechanism to define the differential innervation signal to 
the parallel muscles. The proposal is that the saccadic dysmetria derives from the automatic interaction between equal 
innervation saccadic signal and the much weaker vergence signal.  

The extreme case is that of a change in fixation distance in the direction of one eye, allowing that eye to remain 
stationary while only the other eye moves (unilateral vergence).  Here, Hering’s conceptualization implies that the non-
verging eye will, in fact, make a saccade away from the target of half the required vergence angle and then verge slowly 
back to the new target location. Tyler’s Law, on the other hand, implies that the reciprocal inhibition from the non-
verging eye is reduced to zero, and hence the verging eye is free to make a monocular saccade unhampered by any 
symmetrical inhibition. The two approaches thus make markedly different predictions for the unilateral vergence case. It 
should be noted, however, that the physiological situation is confounded by the presence of the accommodative vergence 
system, which will tend to induce a vergence movement if a real object is used for this probe, on the basis of the 
requirement to change the lens focus for the new object distance. 

 

3. VERGENCE 
3.1 Types of vergence dynamics 
In terms of peak velocity, it is well established that there is a ‘main sequence’ function of peak velocity versus amplitude 
for disparity vergence eye movements, very similar to that for saccades (Rashbass & Westheimer, 1961; Erkelens, Van 
Der Steen, Steinman, & Collewijn, 1989; Hung, Ciuffreda, Semmlow, & Horng, 1994). The summary data of the latter 
study show a roughly linear increase in vergence velocity with amplitude up to about 2º, with a progressive saturation of 
the curve for larger amplitudes. For reference, the slope of the linear portion is about 7 º/s. 

Empirically, there have been reports of increased vergence velocity in asymmetrical vergence, including the special case 
of uniocular vergence to targets aligned with one eye (Manny, 1980; Enright, 1984, 1989; van Leeuwen, Collewijn & 
Erkelens, 1998; Zee, Fitzgibbon & Optican, 1992).  Generally, the result is that there is a component of the vergence 
movement with a speed comparable to that of a saccade, with completion of the movement at the normal vergence time 
course.  Enright (1984), however, found that the entire vergence demand could be met within the time course of the 
saccade by up to about a 50% difference in saccadic gain between the two eyes. 

Our own studies show a wide variety of vergence behaviors, even for symmetrical vergence to a large-field disparity 
target (Tyler et al., 2012). However, when we introduce asymmetrical vergence and monocular stimulation conditions, 
the variety increases still further.  Some subjects show patterns roughly consistent with the overall predictions of the 
three laws described above, while others show a range of idiosyncrasies, such as markedly slow divergence responses, 



slow convergence responses, or slow responses in both vergence directions, implying that the two vergence directions 
have separate control mechanisms. The faster time courses usually had time-symmetric velocity waveforms, while the 
slow response waveforms were usually time-asymmetric. A further type of behavior seen in a distinct subpopulation was 
a compound anomalous divergence response consisting of an initial convergence movement followed by a large 
corrective divergence movement with time courses implying closed-loop feedback control. 

3.2  Vergence latencies 

For the overall populations under study (Tyler et al., 2012), the latencies had similar values, of 240 and 238 ms for 
convergence and divergence movements, respectively. Similarly the midrate latencies, though shorter (at 198 and 200 ms 
and 144 and 211 ms, respectively), failed to exceed the statistical criteria for significant differences. Even the atypical 
vergence groups did not have significantly longer latencies than the typical vergence group. This relative invariance in 
the latencies gives assurance that the atypical groups were not suffering from the kinds of general neurological problems 
or impaired cortical decision-making capabilities that affect saccadic latencies, suggesting instead that the slowing and 
anomalous behavior in theses cases was specific to their vergence control mechanisms once the movement was triggered.  

3.3  Methods 

3.3.1  Oculomotor procedures 
Binocular eye movements were recorded with the Visagraph III binocular infrared limbal eye tracker (Compevo AB, 
Stockholm, Sweden), which has a sampling rate of 60 Hz and a typical noise level of 2 arcmin standard deviation in each 
eye for live human recordings (as assessed from the variability during fixation periods in the most stable participants). 
This assessment provides a net vergence noise level of ~3 arcmin after the four-point elliptical (third-order) smoothing 
applied to the eye movement traces.  

3.3.2.  Horizontal position calibration series 
To calibrate the linearity of the recorded position function, a 0.4° cross-hair monocular fixation target underwent two 
randomized sets of horizontal position shifts over the range from -16º to 16º for each eye, with button presses indicating 
when fixation was accurate at each position. The full set of points was fitted with a third-order polynomial to provide a 
linear calibration of the horizontal position separately for each eye. 

