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Smesets, Jeroen B. J. and Ignace T. C. Hooge. Nature of variability
in saccades. J Neurophysiol 90: 12—20, 2003. First published February
12, 2003; 10.1152/jn.01075.2002. We studied the variability in sac-
cades by comparing the peak velocities of saccades with the same
target amplitude made with different actual amplitudes. We tested
three hypotheses: the pul se-height noise hypothesis (peak velocity and
amplitude vary proportionaly), the localization noise hypothesis
(variability in amplitude and peak velocity lie along the main se-
quence), and the independent noise hypothesis (variability in ampli-
tude and peak velocity are independent). We measured eye orientation
in two experiments by a sclera coil and avideo system. Surprisingly,
the main source of variability of saccades depended on the measure-
ment system used. A combination of localization noise and indepen-
dent noise best describes the data obtained by the video system. The
independent noise (e.g., measurement inaccuracy) was the main
source of variability. For the scleral coils, the variability was consid-
erably larger than for the less accurate video system. The pul se-height
noise hypothesis best describes this additional variability. Therefore
we conclude that pulse-height noise is the main source of variability
in saccades measured with scleral coils. We discuss the influence of
scleral coils on saccade generation and suggest that a change in motor
strategy due to the discomfort of wearing the coils might be the cause
of the increased variability.

INTRODUCTION

When saccades are made repeatedly to the same target, the
saccade is never the same. Various characteristic parameters of
the saccade as amplitude and peak velocity show variation
between trials in an experiment. The question we address in
this paper is where this variability originates. To answer this
question, we distinguish various sources of variability in peak
velocity and amplitude of saccades. As we will explain, these
various sources of variability have different effects on the
relatively fixed relationship between the amplitude of a saccade
and its peak velocity (the main sequence) (Bahill et al. 1975).
Measuring this relationship in a situation in which the varia-
tions in amplitude are mainly due to variations in the neural
processing (i.e., in a full-cue condition using an accurate mea-
surement system) can thus reveal what the main source of the
neural variability is. We will study the variability in informa-
tion processing for eye movements by comparing the peak
velocities of saccades with different actual amplitudes made
with the same target amplitude.

The variability we want to study is that in the execution of
saccades. There is an infinite number of ways that the execu-

tion may be inaccurate. Moreover, the planning and the mea-
surement also will introduce inaccuracies. Despite these diffi-
culties, we hypothesized that the variability in saccade execu-
tion is large enough to be distinguished from the other two
sources of variability (planning and measurement). This hy-
pothesis is based on our interpretation of raw main sequence
data published by others (Goossens and van Opstal 1997). We
re-plotted their data and main sequence fit in Fig. 1A and added
dashed lines as our interpretation: the variations in peak ve-
locity seem proportional to those in amplitude. We observed a
similar pattern when plotting a main sequence from our earlier
experiments (Tabak et al. 1996).

Here we will derive an extremely simple model of saccade
execution that captures this pattern. We will refer to this model
as the pulse-height noise hypothesis. For this model, we as-
sume that such motor variability is caused by noise in the firing
intensity of motoneurons (Harris and Wolpert 1998). In terms
of a simple pulse-step model of saccade generation, the vari-
ability isonly in the height of the pulse and not in its duration.
We make the additional simplification that the duration of a
saccade depends on the duration (and not the amplitude) of the
motor command. If the noise in the final neural control signal
results in a larger amplitude, the average velocity must vary
proportionally. As the skewness of saccades varies only slowly
with amplitude (van Opstal and van Gisbergen 1987), we can
assume that the ratio between peak velocity and average ve-
locity remains the same (our 2nd assumption), we predict that
the peak velocity varies proportionally with amplitude (Fig.
1B).

A second source of variahility is inaccuracy of target deter-
mination by the experimental subject: the intended end-posi-
tion of a saccade may vary from trial to trial. This might be
caused by inaccurate target localization by the subjects but also
by other causes. Examples are misperception of the initial
orientation of the eye or properties of the collicular motor map
(van Opstal and van Gisbergen 1989). If thiskind of variability
is the main cause of variability in saccade amplitude, the
measured saccade amplitude will determine the peak velocity
of a saccade, irrespective of the target amplitude. For instance,
a 10° saccade that undershoots an 11° target should have the
same peak velocity as a 10° saccade that overshoots a 9° target
(the 2 sets of data points overlap in Fig. 1C). Formulated in
other words, al saccades should fall on the main segquence.
Consequently, there should be a clear correlation between the
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FIG. 1. Main sequence relationships. A: data for human eye saccades to
visual targets at 7 eccentricities, with best fitting exponential (adapted with
permission from Fig. 8 of Goossens and van Opstal 1997). - - -, our interpre-
tation of the scatter of the data points around the fit. B-D: scheme of the three
predictions for the relationship between the variability in amplitude and peak
velocity of saccades to targets at 2 eccentricities. ®, average for 1 target
amplitude. - - -, the correlation expected between variability in peak velocity
and amplitude of saccades to a single target.

peak velocity and amplitude of saccades to atarget at a certain
distance, but the slope will be much shallower than for pulse-
height noise. Wewill refer to this hypothesis asthe localization
noise hypothesis.

