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Abstract

Several of the characteristic waveforms of congenital nystagmus (CN) contain braking saccades. We test the
hypothesis that braking (including foveating) saccades, while not always satisfying the standard relationships for
saccades, are normal; any differences are due to the presence of high-velocity, slow-phase eye movements. Better
measurements of saccadic properties, including position- and velocity-based measures and skewness, can eliminate
some of this apparent distortion. We also evoked an analogous effect in normal subjects by use of a ramp-step-ramp
stimulus. Finally, we used a model to further demonstrate this distortion in the saccades of normals, deviating
from their intended magnitude as a function of the magnitude of the opposing velocity. The saccadic analysis
methods developed herein are applicable to all saccades made during ongoing eye movements, whether normal or
pathological. The above findings support the hypothesis that the braking saccades integral to many CN waveforms
have normal characteristics and are the result of a normal saccadic system’s responses to a slow-eye-movement
oscillation.

Abbreviations: BDJ — bidirectional jerk; CN — congenital nystagmus; PC — pseudocycloid; PJ — pseudojerk; PP —
pseudopendular; PPg; — pseudopendular with foveating saccades; PV — peak velocity; RSR — ramp-step-ramp; T —

triangular; VOR — vestibuloocular response.

Introduction

For over 25 years, a standard set of relationships has
been used to relate the magnitude of a saccade to its
duration and peak velocity (PV) [1-4]. Although the
relationship is generally good, there is a scarcity of
data for small saccades (<1°), and the different studies
do not fully agree with one another. Saccadic relation-
ships vary from person to person, and can even vary
within the same subject [3].

Saccades can also fail to follow these standard re-
lationships for a variety of reasons, including, but not
limited to: ingestion of alcohol or other drugs [5];
neurological diseases such as Huntington’s chorea or
spinocerebellar degeneration [6]; or even the normal
aging process [7-9]. These saccades generally have a
lower PV and greater duration, although it is possible
to encounter saccades that appear faster and shorter,

as in myasthenia gravis [10-12]. It has also been
shown that saccades elicited under different conditions
(e.g., visual versus non-visual) conditions can have
slightly different properties, with visually evoked sac-
cades being somewhat faster and shorter in duration
than saccades made to remembered targets [13—15] or
those made during antisaccade paradigms [16]. These
differences may be attributed, in part at least, to the
effects of higher cortical processing. Also, saccade
magnitude can be diminished when combined with
vergence movements [17].

In previous work [18, 19] we examined braking
saccades [20] — small, stereotyped, fast eye move-
ments that act to oppose (i.e., brake) the large slow-
phase velocities (often in the range of 40-50°/s or
greater) seen in congenital nystagmus (CN), some of
whose oscillations probably originate in the smooth
pursuit system [21-24]. In general, braking-saccade
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magnitudes are not determined by visual information;
however, they can be visually guided, in which case
they are called foveating saccades, for they serve to
foveate the target, as seen in, e.g., the jerk waveform
of CN. The latter have been shown to be generated by
the same pathways responsible for the programming of
other visually guided saccades [25]. Braking saccades
appear in several waveforms, including pseudopen-
dular (PP), pseudopendular with foveating saccades
(PPss), pseudocycloid (PC), bidirectional jerk (BDJ),
triangular (T) and pseudojerk (PJ) [26]. During our
initial analysis of these saccades, we discovered that
they did not always fit the standard relationships [18,
27], and for some subjects could appear slower than
‘normal’. Indeed, it has been claimed that the sac-
cades in CN are slower than normal and a model
was proposed for CN with that as its basis [28, 29].
This caused us some concern, for nonstandard sac-
cades can suggest the possibility of pathology, yet
all the data came from subjects with idiopathic CN:
who had no known neurological deficits; whose abil-
ity to make accurate refixations to different targets
is well-documented; and, more importantly, whose
CN waveforms stem from a primary sinusoidal os-
cillation containing no saccades (i.e., the oscillation
does not require a saccade for either its initiation or
maintenance) [23, 24].

We hypothesize that braking saccades (including
foveating saccades) are, in fact, normal saccades and
that when they do not fit the standard relationships it is
simply because they occur in the presence of, and act
to oppose, CN’s high slow-phase velocities that tend
to confound the accurate measurement of braking-
saccade properties. We examined the techniques and
assumptions usually made for the measurement of sac-
cades, paying particular attention to the question of
when saccades can be said to begin and to end, based
on both position and velocity information.