3.3.3  Rapid horizontal disparity vergence jumps 
Binocular eye movements were recorded while the 30º x 30º noise field incorporating a 1° central fixation target that 
underwent 2º horizontal square-wave disparity changes every 2–3 s, with random jitter over 1 s from a uniform 
distribution to avoid predictability of the onset time. The minimum interval of 2 s allowed comfortable completion of 
repeated normal vergence movements. 

3.3.4  Oculomotor time series analysis 
The vergence (LE minus RE) signal waveforms were extracted from a period around the times of the instantaneous 
transitions of the stimulus in a window from 1 s prior to the transition to 2.5 s after the transition. The sets of converging 
eye movements were analyzed separately from diverging eye movements. Each event response was rezeroed by 
removing the mean value over the 100 ms preceding the transition. Nonrepresentative individual responses were 
excluded from the analysis by iteratively removing responses whose mean squared error over time from the mean across 
nonexcluded responses was beyond 2 standard deviations of the mean error. (In no case were more than two responses 
excluded under this procedure.) 

3.4  Accommodative vergence 

The study was designed to address the various neural systems available for controlling symmetrical and asymmetrical 
vergence responses, which are the disparity vergence system (DV), the accommodative vergence system (AV), the 
conjunctive (Hering) saccadic system (CS) and the ocular independent (Helmholtz) saccadic system (IS). The latter two 
conditions are only stimulated by uniocular input in the present design, because the stimulus was always either 
symmetrical or aligned with the left (L) or right (R) eye. The oculomotor control systems probed by each of the 8 
conditions in Fig. 10 are specified in Table II. All conditions also activate the proximal vergence system because all 
involved changes in perceived distance in addition to the ocular cues. 



TABLE II:  Vergence Cues Activated by Each Stimulation Condition 

Stimulation	  Condition	   Vergence	  cues	  

Full-‐field	  disparity	   DV	   	   	   	  
BE	  align,	  BE	  view	   DV	   AV	   	   	  

	   	   	   	   	  
LE	  align,	  BE	  view	   DV	   AV	   CS(R)	   IS(R)	  
RE	  align,	  BE	  view	   DV	   AV	   CS(L)	   IS(L)	  

	   	   	   	   	  
LE	  align,	  LE	  view	   	   AV	   	   	  
RE	  align,	  RE	  view	   	   AV	   	   	  

	   	   	   	   	  
RE	  align,	  LE	  view	   	   AV	   	   IS(L)	  
LE	  align,	  RE	  view	   	   AV	   	   IS(R)	  
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Fig. 9. Each vertical pair of panels shows the average left eye (blue) and right eye (red) responses above and the net vergence average 
response (green) below, with the ± 1 SEM error range across the 12 repeats for each response type as the lighter color band around it. 
Time from the stimulus onset run upward in each graph. The fiducial lines indicate the starting and ending stimulus positions (or 
binocular disparity) in each condition. A. Binocular symmetric view. B. Binocular asymmetric view. C. Monocular view with the 
targets aligned with the viewing eye. D. Monocular view with the targets aligned with the occluded eye. 



The upper left panel (Fig. 9A, upper) shows the symmetric disparity response for this subject, which takes the form of 
slow symmetric movements of the two eyes lasting about 500 ms, generating a slow disparity response matching the 2º 
disparity change for this condition. Below it is the accommodation/convergence response for the 10º disparity/ 2.25 Δ 
stimulus switch of the LED positions. This subject is anomalous in showing a uniocular response to this stimulus, which 
is much faster than that to the pure disparity stimulus (250 ms), but not fast enough to qualify as saccadic (i.e., < 100 
ms). However, the increased speed conforms to the Tyler symmetric inhibition principle that asymmetric movements 
tend to release the system from inhibition. (It is possible that the asymmetry arose from the subject aligning the stimuli 
asymmetrically to the dominant eye rather than symmetrically, but we did not check for this possibility.) 