A last source of variability is measurement inaccuracy. For
the determination of the main sequence, two parameters should
be extracted from the eye-movement data: the saccade ampli-
tude and the peak velocity of the saccade. We assume that
measurement errors in the amplitude are determined by the
resolution of the measurement of eye orientations. The band-
width and the resolution of the measurement will determine the
accuracy in determination of peak velocity. Because the peak
velocity is determined at another instant as the orientations
used for determining saccade amplitude (and assuming that
these times are separated more than 1 over the bandwidth of the
measurement system), it seems safe to assume that measure-
ment noise causes thus independent variability in both mea-
sures (Fig. 1D). If independent variability in the determination
of amplitude and peak velocity (measurement noise) is the
main source of variability, the target amplitude will determine
the peak velocity of a saccade, irrespective of the measured
saccade amplitude. The subset of saccades that undershoot the
target will have (on average) the same peak velocity as the
subset of saccades that overshoots the same target. In fact, this
holds for any other subset of saccades selected on the basis of
their actual amplitude. Consequently, measurement noise will
not lead to a correlation between peak velocity and saccade
amplitude for saccades with the same target amplitude. We will
refer to this hypothesis as the independent noise hypothesis.

In the discussion of the data analysis presented here, we
have neglected two aspects. The first one is that variability in
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one parameter can be compensated for (Quaia et a. 2000). In
terms of a simple pulse-step model of saccade generation:
variability in the initial pulse height might be compensated in
a later part of the pulse. The result would be so that the peak
velocity changes without a change in average velocity and thus
without a change in amplitude. The consequence of thisis that
the variability in peak velocity will appear to be independent
from the variability in amplitude. Compensated variability is
thus indistinguishable from measurement noise.

The second neglected aspect is that more than one source of
variability could play arole. For instance, adding ample inde-
pendent (measurement) noise to data originating from a pulse-
height noise system will result in regression with a slope equal
to that of a regression to a pure localization noise system. We
can distinguish between these two cases by taking into account
the amount of variability. The localization noise hypothesis
predicts that the coefficient of variation is larger for saccade
amplitude than for peak velocity (the data points spread more
in the amplitude than in the peak velocity in Fig. 1C). If wefind
acoefficient of variation that islarger for peak velocity than for
saccade amplitude, we know that independent noise hasto play
an important role as it cannot be explained by one of the other
hypothesis.

METHODS

This research is part of an ongoing research program that has been
approved by the appropriate committees of both universities involved.
During the course of the experiments, it became clear that scleral coils
influence the dynamics of saccades (Frens and van der Geest 2002).
We therefore performed the experiment not only with scleral coils
(known to be the most accurate way) (Collewijn 1998) but also with
a video-based system that has a much lower temporal and spatial
resolution. As we will show, the two recording techniques not only
differ in the accuracy but also influence the accuracy of the eye
movements. To check whether these different results were indeed due
to wearing the coils and not due to the differences in measurement
accuracy, we performed an additional control experiment in which
subjects were wearing coils while measuring the eye movements with
the video-based system. In all experiments, we stabilized the head
using a hite-board.

Apparatus

In the coil experiment, the orientation of the right eye was measured
with an induction coil mounted in a scleral annulus (Skalar Medical,
The Netherlands) in an AC magnetic field (Remmel Labs, Ashland,
MA). This method was first described by Robinson (1963) and refined
by Collewijn et a. (1975). The apparatus to generate the field and
convert the coil-signal was developed by Remmel (1984). The hori-
zontal and vertical eye orientations were measured at a sampling rate
of 1,000 Hz. The accuracy in determining saccade amplitude is about
0.05° (\/2 times the SD in eye-orientation signal during fixation from
our subject with the most stable fixation). The data were stored on the
computer hard disk for off-line anaysis.

In the video experiment, the orientation of the right eye was
measured at 250 Hz with a video-based two-dimensional eye-tracking
device (the Eyelink system, SR Research, Mississauga, Ontario, Can-
ada). The accuracy in determining saccade amplitude for this system
is about 0.08° (\/2 times the SD in eye-orientation signal during
fixation from our subject with the most stable fixation). Combined
with the accuracy obtained for coils, we would expect that the inac-
curacy in the angular difference between these two measurement
systems would equal the root of the squared sum of the two inaccu-
racies, about 0.1°. By determining the SD in the amplitude difference
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over many saccades in many different directions, the relative accuracy
of these systems has been estimated to be 10 times larger: about 1.0°
for 10° saccades (Fig. 7 in van der Geest and Frens 2002). Part of the
latter variability is due to systematic errors (such as a nonlinearity)
that do not induce variability in our experiment (because we use only
saccades between 2 positions). On the other hand, inaccuracy in
determination onset and offset of saccades is not included in our first
estimate of 0.08°. For peak velocity, van der Geest and Frens (Fig. 7)
report an accuracy of the video system relative to scleral coils of 35°/s
for 350°/s saccades. Sampled at 250 Hz, 35°/s corresponds to 0.14°/
sample. As their velocity measure was based on a simple two-point
difference between two samples, one can estimate the accuracy of the
measurement of orientation differences with our video system to be
about 0.14°. We will use this estimate in the remainder of this study.
Note, however, that the accuracy of the system varies between sub-
jects (van der Geest and Frens 2002).

