
  

 
Figure 1–A typical example of eye position traces during fixation periods 
in the light followed by gaze-holding in darkness. The slow-phases that 
were selected for later analyses are highlighted in red. 

  

Abstract—We studied the horizontal oculomotor neural 
integrator in healthy human subjects during gaze holding in 
darkness. We found large variability among subjects with 
respect to the estimated time constants and the integrator’s null 
position. We also found that individual subjects could 
demonstrate significantly nonlinear drift velocities as a 
function of eye position. Nevertheless, a consistent trend did not 
emerge. Consequently, cross subject averaging eliminates 
idiosyncratic nonlinear patterns and the average can be 
approximated by a linear function inside the range that was 
tested.   

I. INTRODUCTION 

The neural integrator (NI) of the oculomotor system 
refers to a distributed network of neurons in the brainstem 
and cerebellum that performs the mathematical temporal 
integration of eye movement related velocity commands. The 
existence of the NI was first conceived by Skavenski and 
Robinson [1] to account for the fact that the ocular motor 
nuclei carry both position and velocity information during 
head velocity driven vestibulo-ocular reflex movements. 
They suggested that head velocity information from the 
vestibular sensors is integrated in the brainstem to provide 
position commands. It is commonly accepted that horizontal 
integration is performed by a distributed network of neurons 
in the medial vestibular nuclei, the nucleus prepositus 
hypoglossi, and the cerebellum. The function of the NI is 
necessary to keep the eyes at a desired location following a 
saccade. Saccadic burst (or velocity pulse) should also be 
integrated to produce a step position command sent to the 
motor neurons. Otherwise the visco-elastic properties of the 
eye plant (the extraocular muscles, eye ball and the tissue, 
collectively) will rapidly move the eye back towards the null 
position with a time constant of ~200 ms. The integrator 
function is however not ideal, as in the absence of visual 
feedback the eye will drift back to the null position, albeit 
with a much larger time constant than that of the plant. 
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Since the NI is shared by all oculomotor subsystems that 
generate eye movements to a variety of visual and vestibular 
stimuli, understanding its function as well as factors that 
influence it are crucial for studying ocular motor control in 
general. To characterize the NI, the first step is to measure its 
time constant. Indeed, a number of studies have addressed 
this issue by measuring the velocity of the ocular drift 
towards a null position during gaze holding in darkness. In 
general subjects were required to maintain fixation on an 
imaginary target in the dark. The slope of the drift velocity 
versus position (i.e. the P-V plot) is indicative of the time 
constant of the integrator. The results of these studies have 
nevertheless been contradictory. For example Becker and 
Klein [2] and Hess et al. [3], both using the EOG 
(electrooculography) technique during gaze holding 
experiments on healthy human subjects, concluded that when 
averaged across all subjects, the P-V plot was linear, and the 
time constant of the NI did not vary with eye position. 
Whereas Eizenman et al. [4] did the same experiments using 
video-oculography and showed that the P-V curve is 
nonlinear, at least for eccentric fixations beyond 20°. 
Magnetic search coil measurements in goldfish during 
spontaneous scanning of the surroundings also revealed 
nonlinear P-V plots, suggesting that at least in goldfish 
integrator function depends on eye position in the orbit [5]. 
There are also several modeling studies [6-11] that propose 
the necessity for eye position dependent nonlinearities in the 
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Figure 2– P-V plots for each of the 15 subjects. Each data point represents the velocity and position of a single slow-phase. The red curves show the best fit 
through the data, based on the criteria mentioned in the Methods. 

NI network, although these predictions have not yet been 
verified by experimental studies. In this article we present the 
results of gaze-holding experiments in healthy human 
subjects, using videooculography technique. We report that 
in most of the subjects (9 out of 15) the P-V plot was in fact 
nonlinear, suggesting an eye position dependent integrator 
function. 

II. METHODS 
Fifteen healthy human volunteers (ages 31.8±11.2) with 

no known vestibular or ocular motor deficits participated in 
the experiments and gave written consent after being 
informed about the experiment. Experiments were approved 
by the local ethics committee and in accordance with the 
principles of the Declaration of Helsinki. 