The final pair of conditions have the target aligned with the occluded eye, providing both a position change and an 
accommodative stimulus in the viewing eye.  The Hering prediction, therefore is that there should be a conjunctive 
movement of the two eyes to take up the new target position (since there is no stimulus in the occluded eye to oppose the 
equal innervation principle), together with a slow accommodative vergence movement. The amplitudes of the 
accommodative vergence could be predicted from those in the pure accommodative vergence conditions of Fig. 9C to be 
20% and 30% for the left and right eyes, respectively. The data of Fig. 9D show that these predictions are well borne out 
for both viewing conditions, with clear binocular saccades and net vergence of the predicted amplitudes. For the right 
eye viewing condition (Fig. 9D, upper) the saccade amplitudes are indeed similar, with the vergence having primarily a 
slow time course.  The left eye viewing condition, however, again violates Hering’s Law despite the lack of a stimulus in 
the right eye, which has a saccade of only about half the amplitude of that of the left eye. Thus, the accommodative 
vergence for this eye is again predominantly saccadic, revealing unexpected variety in vergence dynamics. 

Similarly, if we go to the asymmetric vergence conditions, with the LED aligned with the left eye (Fig 9B, upper) or the 
right eye (Fig. 9B, lower), the responses are both fast, with a similar time course. In each case, the response in the 
aligned eye is much smaller than that in the non-aligned eye, as predicted from the stimulus geometry with respect to the 
two eyes in each case.  There is some evidence for a dual response consisting of a saccade followed by a slow vergence 
movement, as predicted by Hering’s law, in that one eye shows a large, moderately rapid response while the other shows 
a much smaller (10-20%) rapid response followed by a slower return in the other direction. This property is in the right 
direction for the Hering prediction, but only at 10-20% of the required amplitude. Thus, the remaining 80-90% is 
conforming more closely to the Tyler prediction that the responses should by uniocular saccades, although the durations 
are in the intermediate range of 100-200 ms, faster than typical vergence responses but slower than typical saccades. 

The other four conditions are for uniocular viewing.  Those in Fig. 9C are for the targets aligned with the viewing eye to 
form a pure accommodative vergence condition, since there is no horizontal displacement of the stimulus and hence, in 
theory, no stimulus to a saccade, but a change in viewing distance that requires an accommodative adjustment to see the 
lighted stimulus clearly in each position.  The well-known accommodative vergence reflex, however, should stimulate a 
vergence response in the other eye with the slow time course predicted by the accommodative response, as reviewed 
above.  This prediction is borne out for the left eye fixation (Fig. 9C, upper), although the amplitude is much lower 
(~20%) than predicted by the accommodative demand. Overall, our subjects show an enormous range of accommodative 
vergence amplitudes, from none to several times the accommodative demand prediction. For the right eye, the picture is 
similar (when referred to the covered eye), with the a similar (30%) low-amplitude uniocular response, except that in this 
case the time course is split between a saccadic and an accommodative time course (corresponding approximately to the 
Type III response of Kenyon, Ciuffreda & Stark, 1978). Unlike the Hering prediction, however, and in accord with the 
full set of Kenyon, Ciuffreda & Stark observations, the saccade is purely monocular, and appears to be the principal 
mechanism of convergence. 

 
4. TRAUMATIC BRAIN INJURY AND VERGENCE CONTROL 

4.1  Overview 
Traumatic brain injury (TBI) is a term generally applied to cases of non-penetrating trauma to the head that results in 
damage to the brain. As such, it presents a diagnostic and treatment challenge, since the damage is internal to the closed 
head and cannot be directly assessed.  TBI may be classified into focal and diffuse forms, depending on the presence or 
absence of an identifiable focus of damage in the brain. In the diffuse form of TBI (dTBI), damage to the neural tissue is 
difficult to detect even by current clinical brain-imaging protocols, although persistent symptoms may markedly affect 
the patients’ quality of life; even severe levels of dTBI are not reliably associated with brain imaging signs in individual 



cases. (In relation to terminology, we will retain the current term dTBI for the form of damage without obvious focal 
contusions, even though there is accumulating evidence that the diffuse effects tend to be concentrated in the core brain 
structures.)  
 
Development and validation of accurate biomarkers for the underlying pathology in dTBI, and effective new approaches 
to treatment, is therefore a problem of high health relevance for the large population of tens of millions of dTBI 
sufferers. The average lifetime prevalence of disabling TBI is approximately 50 million, based on the current criteria 
used to diagnose TBI (USGAO, 2008), which include duration of loss-of-consciousness (dLOC), duration of post-
traumatic amnesia (dPTA), and patient interactions codified by the Glasgow Coma Scale (GCS).  
 
4.2  TBI and binocular eye movements 
The innovative approach taken here is to consider this system as a whole, as an interconnected network of basal ganglia 
structures controlling all aspects of the dynamics of attentional interactions with the environment through movements of 
the eyes. In this sense, the proposal instantiates the concept that various movements of the eyes, including the pupil and 
the lens accommodation, are a window into the functional status of the respective components of this complex of 
oculomotor control pathways.  
 