In the two main experiments, targets were two 5-mm (0.14°)-
diameter dark blue disks fixed onto alight gray wall 2.0 min front of
the subjects. One target was fixed at about 5° left of the subjective
straight ahead. A second target could be positioned at 9—-11° (step:
0.5°) to the right of the first target. In the control experiment, the
stimuli were presented on amonitor (resolution: 1,600 X 1,200 pixels;
viewing distance, 80 cm). For this experiment, we used the same
target separations as in the coil and video experiment, but instead of
keeping one target fixed at 5°, we varied the positions of both targets
symmetrically around the subject’s straight ahead.

The 10° amplitude was chosen to have the clearest difference
between the slopes predicted by the three hypothesis. The independent
noise hypothesis predicts a zero slope, independent of saccade ampli-
tude. The slopes predicted by the pulse-height noise and localization
noise hypothesis both start at the same value, and both decrease to
zero when the amplitude increases. However, the rate of decrease
differs (this can be verified by differentiating the equation for the main
sequence). The result is that difference between pulse-height noise
and localization noise is the largest for saccades between 10 and 20°,
and the difference between these two hypotheses and independent
noise decreases with increasing amplitude. We therefore chose a
separation between the targets of about 10°.

Subjects

The two authors participated in the two main experiments (Al and
A2). Additionaly, two colleagues (E1 and E2) of the Erasmus Uni-
versity participated the video experiment, and one colleague (U1)
from the Utrecht University participated in the experiment using the
scleral coil. These subjects were experienced subjects in eye-move-
ment research but naive with respect to the questions of the present
experiment. One author (Al) and two other colleagues from the
Utrecht University (U2 and U3) performed the control experiment.

Procedure

Subjects were seated in a normally lighted laboratory. Before each
session we calibrated the eye-movement apparatus by letting the
subjects fixate an array of nine targets (10.8 X 8.0°). Subsequently we
presented the two targets and asked subjects to make saccades at a
comfortable pace between them. To ensure that saccades started from
atarget, they were explicitly instructed to take their time to fixate the
target before returning. Each 1-2 min, a new target separation was
presented. The five target separations were presented pseudoran-
domly, and this sequence was presented twice. In this way, a possible
systematic effect of fatigue on eye movements will not interfere with
the results. We measured each subject’s gaze for about 20 min. Due
to the time needed for calibration and manual set-up of the targets, this
yielded 250—600 saccades per subject. In the control experiment, the
automated stimulus presentation enabled us to measure 900—1300
saccades per subject.
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Data analysis

Before saccade detection, the eye movement data were transformed
from screen projections (video-data) and coil voltages (coil-data) to
Fick angles. In Fick angles, the eye orientation is described by two
angles. The first angle is a rotation about a vertical axis. The second
rotation is a rotation about an eye-fixed horizontal axis (Haslwanter
1995).

As stated in the INTRobuCTION, the accuracy of the determination of
the peak velocity is determined by limitations in sample frequency
and measurement resolution. To be able to compare the velocities of
the two set-ups with confidence, we determined for both measurement
systems the eye velocity at 1-msintervals based on position data from
an 8-ms time window. These velocities were obtained by fitting a
parabola through N subsequent data points (N is an odd number).

To obtain an 8-ms time window, N was 3 for the data obtained in
the video experiment. To be able to determine the velocity at each ms,
we used the derivatives of this fitted parabola at four instants (from 1
ms before the middle sample up to 2 ms after this sample) to estimate
the value of the velocity at those instants. Coil data were measured at
a sampling rate of 1,000 Hz. To have the same 8-ms time window as
for the video data, N was 9 for the measurements with the scleral coils.
We subsequently determined the peak value in the 1,000 Hz velocity
traces of each saccade. By using this method we were able to deter-
mine peak velocity on a millisecond time scale with the same time
window for both systems. We expect that this results in a better
relative accuracy than the 35°/s reported by van der Geest and Frens
(2002). As the velocities in the coil data are based on more samples
of higher spatial accuracy, the accuracy will be higher than that of
velocities in the video data. In the INTRoDUCTION, We argued that we
couldn’t distinguish measurement noise from other sources of inde-
pendent variability (e.g., compensated variability). For modeling pur-
poses, we need to have an estimate of the total independent variability
in peak velocity. We more or less arbitrarily assume independent
uncertainty of peak velocity in the coil experiment of 20°/s and in the
video measurements of 25°/s.