Subjects and methods
Subjects

Data for this study came from seven CN subjects,
five recorded explicitly for this study and two pre-
viously recorded in this laboratory, as well as four
normal subjects who participated in the complement-
ary ramp-step-ramp paradigm (discussed at the end
of this section). Subjects are summarized in Table 1.
All CN subjects had idiopathic CN without any ac-

Table 1.
Subject Sex Age Waveform Numberof Method
saccades
CN 1 M 33 PCx 116 IR
2 F 49  PP—BS 66 IR
3 F 14 PC 139 IR
4 F 25 PC 214 Coil
PP;—BS 146 IR
5 M 43 PP—FS 118 IR
58 PC 31 Coil
PP;—BS 126 IR
6 M 28 PP—FS 126 IR
PPsc—BS 44 IR
7 M 13 PC 42 IR
Total: 1168
Normal 8 F 47  RSR 178 IR
M 40 RSR 187 IR
10 F 33 RSR 168 IR
11 M 28 RSR 180 IR
Total: 713

* PC waveforms have only braking saccades. PPgg — pseudopen-
dular with foveating saccades; PC — pseudocycloid; BS — brak-
ing saccades; FS — foveating saccades; RSR — ramp-step-ramp
paradigm.

quired nystagmus and all subjects were healthy, with
no neurological deficits. The CN subjects’ waveforms
included either PPg; or PC cycles, and two subjects
(S5 and S7) contained both. In primary gaze, S5’s
waveform was usually PPg, with PC occurring only
at extreme gaze angles (40° left gaze). S7’s CN was
mainly PC in primary gaze, with occasional inter-
vals of PPg. S7 had not been recorded extensively at
other gaze angles, and consequently only the data for
straight-ahead viewing were used. S2 and S6’s wave-
forms contained predominantly PPg cycles, whereas
S1, S3 and S4 displayed predominantly PC cycles.
Records were chosen for study only if they contained
repeated runs of braking saccades, to avoid using
transitional cycles. When selecting PC cycles, care
was taken to properly differentiate them from jerk
with extended foveation, a similar-appearing wave-
form. If the distance from the apparent end of the
saccade and the point of foveation was under 0.5° (for
well-developed foveation, i.e., the ability to acquire
the target in a reliable and repeatable manner with a
minimal positional ‘jitter’, or spread of +0.5°), the
saccade was considered ‘foveating’ rather than brak-
ing, and the cycle was discarded. For subjects with
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Figure 1. A schematic representation of the determination and differences between points of saccadic onset and offset. Top trace shows
position, bottom shows velocity (divided by 20 and shifted vertically for clarity). The outer two dotted vertical lines represent the beginning-
and end-points of the saccade as determined by the velocity data. Note that these points occur respectively earlier and later than their po-
sition-derived points. The single-headed arrow shows the value of slow-phase velocity (‘s’) preceding the saccade, the apparent PV is ‘p’,
and the double-headed arrow shows the proper peak-velocity measurement, including the velocity of the preceding slow phase (p + s). The
heavy segment, ‘i, on the position trace is the distance the eye traveled between the times of the velocity- and position-derived saccade onsets.
Similarly, the segment ‘f” is the distance traveled between the times of the position- and velocity-derived saccade offsets.

poor foveation, this criterion would have to be relaxed,
as is done in determining the foveation window for the
expanded nystagmus acuity function [30]. By using
both PPg; and PC waveforms from two of the subjects,
we were able to perform an internal crosscheck, com-
paring our results both across subjects as well as across
the waveforms for each subject. For S5 and S6’s PPy
waveforms, we also analyzed foveating saccades for
comparison with the more simple braking saccades.

Recording

Some horizontal eye movement recordings (subjects
1-3, 6-11) were made using infrared reflection (Ap-
plied Scientific Laboratories, Waltham, MA). In the
horizontal plane, the system was linear to £20° and
monotonic to £25-30° with a sensitivity of better than
0.25°. The IR signal from each eye was calibrated with
the other eye behind cover to obtain accurate position

information and to document small tropias and phorias
hidden by the nystagmus. Eye positions and velocit-
ies (obtained by analog differentiation of the position
channels) were displayed on a strip chart recording
system (Beckman Type R612 Dynograph). The total
system bandwidth (position and velocity) was 0-100
Hz. The remaining data (subjects 4, 5) were recor-
ded by means of a phase-detecting revolving magnetic
field technique. The sensor coils consisted of nine
turns of fine copper wire imbedded in an annulus of
silicone rubber molded to adhere to the eye by suction.
The system’s sensitivity was less than one minute of
arc, with linearity of one part in 14014 and drift of
0.2-0.3 minarc/h. Noise was less than 2 minarc and
eye position was stored to the nearest minarc [31].
The data were digitized at 500 Hz (with one subject
recorded at 400 Hz, and one subject recorded on two
separate occasions, once at 488 Hz and once at 500
Hz) with 16- or 12-bit resolution.
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Figure 2. Open-loop model used to test the interaction between slow and fast phases. The pulse generator, neural integrator (NI), ocular motor
neurons (OMN) and two-pole plant are taken from previous models. The two-pole, one-zero model comes from Zee et al. [44].

Recent findings [32, 33] indicate caution when us-
ing search coils in studies of saccade dynamics, as
there can be decreases of approximately 5% of ve-
locity leading to a concommitant increase in saccade
duration. These effects appear to be due to alteration of
the ocular motor signals by the act of insertion of the
coil and, to our knowledge, has not been accounted for
in previous studies. This may be the same mechanism
that underlies the decrease in CN due to afferent stimu-
lation, such as when the subject’s forehead or trapezius
is vibrated, or when they wear contact lenses [34], and
that is implicated in the tenotomy of the extraocular
muscles [35].