4.3  Damage to core brain structures in TBI.  
Remarkably, what is generally considered to be diffuse brain trauma does in fact have a focal effect centered on the core 
brain structures, such as the basal ganglia and brainstem. Brain impacts entailing loss of consciousness are generally 
considered to cause diffuse axonal injury through the brain. This, the idea that the brainstem would be the focus of long-
term damage, with specific lesions of the oculomotor pathways in the upper brainstem, has neither been widely 
expressed nor used in diagnosis/treatment of dTBI deficits.  
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Fig. 10. A, B. Computer modeling of sheer stress forces within the brain following a strong blow to the head. The level and location 
predicted sheer stresses differentiate concussive (A) from nonconcussive (B) injuries (Viano et al., 2007). B, C. Sagittal (B) and 
coronal sections (C) through the core brain regions from a morphometric study of the regions of significant volume reduction (yellow) 
and increase (blue) in severe TBI patients between  8 weeks and 12 months post-injury, as compared to controls (Sidaros et al., 2008). 
Note severe tissue shrinkage in the core brain regions encompassing the basal ganglia and brainstem. 
 
 
A primary indication that a diffuse impact should have a focal effect in the core brain structures comes from a study by 
Viano et al. (2007), in which the main forms of impact that produced concussion in such head impacts (i.e., those 
meeting the definition of dTBI) were found to be oblique impacts that caused rotational acceleration, causing focal shear 
stresses at sites throughout the basal ganglia, corpus callosum and midbrain (Fig. 10B), whereas the effects of equivalent 
impacts without a rotational component were far less severe (Fig. 10A). In fact, it may be shown (Fig. 10C) that the 
locus of maximal shear stress (orange coloration) matches the loci of atrophy following severe TBI (orange in Fig. 10B) 
in an unrelated morphometric study (Sidaros et al., 2008). Significantly, although the cortical regions show little overall 
effect, the dTBI damage were focused on core brain structures including the corpus callosum, basal ganglia, habenula 
and the mesencephalic and pontine levels of the brainstem. Such results indicate that the ‘diffuse’ concept of dTBI  
actually obscures a pronounced focus in critical control regions of the basal ganglia and midbrain. 



Significantly in this context, recent studies have discovered that a high proportion of patients diagnosed with dTBI 
exhibit binocular vision dysfunctions, particularly deficiencies in the binocular coordination of eye movements 
(Goodrich et al., 2007; Ciuffreda et al., 2008; Cockerham et al., 2009; Thiagarajan et al., 2011). Up to 65% of dTBI 
patients received a diagnosis of one or more forms of binocular dysfunction, including convergence/divergence, 
accommodative, and pursuit/saccade insufficiencies. Such losses of binocular coordination may result in deficits of 
oculomotor control and/or double vision, which have pronounced impact on the quality of life in tasks involving 
occupational and recreational reading, driving, estimating distance to targets in depth, tracking moving vehicles, media 
viewing, sports activities, etc. 
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Fig. 11. Effects of dTBI on vergence dynamics. (Conventions as Fig. 9.)  A. Typical example of a normal vergence response. B. Four 
examples of weak vergence responses in dTBI, with amplitudes < 25%.  C. Four examples of slow dTBI vergence responses, reaching 
approximately full amplitude after 1-2 s. D. Four examples of noisy and biased dTBI vergence responses. 

 
Fig. 11 shows some of the variety of deficits in vergence dynamics from our current group of 16 dTBI sufferers.  All but 
one of this group showed notably abnormal vergence dynamics, the majority of which fell into the three groups depicted 
in Fig. 11; a) weak, b) slow and c) noisy responses that are biased to start in the same direction regardless of the disparity 
change (despite all participants exhibiting verified fine stereopsis). This analysis of the variety of human vergence 
responses thus contributes substantially to the understanding of the deficits in the oculomotor control mechanisms 
resulting from diffuse traumatic brain injury.  

5.  CONCLUSION 

Thus, the variety of human vergence dynamics contributes substantially to the understanding of the oculomotor control 
mechanisms underlying the generation of these movements. Severe brain injury is often visible by structural brain 



imaging, such as X-radiography or magnetic resonance imaging (MRI), but dTBI effects that are invisible to these 
techniques may nevertheless cause severe oculomotor disruptions. Effective treatment of these oculomotor problems 
requires accurate diagnosis of the source of the problem.  
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