Saccade detection was done by a Matlab program that marked
saccades by a velocity threshold of 75°/s. After detection of all
saccades, the program searched for onsets and offsets of the saccade.
First it determined the averaged absolute velocity of a 100-ms period
of fixation that started approximately 200 ms preceding the saccade.
Onsets and offsets were determined by searching the time when
absolute saccade velocity reached a value 3 SDs higher than the
absolute velocity during the fixation.

If a saccade started or ended more than 5° away from the targets or
if the eye moved more than 1°vertically during a saccade, this saccade
was not further analyzed. Saccades were not further analyzed if the
peak velocity did not occur between 25 and 75% of the movement.
These criteria excluded 12 saccades from the video experiment (yield-
ing 1,312 saccades) and 94 saccades from the coil-experiment (yield-
ing 1,129 saccades).

Saccade amplitude was determined by taking the distance (in de-
grees) between the starting and landing positions of the saccade. This
method is good enough to determine saccade amplitude because only
small (of the order of 10°) horizontal saccades were analyzed. The last
parameter we determined for each saccade was the target amplitude.
Thisis the horizontal distance (in degrees) between the gaze at target
onset and the center of the target.

We mentioned in the introduction that it is likely to have measure-
ment noise in the determination of both the amplitude and the veloc-
ity. Interpreting the slopes from a regression analysis (as we will do)
is therefore not without pitfalls. Variability in the independent vari-
able will reduce the resulting slope of a linear least squares fit,
whereas variability in the dependent variable does not affect the
outcome (Fig. 2, A and B). To get a regression that can be interpreted
with confidence, one must classify the variable with the lowest signal-
to-noiseratio (the one with the largest variability) as dependent. To do
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S0, we must estimate the amount of measurement noise (as opposed to
behavioral variability). We will do so with a simple model, assuming
that all measurement noise is due to limited accuracy in orientation
measurement.

Although the reasoning in the following text holds irrespective of
the particular accuracy value chosen, we make the reasoning simple
by using the values we derived above for our video system. For 10°
saccades with a peak velocity of about 350°/s, we estimate that the
accuracy of amplitude measurement is about 1.4% (0.14°/10°),
whereas it is about 7% for peak velocity. We illustrate the effect of
choice of the independent variable with simulated data for the pulse-
height model (assuming behaviora variability 1°) of Fig. 1B. The
simulated measurements are plotted in Fig. 2, C and D. It is clear that
if we use amplitude as independent parameter, we can recover our
behavioral model, but if we use velocity asindependent parameter, the
fit yields a different result as the model that generated the data. We
therefore chose the amplitude as the independent parameter in our
regression analysis.

The main data of the present study are the saccades with 9.5-10.5°
target amplitude. We will show two examples of velocity-amplitude
relationships based on individual trials. Because our analysis yields
more than thousand saccades for each experiment, we display the
overal behavior after reducing the number of data points by averag-
ing. To do so, we collected saccades into amplitude bins of 0.5° wide
and averaged the values for the peak velocity of all saccades in those
bins [a method anal ogous to the one used for instance by Collewijn et
al. (1988)]. Only the averages of hins containing more than three
saccades will be displayed.

To check whether the variability of these saccades follows the main
sequence, we had to determine the main sequence from our limited
data set. To do so, we approximated this relationship by fitting aline
through our data. Using afit to the velocities and saccade amplitudes
of al individual saccadeswould probably introduce a bias because the
small saccades are in genera undershooting the target, and large
saccades overshooting (see our hypothetical data: Fig. 1B, O). Thus
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the ends of the amplitude range would be dominated by aberrant
saccades, which might have correspondingly aberrant kinematics,
resulting in a distorted main sequence. We therefore chose to deter-
mine the main sequence for our saccades by a regression of peak
velocity to target amplitude of all individual saccades (corresponding
to Fig. 1, @). Subsequently, we compared this line with the tangent to
the exponential main sequence fit shown in Fig. 1A (Goossens and van
Opstal 1997) at the applicable point (10°). This tangent is given by
Vpeak = 173 + 16.8*amplitude.

RESULTS

As examples of individual behavior, we show the data of
saccades with 9.5-10.5° target amplitude for two of the naive
subjects in Fig. 3. For subject U1, measured with the coil
system, the peak velocity seems proportional with the ampli-
tude, as predicted by the pulse-height noise hypothesis (Fig.
1B). For subject E1, measured with the video-based system, the
relationship seems to be more close to the main sequence, the
behavior predicted by the hypothesis of localization noise.
Although the fit to the coil data explains much more of the
observed variance than the fit to the video data (r?> = 0.79 vs.
r = 0.23), the residua SD in the peak velocity is amost the
same in both examples (17.7 vs. 19.4 °/s).