Protocol

Written consent was obtained from subjects before the
testing. All test procedures were carefully explained
to the subject before the experiment began, and were
reinforced with verbal commands during the trials.
Subjects were seated in a chair with headrest and either
a bite board or a chin stabilizer, far enough (>5 feet)
from an arc of red LEDs to reduce convergence effects.
At this distance an LED subtended less than 0.1° of

visual angle. The room light could be adjusted from
dim down to blackout to minimize extraneous visual
stimuli. A CN experiment consisted of from one to
12 trials, including required monocular and binocu-
lar calibrations, each lasting up to 1 min with time
allowed between trials for the subject to rest. Trials
were kept short to guard against boredom because CN
intensity is known to decrease with inattention. All tri-
als were fixation trials with the subject kept stationary;
no pursuit or vestibuloocular responses (VOR) were
involved.

Ramp-step-ramp (RSR) experiments were per-
formed monocularly and consisted of eight trials of up
to 75 s of a random series of constant-velocity ramps
of 10, 20, and 40°/s interrupted in the center by a step
(of 1, 5, or 10°) that was either in the same direc-
tion as the ramp or in opposition (‘with’ and ‘against’
cases). The step was then followed by the resump-
tion of pursuit at the same velocity. Each subject was
presented with three of every possible combination of
ramp and step. Prior to the pursuit trials, the subjects
were presented with two series of target jumps of the
same magnitude as the steps, but without the pursuit
ramp, to provide a baseline for saccadic parameters.
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Figure 3. Peak velocity versus amplitude for the braking and foveating saccades in S5’s PPggwaveform. Panels A-F show the six calculated
possible corrections based on three ways of adjusting the magnitude and two ways of measuring PV. In this and Figures 4-6, top row (A-C)
is uncorrected PV, and bottom row (D-F) is corrected PV. First column (A, D) is unmodified saccade magnitude; second column (B, E) adds
the initial saccadic segment; third column (C, F) adds initial and terminal saccadic segments as discussed in the text. In this and Figures 4 and
10, curve ‘Bkr’ comes from Becker, curve ‘Bgn’ comes from Boghen et al., representing mean PV (high and low limits for 95% of measured
saccades start at 5° — beyond the range of these data — and therefore are not shown), and curve ‘Jac’ was fit to the 350 baseline saccades made
by the normal subjects in this study. In this and Figures 5 and 7, braking saccades = ‘x’; foveating saccades = ‘o’ Note that lower range of

foveating saccades and upper range of braking saccades overlap.

Analysis

All analysis was carried out in the MATLAB environ-
ment (The MathWorks, Natick, MA) using software
written for this study. Only eye position was sampled
directly, with velocity derived from the position data
by means of a variable degree central-point differen-
tiator. This common method estimates instantaneous
velocity by taking the difference between a point n
samples prior to the current sample point and a point
n samples after the current sample point (a process
applied to the data post hoc), and dividing the result
by the interval between the points. The central-point
differentiator is equivalent to an ideal differentiator
followed by a low-pass filter. As n increases, the
cutoff frequency decreases and the effective low-pass
filtering increases accordingly. The data in this study

(normal and CN) were filtered with n = 2, resulting in
peak velocities >94% (for 488- and 500-Hz data) and
>90% (for the one subject with 400-Hz data) of their
minimally filtered values (i.e., differentiated with n =
0). According to mathematical theory, the 3-dB band-
width for data sampled at 500 Hz, filtered with n = 2
is 55.37 Hz [36], so the attenuation could be as great as
10% for signal frequencies around 30 Hz. Fortunately,
spectral analysis of our small-saccades data show that
the bulk of the signal energy is concentrated below
this point. Furthermore, explicit checks of the actual
attenuation were performed by comparing the filtered
(n = 2) and minimally filtered (n = 0) peak velocities
of more than 75 saccades randomly selected from five
of the subjects, yielding less than a 10% difference.
Finally, and most importantly, any effects of differ-
entiation and filtering on the peak velocities of the
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Figure 4. Peak velocity versus amplitude for the braking saccades in S7’s PC waveform. Panels A—F show the six calculated possible corrections
based on three ways of adjusting the magnitude and two ways to measure PV.

saccades examined applied equally to both the braking
and foveating saccades from our nystagmus subjects
as well as to the baseline saccades and RSR saccades
made by our normal subjects. The importance of this
consistency can be seen because comparisons of our
peak-velocity data for the baseline saccades of the
normal control subjects using this differentiator match
those in the literature (filtered in a variety of manners),
including the data for small saccades with amplitudes
in the range of braking saccades. Others have claimed
minimal effects using a Butterworth filter [37], and it
has also been found that a central differentiator could
actually increase the PV estimate [38]. Based on these
observations, we believe that concerns about dimin-
ishment of PV that has been ascribed to filtering [36],
do not apply, given the methods we employed.