Subjects sat upright on a chair, while head movements 
were minimized by means of a chin rest, and were allowed 
binocular vision. The chair was surrounded by a con-centric 
circular drum. The eyes were directed towards a desired 
position by means of red LED targets installed on the drum. 
The chin rest was also used to adjust the head height so that 
the target was aligned vertically at eye level. Eye distance 
from the drum was 64cm. Except for the LED targets, the 
room was completely dark. The LED turned on at a random 
horizontal position (range ±45° at 5° steps), and stayed on for 
3s. After this fixation period, the LED turned off and the 
subject was instructed to maintain fixation at the remembered 
target for 5 s after which a beep sound informed the subject 
to relax. The next target turned on 4s after that. The 
experiment took ~9 minutes in total and there was a 1 minute 
rest period in the middle of the session. During this rest 
period the room light was turned on. None of the subjects 
reported fatigue after the experiment.  

Horizontal and vertical movements of the right eye were 

monitored at 220 Hz using a head mounted video camera 
(EyeSeeCam, Munich, Germany). Only the horizontal eye 
position is reported here. The center of the pupil was 
automatically determined by ellipse fits to thresholded 
images of the eye. Calibration data was collected for each 
subject during fixation of targets between ±45° horizontal 
and ±10° vertical. Rightward movements and positions are 
considered positive. 

VOG signals were first low-pass filtered at 10 Hz (-3dB 
cut-off frequency) with a zero-phase FIR filter and then 
scaled using calibration data. Note that in all results an eye 
position of 0° corresponds to looking straight ahead. Velocity 
was derived by a custom numerical algorithm that computed 
the 5-point derivative of the position signal. Fast-phases were 
identified and discarded using a velocity threshold criteria set 
at 5°/s, as per [5]. Selected slow-phases were also visually 
inspected and any remaining mini-saccades were removed. 
Only the data during the first 3 s of attempted gaze holding 
were analyzed to exclude adaptation effects such as null-
position shifts. The first 100 ms after the off-set of the LED 
was not analyzed to account for visual feedback delays. 
Slow-phase segments longer than 700 ms were split to 
segments of at least 200 ms length. Slow-phases shorter than 
200 ms were also not included in analyses. Data points were 
discarded at the start and end of each slow-phase to allow 
enough time for filter dynamics to relax, which was enough 
to also remove the post-saccadic slip and pre-saccadic 
abnormalities. 

Qualifying slow-phases were fit with a straight line based 
on minimum least squared error criteria (as an example see 
Fig. 1). The slope of the fitted line defines the drift rate (i.e. 
velocity) of the given slow-phase, which was then plotted 
against mean position to obtain P-V plots. During gaze 
holding periods following a saccade, the input-output 
relationship of a linear neural integrator is given by: 
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TABLE I.  SUMMARY OF RESULTS 

 

Subject 

Variance accounted for by 
each fit (R2) 

Time 
constant 

(s) 

Integrator’s 
null 

position (°) 
Linear Quadratic Cubic 

MP 0.79 * 0.79 0.79 20 –4 
AW 0.80 0.81  0.83 * 17 +19 
JT 0.29 0.54 * 0.56 36 –26 
SH 0.30 0.52 * 0.53 21 –14 
SR 0.80 * 0.81 0.82 34 –12 
SS 0.80 * 0.81 0.83 34 –5 
ES 0.62 0.67 * 0.68 16 –24 
VS 0.80 * 0.81 0.82 16 +1 
GB 0.78 * 0.78 0.78 28 +4 
CB 0.22 0.28 * 0.27 30 — 
IO 0.64 0.76 * 0.79 20 –5 
JH 0.57 0.60  0.62 * 19 +5 
MN 0.63 0.66 * 0.66 34 –9 
IP 0.62 * 0.63 0.63 30 –9 
MM 0.79 0.81 * 0.81 17 +2 

Table 1–For each subject the models are compared based on the variance 
accounted for by the model. Asterisks show the model that was selected 
based on the criteria explained in the Methods. The time constant and the 
null position of the integrator are also estimated from the chosen model and 
given for each subject (see text).  

sacc0 vvkee ++=′        (1) 

which reduces to: 

0vkee +=′          (2) 

for gaze holding in the dark [12]. The integrator time 
constant can be derived from (2) as k/T 1−=  and the null 
position of the integrator will be k/ve 00 −= . To analytically 
characterize the P-V plots, second and third order polynomial 
models, as well as the linear model in (2) were tried using 
minimum least squared error criteria. The best model was 
chosen based on confidence intervals of parameter estimates, 
the outcome of the F-test (to select from nested models), and 
the variance accounted for by the model (i.e. the square of 
adjusted coefficient of correlation, R2). Whenever parameter 
estimates were significantly different from zero (95% 
confidence intervals), and the f-value was greater than 
F(0.05,1,Ndata points), and there was an improvement in the 
variance accounted for, the higher order model was selected.  