To obtain an overall view of the behavior of al our subjects,
we averaged the data over all subjectsin 0.5° wide bins (Fig.
4). The @ in this figure correspond to those in Fig. 1, B-D,
indicating the main sequence as a function of target amplitude.
The O correspond to one set of O in Fig. 1, B-D, indicating the
variability in amplitude and peak velocity for one target am-
plitude (9.5-10.5°). The parameters of the various linear fits
are given in Table 1. Both recording techniques enabled us to
reproduce the main seguence relationship between (target)
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Coil, subject U1

Video, subject E1

Vpeak = 198 + 12.6 - amplitude

Fic. 3. Examples of the velocity-amplitude relation-
ship for naive subjects, measured with sclera coils (left,
80 saccades) and the video system (right, 114 saccades).
In both cases, only saccades for which the target ampli-
tude was between 9.5 and 10.5° are shown. - - -, the best
fitting linear relationship through the data points. — and
---, main sequence and pulse-height noise behavior
predicted (see Table 1).
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amplitude and peak velocity for al saccades reasonably well
(@). We found some saccades with a target amplitude of less
than 9° and more than 11°, thus outside the range of target
separations presented. Such target amplitudes can occur when
the eye does not exactly fixate the fixation point before making
a saccade.

However, when looking at the relationship between saccade
amplitude and peak velocity for saccades with the same 10°
target amplitude (O), the two recording methods yielded dif-
ferent results. Using the scleral coils (400 saccades with 9.5—
10.5° target amplitude), the linear regression yielded an inter-
cept close to zero (but significantly different, P = 0.001). The
slope of this linear fit is not significantly different from the
value predicted by the pulse-height noise model. Using the
video-based system (494 saccades with 9.5-10.5° target am-
plitude), however, the intercept differed clearly from zero,
whereas the slope did not differ significantly from the slope of
the tangent to the main sequence at 10°. We expect that the
video system would lead to more measurement noise. Indeed,
the variability in the peak velocity that is not explained by the
linear fit (SD of the residuals of the fit, calculated over the data
of al the subjects) is higher for the measurements with the
video system than for those with the cails.

To test whether the measurement noise might have affected
the slope of the regression lines, we looked at the coefficient of
variation. If the different slopesin the two experiments are due
to different sources of variability in behavior, we expect dif-
ferent ratio’s between the coefficients of variation of peak
velocity and that of amplitude. For localization noise (Fig. 1C),
we expect a larger coefficient of variation for amplitude than

All subjects, coil

8 10 12 14

Amplitude (deg)

for peak velocity. For pulse-height noise (Fig. 1B), we expect
the same coefficient of variation for amplitude and peak ve-
locity. We determined for each target amplitude and for each
subject the coefficient of variation in both the amplitude and
the peak velocity (Fig. 5A). For the scleral coails, the coefficient
of variation does not differ between the two variables (t-test,
paired for each amplitude-bin and subject, P = 0.074), in line
with the predictions of pulse-height noise. For the video-based
measurement, the coefficient of variation of amplitudeislarger
than that of peak velocity (P = 0.017), in line with the
predictions of localization noise.

As opposed to what one would expect when measurement
noise was the cause of variability, the variability in Fig. 5A
seems larger for the measurement with the more accurate
scleral coilsthan for that with video. Asthis could be dueto the
different subjects used in the two experiments, we analyzed the
values for the two subjects that participated in both experi-
ments separately (in Fig. 5B). Paired t-test (pairing subjects and
0.5° wide target-amplitude bins) showed that the differencesin
variability between the measurements of the two systems on
these subjects were indeed significant, both for amplitude (P =
0.04) and peak velocity (P < 0.0001). The measurements with
scleral coils lead to a more variable behavior of these subjects
than the measurement with the video system.

To rule out the possibility that the preceding results are due
to some unknown artifact of comparing two measurement
systems, we performed a control experiment. In this experi-
ment, we measure the saccades with the video system and
determined whether wearing scleral coilsindeed influenced the
variability in the way described in the preceding text. If so, the

All subjects, video

— main sequence P

FIG. 4. Average behavior of our subjects mea-
sured with sclera coils (left) and video system
(right). Peak velocities averaged for 0.5° wide
bins of amplitude as a function of amplitude. e,
the peak velocity of all saccades as a function of
target amplitude. Both systems reproduce the
main sequence for our range of amplitudes very
well. o, the peak velocity of the saccades for
which the target amplitude was between 9.5 and
10.5° as a function of saccade amplitude. — and
- - -, main sequence and pul se-height noise behav-
ior predicted (see Table 1).
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TABLE 1. Summary of predictions, experimental results, and simulation results for the linear regressions of peak velocity as a function

of saccade amplitude

Unexplained Variability

Source Type Intercept, °/s Slope, s * r2 in Peak Velocity, °/s

Prediction Localization noise 173 16.8
Pulse height noise 0 34.1

Video experiment All 198 + 11 141+ 1.0 0.12 36.2
10° target 177 + 16 161+ 1.6 0.17 318

Coil experiment All 176 = 17 158 = 1.7 0.73 40.0
10° target 34+11 315+ 11 0.68 222