Saccade duration

To calculate the properties of a braking saccade, we
are interested in its beginning, its end, and the point
at which the maximum velocity is reached. However,
these measures are not as straightforward as one might

hope, because braking saccades are made in the pres-
ence of a high-velocity, accelerating slow phase that
has a confounding effect on them. When examining
the position record, the first inclination might be to
state that the beginning of the saccade occurs when
the eye position reaches a local maximum (or min-
imum) and then reverses itself (Figure 1). Similarly,
we might consider the end of the saccade to be the time
when the eye resumes its movement in the opposite
direction. If not for the presence of the CN oscillation
and its associated velocity, this would be a reasonable
approach. This can be seen by examining the velocity
record. The beginning of a saccade made in the pres-
ence of a non-negligible slow-phase velocity can be
determined in the same manner as that of a saccade
when the slow-phase velocity is zero, or nearly so.
The beginning and end of the saccade are the points
at which the velocity reverses (Figure 1). This differs
from the usual method (used later for saccadic outputs
from the model), where the first point that exceeds a
threshold baseline velocity (e.g., 5°/s) is considered
the point of onset. This is because in CN there is no
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reliable velocity baseline, as the slow-phase velocity is
accelerating. The difference between these two meth-
ods is quite minor, fortunately, generally just a sample
point, leading to potential errors of 2 ms (at 500 Hz)
at either end, or =4 ms overall.

We manually selected saccadic onset and offset
using both the position and velocity records. How-
ever, comparison of these onset/offset pairs will show
that the saccadic onset derived from the position
record does not correspond with the onset derived
from the velocity record; nor do the offsets. The
velocity-derived onset occurs several samples before
the position-derived onset, while the velocity-derived
offset occurs after the position-derived offset. Spe-
cifically, the position-derived points occur within the
interval marked by the velocity-derived points (Fig-
ure 1) (even after allowing for the properties of the
central difference estimator, by subtracting the time
shift at each end due to differentiation; for n = 2
we moved the v-onset and -offset points inwards two
samples), approximately at the zero-crossings of the

saccadic velocity record, as would be expected since
the position-derived offsets mark the points where the
eye has changed direction and, therefore, briefly has
no velocity. Comparison of the onset/offset points with
differentiation of n = 3, n = 2 and n = 1 showed
little systematic variation; they were about as likely to
shift (usually by a single sample) in either direction
depending on the magnitude and frequency character-
istics of any noise in the signal and were frequently not
affected at all. This jitter was also observed when ex-
amining saccades made by our normal subjects, when
viewing both static and ramp-step-ramp targets, so it
is not an artifact of the non-zero, slow-phase velocity.

We considered the use of acceleration-derived on-
set/offset points in the hope that they would help us
further segregate the effects of the slow-phase velo-
city from the saccade dynamics. However, even after
filtering, the acceleration signal was too noisy to al-
low reliable identification of onset/offset points in any
consistent fashion. This often added an extra level of
uncertainty on the order of +2-3 samples for each
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Figure 6. Duration versus amplitude for the braking saccades in S3’s PC waveform. Panels A—F show the results after applying the possible

corrections.

point, which in some cases could coincide with the
timing of the velocity-derived points, but potentially
resulted in less reliability.

Saccade peak velocity

When measuring the PV of a braking saccade, once
again the velocity of the slow phase must be accoun-
ted for. Simply measuring the peak of the velocity
record is not sufficient, the slow-phase velocity at
the beginning of the saccade must be added. This is
also illustrated in Figure 1. To count only the velocity
from zero to the peak (‘p’) ignores a major portion of
the saccade (the segments that occur before the first
zero crossing, and after the second zero crossing) and
therefore leads to a false, low value for the velocity.
Winters et al. recognized this when they studied nor-
mal saccades in the presence of high-velocity VOR
[39]. Therefore, we started the measurement from this
shifted baseline, adding the magnitude of the initial
slow-phase velocity (‘s’) to obtain a more accurate
measurement of PV (indicated by the double-headed
arrow).

We also examined the result of making a linear
interpolation between the velocity-derived saccadic
onset and offset times and adding the velocity ‘p’ to
that intermediate velocity. There was no qualitative
difference in the resulting plots of corrected PV versus
saccade magnitude; the difference between the velo-
city at this intermediate time and the beginning of the
saccade (the time we are using) ends up, in general,
being a small part of the total corrected velocity, for
the smaller saccades that constitute the bulk of our
data, e.g., about 10-15% for the braking saccades in
the PPy waveforms, although it could be up to 20%
in some subjects’ PC cycles. We fit sine curves to the
slow phase velocity (to mimic the underlying pendular
CN) and verified that subtracting the slow-phase from
the saccade did not affect the timing of the PV for
either large ( 5°) or small (<1°) saccades. Therefore
the skewness calculations were also unaffected.

Saccade magnitude

We considered several methods of calculating the
magnitude of a braking saccade. The first, and easiest,
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Figure 7. Skewness versus duration for the braking and foveating saccades in S6’s PP¢; waveform. (A) Using velocity-derived onset and offset
points. (B) Using position-derived onset and offset points. Dashed lines represent upper and lower bounds of skewness from van Opstal and

van Gisbergen.

is simply to use the position-derived onset and offset
points, and calculate the difference in position at these
times. The problem with this standard approach (used
for normal saccades between stationary targets) is that
it leads to artificially reduced measures of amplitude,
for it does not take into account that the eye was mov-
ing with great velocity in the other direction due to the
CN and therefore took some amount of time to slow
and reverse.