III. RESULTS 

The P-V plots are displayed in Fig. 2 for all subjects. In 
some subjects a gaze-evoked nystagmus was observed at 
more eccentric fixation points (above 35°). In the ocular 
motor range tested (±45°), the P-V plots were linear for 6 
subjects, and nonlinear for the remaining 9. For subjects 
with nonlinear drift, the slope of the P-V curve was itself a 
function of the position, and a time constant is thus defined 
as the smallest value on the 1/slope−  curve. Values are 
summarized in Table I. The measured time constant values 
are in agreement with previous human studies [2,3]. The 
higher order terms in nonlinear fits were significant but 
small, which is because drift rates are rather small over a 
relatively large ocular range. The nonlinearity that is 

observed in subjects is due to higher drift rate at one end of 
the gaze field and very low or nonexistent drift in the other 
end. In 2 subjects (AW and JH) the rate of change in 
velocity with position increased at either of the two ends of 
the gaze field while remaining small in central positions, in 
agreement with the findings of Eizenman et al. [4]. This 
means near ideal integration in one part of the gaze field 
which deteriorates as the eye moves away. Nevertheless in 
our data we did not see a unified trend in all subjects with 
nonlinear pattern. A plot of all subjects’ data is shown in 
Fig. 3.  Since idiosyncratic nonlinearities did not follow a 
unified trend, the nonlinear effect cancels out when all the 
data from all subjects are pooled. Based on the criteria 
described in the Methods, a linear model is sufficient to 
describe the cross-subject data, in the range tested. The 
estimated time constant of this linear integrator is 27 s and 
the null position is –4°, i.e. shifted nasally from straight 
ahead. 

IV. DISCUSSION 

Characterization of the neural integrator function in 
healthy subjects is important for evaluation of patients with 
ocular-motor symptoms. Such symptoms include gaze-
evoked, rebound, and congenital nystagmus and are 
considered to be triggered by impairment of the neural 
integrator system. 

In this study, we tested the linearity of the P-V plots 
during gaze holding in darkness. Our results show that in the 
ocular motor range tested (±45°), most subjects have a 
position-dependent neural integrator. However, the form of 
this nonlinearity was not the same in all subjects. This could 
suggest that every subject has a “preferred” gaze region 
inside which the integrator is trained to function best. 
Outside of this region the integration time constant 
decreases, or even approaches instability, as we observed in 
some subjects (JT, SH, CB). In the same manner, it is 
possible that subjects who showed a linear trend only have a 
larger “preferred” range around the straight ahead direction, 

 

Figure 3– The P-V plot for all subjects, superimposed. Each data point 
represents the velocity and position of a single slow-phase in a subject. The 
red curve shows the fit for all subjects. Since there was no uniform 
nonlinear trend, a cross subject averaging results in a linear model.   
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and that integration becomes worse outside of the region 
that was examined here. 

Previous nonlinear identification algorithms, as well as 
modeling studies by Galiana et al. [7-10] have also proposed 
that healthy human subjects could exhibit nonlinear 
integration characteristics during VOR movements. They 
also suggested that perhaps the neural integrator time 
constant is highest closer to the origin and declines at lateral 
positions. This nonlinear behavior could also explain the 
nonlinear P-V plots during spontaneous nystagmus seen in 
patients that suffer from acute unilateral vestibular deficits 
[13]. The integration is accomplished through 
interconnections of a large network of neurons on either side 
of the brainstem. In case of a unilateral peripheral lesion, the 
function of the neural integrator will be affected; its linear 

range could be reduced and its null position shifted, 
producing more accentuated nonlinear P-V plots. 

In summary, on average, a linear representation for the 
neural integrator can be used in healthy humans, at least 
over a limited range. Nevertheless, single subjects exhibit 
nonlinearities that could provide clues to the integrator 
function in cases with peripheral or central lesions of 
vestibular and ocular-motor pathways.  

Further experiments are needed to investigate the large 
inter-subject variability that was observed here. As a first 
step, the intra-subject variability should be studied to 
determine whether and to what extent results are repeatable 
for each individual subject. This factor, if true, could explain 
some of the inconsistencies between the results of different 
studies.  
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