Control experiment All 195+ 7 14.7 £ 0.6 0.14 429
All (+caoil) 174+ 6 16.2 + 0.6 0.19 42.8
10° target 128 + 14 211+ 13 0.19 38.6
10° target (+coil) 35=+12 306+ 12 0.38 36.0

Simulation Video (10°) 177 = 18 165+ 1.7 0.18 24.3
Coil (10°) 38+ 8 30.3+08 0.77 221

Values are means * SE. The prediction for the localization noise model is the tangent to the main sequence fit of Goossens and Van Opstal (1997) as shown
in Fig. 1A. The prediction for the pulse height noise model is the line through the origin that yields the same velocity for 10° saccades. The regression parameters
in the last two rows are for afit to 400 simulated saccades; see Fig. 8 for the parameters used for these two simulations.

video data of the subject wearing coils should resemble those
of the ones measured with the coils, albeit with some additional
variability.

As the assumed differential effect of two measurement sys-
tems on motor variability differed most clearly for 10° target
saccades, we have plotted the results of the original and control
experiments in Fig. 6. The slope and the intercept of the
velocity-amplitude relationships of saccades depends clearly
more on whether there are coilsin the eyes (@ and O vs. m and
[J) than on the measurement system used (O vs. @). Table 1
shows that when comparing the two measurement systems for
10° target saccades with coils in the eyes, the main difference
between them is indeed the amount of unexplained variability
in the saccade velocity.

DISCUSSION

The aim of this study was to find out what the main source
of variability of saccades is. Our very simple pulse-height
noise model can describe the variability of the most accurate
system (the scleral coils) very well. The intercept of the re-
gression to the 9.5-10.5° target amplitude coil data (Table 1)
differs dightly from zero, probably indicating a small effect of
localization noise. Measurement noise is not an important
factor in these measurements (the data lay close to the regres-
sion linein Fig. 3A) in accordance with the reported accuracy
of this system. The variability in speed does not seem to be
compensated to alarge extent. If there was important compen-
sation, this would result in lower variability in amplitude than

in peak velocity. Our results show that the coefficients of
variations do not differ between these variables when measured
with coils (Fig. 5).

We thus confirmed our hypothesis based on our interpreta-
tion of raw main sequence plots (Goossens and van Opstal
1997). Pulse-height noise as the main source of variability can
help to interpret another characteristic of velocity-amplitude
relationships. It has been shown that by multiplying the peak
velocity by the duration of the saccade, one obtains a variable
that is proportional with amplitude with remarkably little scat-
ter (van Opstal and van Gisbergen 1987). These authors con-
clude: “the considerable scatter in velocity-amplitude and am-
plitude-duration relation .. somehow cancels out” (p. 743). The
explanation is simple: pulse-height noise. For pulse-height
noise any deviation from the mean peak velocity is propor-
tional to the deviation from the mean amplitude and will thus
not be visible in a plot of peak velocity times duration against
saccade amplitude. In Fig. 7, we illustrate this with a model
example.

Surprisingly, we discovered that the answer discussed in the
preceding text only holds when sclera coils are used (the
experiments discussed in the previous paragraph were per-
formed using scleral coils). For the less accurate measurement
system, the outcome is different. The best fitting line is that of
the localization noise hypothesis. Because the fit seems not that
good, one might be tempted to assume that the shallow slope of
the regression to the video data are caused by a combination of
pulse-height noise and measurement noise. Two facts argue

A B
0.12 Coil Video 0.121 O Coll FIG. 5. The coefficient of variation for the amplitude
c | c ® Video and peak velocity of saccades. Error bars indicate SE
% 0.10 I % 0.10 7 across target amplitude and (in A) subjects. A: the mean
& 0081 5 008 | value for al the subjects. The variation in amplitude and in
g : % : peak velocity is the same for the coil measurements,
= 0.06 = 0.06 whereas the variation in amplitude is larger than that in the
2 2 peak velocity for the video measurements. B: for the 2
@ 0.04 ~§ 0.04 1 subjects that participated in both the coil experiment and
(&) i O | the video experiment (Al and A2), the variability was
0.02 0.02 larger when using scleral coils than when using the video
o 0 - system to measure eye movements.
Vpeak  ampl Vpeak  ampl Voeak  ampl Voeak  ampl
H IH JS Js
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FIG. 6. The slopes and intercepts of velocity-amplitude plots for 9.5-10.5°
target amplitude saccades in the various experiments. When wearing coils (e
and 0), the intercept and slope are close to the pulse-height noise model,
independent of whether the saccades were recorded with the coils in the main
experiment (0) or with avideo system in the control experiment (®). x, +, the
predicted values for 2 of the models introduced in Fig. 1.

against thisidea. First, the scatter around the regression linein
the video datain Fig. 3B (19.4°/s) is not much higher than that
of the coil datain Fig. 3A (17.7°/s). The unexplained variability
in peak velocity in a single subject is thus a bit lower than the
independent variability in peak velocity we assumed (7% ~
25°/s) in generating Fig. 2. Second, we showed (Fig. 2) that our
analysis method could revea pulse-height noise, even when
over-estimating the independent variability (measurement in-
accuracy) of the video-system.