These considerations lead to two possible approx-
imations that may be used to better determine ‘true’
(i.e., the intended) saccadic size. For the first modific-
ation to saccade size, we simply added the distance the
eye traveled between the time the velocity-derived sac-
cade onset occurred and the time the position-derived
onset occurred (labeled ‘i’ in Figure 1) to the mag-
nitude obtained by using only the position-derived
onset and offset. For the second modification we
also added the distance traveled in the time between
the position-derived and the velocity-derived offsets
(labeled ‘f’). The diminishment of the saccade is es-
sentially equal to the opposing slow-phase velocity

multiplied by the ‘i’ and ‘f” durations which are diffi-
cult to calculate explicitly for CN, as the velocities are
not constant but may be changing exponentially. This
makes the direct measurement of the ‘i’ and ‘f” mag-
nitudes a good first-order approximation but might
cause a slight over-correction. Although the initial ac-
celeration builds rapidly in the first few milliseconds,
the eye must overcome its inertia, and changes posi-
tion slightly. However, our examination of the baseline
saccades made by our four normal subjects, in the first
6 ms of a 5° saccade, revealed that, at most, the eye
traveled between 0.1 and 0.15°; the distance traveled
in the terminal portion was similarly small. We ad-
opted this approach as an attempt to ‘bracket’ the
possible range of corrections, using an over-estimation
at the high end, and no correction at the low end.
Adding only the ‘i (or the ‘f”) component provides
an intermediate state between no correction and full
correction.
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Figure 8. Skewness versus duration for the braking saccades in S4’s PC waveform. (A) using velocity-derived onset and offset points. (B) using

position-derived onset and offset points.

Saccade skewness

Skewness is a measure of the symmetry of a sac-
cade’s velocity profile, i.e., acceleration and decel-
eration. It provides more information about saccade
dynamics than is available in the three standard para-
meters. Smaller saccades appear more symmetric (i.e.,
their accelerating and decelerating phases are roughly
equal), whereas larger saccades tend to accelerate to
their PV quickly and then ‘coast’ the rest of the way,
yielding a skewness below 0.5 [40, 41].

There are several methods to calculate skewness;
some of them are quite mathematically intense, requir-
ing the use of gamma functions [14], or the compu-
tation of higher order central moments. Fortunately,
all give similar results so we used the simplest one,
the ratio between the time to PV of the saccade and
its duration [40]. A symmetrical saccade therefore has
a skewness of 0.5; one that is slow to accelerate to
PV, >0.5; and the skewness of one with a long de-
celerating ‘tail’ is <0.5. Because skewness depends
on saccade duration, we compared skewness results

calculated by use of position- and velocity-derived
saccadic onsets and offsets.

Foveating saccades

The above analyses were also performed for foveating
saccades from S5 and S6’s PPg; waveform (PC wave-
forms do not have a foveating saccade; the braking
saccade starts the eye towards the target and a slow
eye movement brings it to the target).

Ramp-step-ramp

Saccades made by the normal subjects were subjected
to the same analyses of PV, duration, and skewness as
those made by the CN subjects. Results of the saccades
made either with or against pursuit ramps of differ-
ent velocities were compared to those made when no
initial velocity was present.

Models

We constructed two simplified, open-loop control
system models of the saccadic system in the MAT-
LAB/Simulink environment, consisting of a pulse
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Figure 9. Histogram of the distribution of saccadic skewness for S9, a normal subject (top panel), and the braking saccades from S4, a CN
subject with a PC waveform (bottom panel). The normal subject is more symmetrically and sharply distributed around 0.5.

generator, neural integrator, ocular motor neurons and
plant (Figure 2A,B). The first model used components
from our previous models of both congenital and latent
nystagmus [23, 42, 43], creating a pulse-step to drive
a two-pole plant with time constants of 7 and 180 ms.
The second model, which used a pulse-slide-step to
drive a two-pole, one-zero plant (zero at 80 ms, real
poles at 300 and 13 ms, and a pair of complex poles),
came from Zee et al. [44], with modifications to al-
low symmetric operation without being connected in
push-pull.

Both models had two independent inputs, a sac-
cadic command and a pursuit (velocity step) com-
mand, that were combined linearly to simulate a
first-order approximation of the interaction between
the slow- and fast-phase subsystems. We first veri-
fied that these models could make accurate saccades
in the absence of an initial velocity. We then gener-
ated saccades of specific intended magnitudes in the
presence of a variety of constant velocities, as great as
50°/s, comparable to the slow-phase velocities typical
of CN. Ramps and saccades were combined in both
the ‘with’ (ramp facilitating saccade) and ‘against’

(ramp opposing saccade) directions. We measured the
resulting saccades, comparing them to their intended
magnitudes and durations.

Results
Peak velocity versus amplitude

Figure 3A-F shows the results for PV plotted versus
magnitude for S5’s PPy, waveform for both braking
(‘x’) and foveating (‘0’) saccades. The braking sac-
cades are quite small, frequently under 1°, and the
foveating saccades range from approximately 1° to
just under 4°. There is a small amount of overlap
between the upper range of braking saccades and the
lower range of the foveating saccades. There are six
subplots displayed, representing the possible com-
binations resulting from two methods of measuring
PV and three methods of measuring amplitude. Pan-
els A—C show peak-velocity calculations that do not
account for the initial slow-phase velocity; D-F are
recalculated to include this velocity. In panels A and
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D the saccadic magnitudes are recorded using only
the position-derived onset and offset points. Panels B
and E incorporate the addition of the distance the eye
traveled between the velocity- and position-derived
onsets. Finally, Panels C and F include the onset cor-
rection in addition to the distance traveled between the
position- and velocity-derived offset times. The same
criteria were used to calculate the data in each panel
in Figures 4-6. The curve marked ‘Bkr’ is the PV
versus amplitude relationship from Becker [45], and
the curve marked ‘Bgn’ is from Boghen et al. [3]; both
are representative of prior saccadic parameter studies.
The difference in the mean curves possibly reflects
methodological differences. The 95% intervals for the
fastest and slowest peak velocities are not displayed
here, as they begin at 5°, which is beyond the upper
end of these saccades. We also calculated a piecewise-
linear fit to the baseline saccades made by the normal
subjects (four subjects, 350 saccades, ranging from 1°
to 10°, made in the absence of any slow-phase velo-
city); for saccades from just over 0.4° to 3°, the slope
is 44.87 s~, with a y-intercept of 9.537°, and an r2
value of 0.928. This curve, marked ‘Jac,” is shown in

Figures 3 and 4, for comparison with the relationships
calculated by Becker and by Boghen.

In the top three panels (A—C), when we do not in-
clude the slow-phase velocity in the calculation of PV,
all the saccades appear to be somewhat slow, albeit
within the ‘acceptable’ range. As we apply the mag-
nitude corrections, to include more of the saccade that
had been masked by the runaway slow phase, the fit
worsens as the points shift towards higher magnitudes.

The bottom three panels (D—F), show the oppos-
ite result; now that the entire change in velocity is
included in the measurement of PV, the saccades are
shifted so that they appear to be slightly faster than
average. As components ‘i’ and ‘f’ are included in the
magnitude calculation, the points move closer to the
curves, corresponding particularly well with the ‘Jac’
curve, i.e., the same area where our normal subjects’
saccades lay. These results are similar to those ob-
tained for S2’s and S6’s PPy braking and foveating
saccades.

The results for PV versus magnitude for S7’s PC
waveform are plotted in Figure 4. These saccades
are much larger than those seen in S5’s PPy, wave-
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form. As with S5, the saccades follow the general
principle that PV increases with magnitude, regard-
less of measurement methodology. Once again, prior
to the peak-velocity correction, saccades appear slow,
and after the velocity correction they conform more
closely to normal values, regardless of whether the
magnitude correction is applied. Here, the fit to the
‘Jac’ curve is even better than in the previous figure.
This figure illustrates the observation that we noted for
approximately 50% of our subjects: the velocity cor-
rection alone results in peak velocities that exceed the
average peak velocities of normals. In those cases, it
is necessary to apply both the velocity and magnitude
corrections (see Discussion). These data were typical
of those subjects with PC waveforms.

Duration versus amplitude

Figure 5A-F shows the results for duration versus
magnitude for S5’s PPy waveform. As in Figure 3,
both braking and foveating saccades are shown and
there are six subplots in this figure, representing the

combinations of the two ways to measure duration
and the three to measure magnitude. The solid curve
represents the duration versus magnitude data from
Yarbus [2]. The fit for the position-derived duration
comes closer to the standard curves than does that
for the velocity-derived duration due to this subject’s
propensity to make dynamic overshoots.

Duration versus magnitude results are plotted in
Figure 6A-F for S3’s PC waveform. In contrast to the
case above, before the corrections are applied, these
saccades appear to be of shorter duration than average;
after correction, they are closer, albeit slightly larger,
than average. Equivalent results were obtained for the
remaining subjects. As expected, no matter what cor-
rection was attempted, the larger a saccade, the longer
its duration. Thus, the duration, PV, and magnitude
general relationships hold regardless of methodology.

Skewness

Figure 7 shows a plot of skewness versus duration
for S6’s PPg; waveform, for both braking and foveat-
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ing saccades. The dashed lines are adapted from van
Opstal and van Gisbergen [40] and show the approx-
imate bounds of their results. Note that the upper range
of the braking saccades (‘x’) overlaps well with the
lower end of the foveating saccades. For the foveating
saccades (‘0’), the velocity-derived duration in plot
7B yields a better fit to reported results than do the
position-derived durations seen in plot 7A, while the
braking saccades do not show quite as much improve-
ment. Analysis of other subjects’ waveforms (PPgs or
PC) yielded similar results, as shown in Figure 8 for
S4’s PC braking saccades using velocity-derived dur-
ations. Again they offer much better correspondence
than do the position-derived ones.

The skewness of S4°s saccades, shown in the histo-
gram in Figure 9, Bottom, using the velocity-derived
durations, are distributed around 0.5, as would be ex-
pected for saccades that fall in this range (smaller than
5°). Compare this to the skewness distribution for all

saccades made by normal subject S9 (Figure 9, Top),
showing a peak more strongly centered on 0.5 than
the skewness of braking and foveating saccades made
by the CN subjects, who as a group, tended to have a
looser distribution around 0.5, possibly due to the dif-
ficulty in accurately determining the onset of saccades
in the presence of high-velocity slow phases.