A possible explanation that seems to be able to capture all
aspects of our measurements is that the variability in the
movements of the eye itself depends on the measurement
method. More specifically: wearing sclera coils induces addi-
tional (pulse-height noise) variability. This explanation was
confirmed by the control experiment. Furthermore, it isin line
with results obtained with electrooculography: using that re-
cording technique, the variations in peak velocity are indepen-
dent from variationsin saccade amplitude (Jurgens et al. 1981).

To check whether additional pulse-height noise indeed ex-
plains the differences between the coil experiment and the
video experiment, we simulated 400 saccades using very sim-
ple models for the two experiments. We assume that all noise
sources are normally distributed and characterize them by their
SD. For the both models, we assumed a localization noise
(0.7°) (Kowler and Blaser 1995), causing peak velocity varia
tions along the main sequence [using the values of Goossens
and van Opstal (1997)]. The independent noise is different for
the two systems. Based on the characteristics of the apparatus
used (see mETHODS), we assumed for the video system an
independent noise of 0.14° for the amplitude and 25°/s for peak
velocity. We assumed that the coils were more accurate: 0.05°
for amplitude and 20 °/s for peak velocity. For the coil model,
we assume an additional 12% pulse-height noise. As can be
seen in Table 1, the fit to the model saccades yields a very
similar result as the fit to the experimentally measured sac-
cades. In Fig. 8, we plotted a subset of 100 of the model
saccades, comparable with the experimental results plotted in
Fig. 3. Again, the correspondence between model predictions
and experimental data are remarkable.

In the INTRoDUCTION, We suggested three sources of variabil-
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ity in saccades. We can now summarize our results. For mea-
surements with a video system, measurement noise contributes
most to the variability in amplitude, and variability in execu-
tion (i.e., pulse-height noise) is negligible. For measurements
with scleral coils, the measurement noise can be neglected.
However, when wearing coils, the localization errors are not
the main source of variability, as the coils induce additional
neural variability, which follows the pulse-height noise model
we hypothesized. This means that natural saccades are much
less variable than one would conclude on the basis of mea-
surements with scleral coils.

We can thus conclude that scleral coils induce extra vari-
ability in the eye movements. We are not the first ones to note
the changes in eye movements induced by attaching coils. For
instance, it has been shown that the implantation of coils
reduces the gain of the VOR in mice (Stahl et al. 2000). They
also reported an increase in variability (between animals) in the
VOR-gain. What is the reason for the extra variability when
using a scleral coil? If the coils would alter proprioceptive
signals about eye orientation (Gauthier et al. 1990), one would
expect additional localization noise and not additional pulse-
height noise. There are two possible mechanisms that might be
the cause of the extravariability. Thefirst oneisthat the scleral
coil changes the dynamical properties of the eye: it adds some
inertia and might increase the viscous drag of the eye moving
under the eyelid. The neural controller hasto find away to deal
with this new situation, and the search for a new optimal
control signal is reflected by variability in performance. How-
ever, the additional inertia of the cail is so small (85 mg) that
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FIG. 7. Model simulation of 250 saccades with target amplitudes ranging
from 5 to 30°. The mean values of peak velocity and duration were a function
of amplitude following the fit results of Goossens and Van Opstal (1997). For
A and C (pulse-height noise) we used the same sources of variability for peak
velocity and amplitude as for the calculations for the coilsin Fig. 8. For B and
D, we replaced the 12% pulse-height noise by 3.5% independent noise in peak
velocity and amplitude. The duration of saccadesin the model was not affected
by noise. Although the scatter around the main sequence is the same for both
model systems (top), the scatter in the relation between peak-velocity times
duration and amplitude is clearly different. The scatter in C is very similar to
the scatter in the graphs in Fig. 8 of Van Opstal and Van Gisbergen (1987).
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FIG. 8. Velocity-amplitude plots for 100 simulated re-
sponses to 10° target amplitudes. For the model, we assumed
alocalization noise of 0.7° for both measurement systems. The
independent noise in amplitude is 0.05° for the coil and 0.14°
for the video. The independent noise in peak velocity is 20°/s
for the coil and 25°/s for the video. For the coil model, we
assume an additional 12% pulse-height noise. Note the simi-
larity of these simulated vel ocity-amplitude relationshipsto the
actual data plotted in Fig. 3.
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the changed inertia does not seem a very likely explanation
(Frens and van der Geest 2002).