Ramp-step-ramp

Normal subject S9’s performance at all pursuit velocit-
ies tested in the RSR paradigm is representative of the
results seen in all the normal subjects, and is summar-
ized in Figure 10 as a plot of PV versus magnitude for
saccades made with no pursuit (‘0’), saccades made
against pursuit ramps (‘x’), and saccades made in the
same direction as pursuit (‘diamond’). Note the dis-
tinct separation for these three cases, with saccades
that must overcome the opposing pursuit having a



larger PV than static saccades, which in turn have
a higher PV than those saccades that ‘ride along’ in
the same direction as pursuit. The PV is corrected as
described earlier, but the magnitude corrections have
not been applied, so as to demonstrate the effect on
apparent magnitude that an opposing or facilitating
slow-phase can have.

At the higher pursuit velocities (£20 and/or
440°/s) all the normal subjects frequently made catch-
up saccades. Their properties were found to be in-
distinguishable from those of the RSR saccades and
therefore were included in the analyses.

Examination of saccadic durations, however, re-
veals little if any change for saccades made during no
pursuit; when pursuit was +10°/s, the velocity-derived
timing tended to yield slightly longer saccades, fre-
quently adding a sample point or more at each end. For
pursuits of 20°/s and +30°/s the difference could be
more noticeable, up to three sample points at either
end. This was not an invariant result, however; it was
possible for pursuit cases to show no change in dur-
ation between position- and velocity-derived points,
and for slow pursuit to be several samples longer at
either end. Also, these differences were seen regard-
less of whether the pursuit was in the same direction
as the saccade or in opposition. The results presented
here were based on the velocity criteria.

Models

The interaction between initial smooth-pursuit velo-
cities and resulting saccadic sizes is demonstrated by
outputs from the two-pole model shown in Figure
11, for a 1°-programmed leftward saccade, combined
with ramps ranging from 0 to 50°/s in the opposite
direction. For lower velocities, the magnitude of the
resulting saccade is only slightly affected, but at the
highest velocity (50°/s), the cancellation is so severe
that the saccade appears nearly flat, in effect a saccade
of ‘zero magnitude’, a phenomenon we reported in
previous work [19]. Equivalent results were obtained
with the two-pole, one-zero model.

Figure 12 quantifies the relationships between in-
tended and actual saccades produced by both models
for three cases: (1) saccades with no additional slow-
phase velocity; (2) saccades with a slow-phase in same
direction as the saccades; and (3) saccades with an
oppositely directed slow-phase velocity. The dashed
line in all four panels is that of saccadic equality; i.e.,
points along this line are those whose intended and
actual magnitudes are identical. Note that the two-
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pole model’s output for no slow-phase velocity falls
just below this line at the higher magnitudes (>15°)
while the two-pole, one-zero model’s output lies along
the line. This is due to the design of the two-pole
model’s saccade generator that attempts to realistically
simulate the common human tendency to be slightly
hypometric for larger saccades.

As predicted, when the initial velocity and the
saccade are oppositely directed, the resulting saccade
is smaller than its programmed value (the lines for
—10°/s, —25°/s and —50°/s). Conversely, when the
initial velocity and the saccade are in the same direc-
tion, the resulting saccade is appreciably larger than it
would have been in the absence of a pre-existing velo-
city, with the effect growing more pronounced as that
velocity rises to 50°/s. The data in Figure 12 are for
rightward saccades; the results for leftward saccades
are identical.

The amount of diminution or enhancement de-
pends on the programmed magnitude of the saccade,
the initial velocity, and the characteristics of the plant.
The two-pole, one-zero plant shows a greater effect
when saccades and initial velocity are in the same
direction and, to a lesser extent, when they are in
opposition. When viewed as a percentage change,
the effect is most pronounced for smaller saccades,
and decreases as programmed saccade magnitude in-
creases. The effect is also greater when the pursuit
velocity increases, as expected.

Next, we measured the duration of the saccade, as
determined by velocity criteria, for all combinations of
saccade and initial-velocity magnitudes and directions
using both models. In all cases the duration of a sac-
cade of a given pre-programmed magnitude remained
the same (within £1 sample onset and offset) regard-
less of the magnitude and direction of the slow-phase
velocity.

Finally we attempted to ‘reconstitute’ the initially
programmed saccade from the diminished saccade
produced by the ‘against’ case, by the same method we
employed to correct braking saccades. The resultant
saccade ranged from 75 to 95% of the programmed
magnitude, depending on the programmed magnitude
and opposing velocity, with larger saccades coming
the closest to full correction.

Discussion

The goal of this study was to examine the characterist-
ics of braking saccades and attempt to reconcile them
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with the standard relationships used to characterize
other types of fast eye movements. It had been hypo-
thesized that the complex waveforms of CN were cre-
ated by the responses of a normal saccadic system to
an ongoing oscillation [23, 26]. Because braking sac-
cades act to oppose the runaway slow-phase velocities
of CN, there is some degree of interaction between
the two motions. We have studied and modeled the
simplest possible interaction, namely the simple linear
increase and decrease of saccadic magnitudes, peak
velocities, and durations due to the summation and
cancellation of fast and slow phases at the plant.