Another explanation is that wearing a scleral coil changes
the motor strategy of saccades in such a way that not only
systematic changes in saccade parameters occur (Frens and van
der Geest 2002) but also in some way extra variability in the
subjects’ behavior. This might seem unlikely but is indirectly
supported by some recent papers. It has been shown that
changing the motor strategy of a subject changes the charac-
teristics of saccades systematically. Steinman et al. (1990)
showed that applying a bite-board reduces the peak velocity of
eye movementsto amuch larger extent than could be explained
by the contribution of the head movement. Epelboim et al.
(1997) showed that when subjects moved their hand to the
target of a saccade, the peak velocity of the saccades was
increased systematically. No mention of variability was made
in these studies. In monkeys, Takikawa et al. (2002) used
another manipulation that increased the nuisance of the mon-
key: removing the reward. Again, areduction of peak velocity
was observed. But more importantly: the variability in both the
amplitude and velocity was increased due to the removal of
rewards. These studies suggest that the variability of saccades
depends on the motor strategy chosen and that a strategy that
results in lower peak velocities and more variability is chosen
in more restrained and uncomfortable situations.

The preceding reasoning might suggest that attaching a coil
to the sclera of a human eye would have a different effect on
saccades than implanting coils in the eyes of a monkey. How-
ever, several studies have shown that the slope of saccades
made to a single target differs clearly from the local tangent to
the main sequence. For 20° saccades, a slope of about 30 s~ *
has been reported (Snyder et a. 2002), almost twice the tangent
to the main sequence in monkeys (assuming an exponential
described by 1,000°/s saturation and 12.4° for the exponential
coefficient). Inspection of other speed amplitude plots of mon-
key saccades systematically shows a steeper slope for saccades
to asingle target than for saccades over alarger range (Fig. 4A
of Frens and van Opstal 1997; Fig. 3 of Quaia et al. 2000; Fig.
8A of Straube et a. 1997; Fig. 6A of White et al. 1994). These
results indicate that uncompensated pulse-height noise plays
also an important role in the variability in saccades made by
non-human primates with implanted coils.

In the present paper, we investigate the causes of the vari-
ability in saccades. This question is closely related to that of
(Quaia et al. 2000), who investigated whether variability in
peak velocity was compensated. Based on their experiments
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with monkeys, they conclude that the saccadic system does not
completely compensate for the variability in velocity, but only
for about 60%. How does their result correspond with ours?
Our independent noise hypothesis corresponds to 100% com-
pensation in their terminology; pulse-height noise corresponds
to no compensation, and localization noise corresponds to a
negative compensation. In their terminology, we find thus zero
percent or less compensation when measuring with coils, and
Snyder et al. (2002) found negative compensation in their
monkeys. Both are even stronger conclusions than Quaia et al.
(2000) made.

We think that this difference in conclusion is at least partly
caused by two shortcomings with the methods of Quaia et a.
(2000). First they used all saccades between a fixation point
and atarget as a group with the same target amplitude. As the
eye does not exactly fixate the fixation point before making a
saccade, not only the saccade amplitude but also the target
amplitude will vary between trials. That iswhy one seesfor our
data in Fig. 4 some saccades with a target amplitude (@) of
<9° and more than 11°, thus outside the range of target
separations presented. A second problem with their analysisis
that they used peak velocity as independent parameter. Figure
2 shows how that can lead to a change in slope toward a line
that would be interpreted as perfect compensation. If we ana-
lyze our model data of Fig. 2 (10° saccades without compen-
sation) in the way of Quaia et a. (2000), we find 47.5%
compensation. This is the value they found for saccades of the
same amplitude (10°) in two of their three monkeys. So, the
experimental results of Quaia et al. (2000) might not even
differ from ours. Therefore the results of their analysis do not
exclude a complete absence of compensation for variability in
velocity.

Our conclusion that wearing scleral coils induces extra vari-
ability in eye movements is arather disappointing message for
the eye-movement research community. Scleral coils have
always been regarded as the most precise measurement system.
However, a measurement system that decreases human preci-
sion is not as accurate as its technical precision. This means
that scleral coils cannot be regarded as the golden standard for
accuracy in eye movement research anymore. However, the
alternative systems are not ideal either. The video-based sys-
tems have (at present) two disadvantages. The first one is that
they do not measure orientation directly, but the effects of
changing orientation on the projection of the eye’'simage. This
makes coils at present the ideal tool for measuring three-
dimensional eye movements (Hooge and van den Berg 2000).
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A second disadvantage of a video-based system is that they do
not measure the orientation of the eye in space but relative to
the head. Correction of the datafor head movementsisfar from
trivial. Moreover, measurements with a moving head are fun-
damentally perturbed as the connection between camera and
head is not completely rigid. As coils measure the orientation
of the eye in space, they are till the only tool to accurately
measure the function of the vestibuloocular reflex (Collewijn
and Smeets 2000). It has been recently shown that for most
other tasks, video-based systems are good enough (van der
Geest and Frens 2002), and even preferable because coils slow
down saccades (Frens and van der Geest 2002). We now show
that there is another reason to prefer video-based system to
coils because the latter increase the variability in performance.

We like to thank J. van der Geest for the Matlab routine to determine
instantaneous velocity and R. van Wezel and C. Erkelens for the use of the coil
set-ups.
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