We examined two reasonable approaches to cor-
rect saccadic magnitude, adding an approximation
of the distance the eye traveled during the times
between when position-derived and velocity-derived
timing indicated the saccade occurred. It appears that
the most appropriate metric is the velocity-derived
saccadic duration; from this value it is then possible
to work ‘backwards’ to approximate the magnitude
of the programmed braking saccade. The methodo-
logy developed to study braking saccades is directly
applicable to all saccades made during eye move-
ments induced either in normals or by ocular motor
dysfunction.

Upon initial inspection, it might appear that by
adding the ‘missing’ pieces to the saccades’ duration
(e.g., Figure 5), we have made them too long; the
position-derived saccade duration looks like a better fit
in some subjects. However, examination of skewness
properties suggests that the velocity-derived timing is
correct. (In the RSR responses, saccadic durations also
were increased for saccades both with and against the
pursuit, a strong argument for the exclusive use of
velocity points to determine timing.) When the peak-
velocity correction is also included, some CN subjects
who did not previously appear to have normal char-
acteristics now fit the standard relationships. Bahill et
al. [46] concluded that duration was not as reliable a
metric as previously stated. By comparison, normals
seemed more stereotyped from subject to subject in
duration than CN subjects. This is a good illustration
of the variability inherent in biological systems, espe-
cially when the system is perturbed from its nominal
operating range.

Using the velocity-derived duration in the calcula-
tion of skewness yielded better results for both the PC
and PPy waveforms. However, the improvement for
one subject’s (S5) PPy braking saccades (not shown)
were not as noticeable, merely shifting the points to-
wards the expected range rather than into it, whereas

the foveating saccade improvements were more obvi-
ous, shifting most of the saccades into the expected
range. As noted earlier, the smaller a saccade, the
more likely it is to be affected by the interaction with
the slow-phase velocity. In this case, the slow phase
just before the onset of either the braking or foveating
saccades is essentially the same, but since foveating
saccades are larger, they suffer less from the admix-
ture, and therefore show more ‘normal’ characteristics
when examined. This is supported by the data shown
for S8, for these braking saccades are larger still, and
show excellent fit to the expected range.

The broader skewness distributions for CN-related
saccades versus normal saccades, while still fitting
well in the defined normal range, may reflect an
artifact of the method used to determine saccadic en-
dpoints. More probably, it reflects the higher degree
of difficulty in programming the former than the lat-
ter. That is, the CN slow phases were accelerating,
whereas the smooth pursuit velocities were constant.
A similar effect was seen to a lesser degree in the RSR
responses of the normal subjects (i.e., saccades with
and without pursuit).

As the models demonstrated, the simple linear,
mechanical interaction between the saccade and the
initial velocity is enough to significantly truncate the
magnitude of the braking saccade. The presence of
this mechanical interaction does not rule out the pos-
sible existence of further interaction at a more central
neural level (e.g., cancellation of motor commands),
or of non-linear effects (either secondary, or even
the primary interaction which we have modelled as
linear), but such mechanisms do not appear to be ne-
cessary to explain the largest deviations from the norm
for braking-saccade characteristics. In fact, our model
results suggest that such additional mechanisms may
be present; perhaps this is due to slow-phase/fast-
phase interactions as mentioned by Zee et al. [44].
Determination of saccade durations using the model
confirmed that the velocity-criteria method (perhaps in
combination with acceleration and/or jerk) is a more
accurate way to determine duration.

The two-pole, one-zero model’s increased re-
sponse to the slow-phase/saccade interaction was due
to its plant’s greater sensitivity to stimuli, a con-
sequence of the inertia-reducing zero. We have in-
cluded the results of both models to demonstrate that
the cancellation/potentiation effect is not limited to the
more ‘realistic’ two-pole, one-zero plant, but is also
present in the simpler two-pole plant. The latter is
perfectly adequate for use in modeling that does not



require exact simulation of initial trajectory dynam-
ics, but is more concerned with later dynamics and the
steady-state response.

Note that the greatest effect on saccade magnitude
occurred for the smaller saccades (under 5°) which is
also the range for most braking saccades. For larger
saccades the effect is still noticeable, although appar-
ent only at higher velocities. This suggests that larger
foveating and refixation saccades (such as those in
jerk and jerk with extended foveation waveforms) are
probably also affected to a lesser degree, perhaps not
enough to be obviously noticeable except in the most
intense CN waveforms.

There have been other studies that included small
saccades (i.e., saccades under 1°) [1, 47-49]. In
general, our data compare favorably with those of
Kapoula et al. and Abadi et al., who both published
peak-velocity values that fit standard relationships
well (although neither examined duration). The smal-
lest saccade (<5°) data of Smit et al. [16] overlap the
relevant portions of the Boghen and Becker curves, as
well as ours. Abadi and Worfolk [28] found a stat-
istically significant reduction in peak velocities for
CN subjects versus normal subjects. However, their
methods do not mention how peak velocities were
calculated, so it is possible that the small differences
between the two groups could be due to a failure to
account for the slow-phase velocity just before the sac-
cade. Furthermore, their data fall on or near Becker
and the high Boghen curves, well within normal vari-
ation. Finally, their statistical method may not have
been sufficient for the analyses required; i.e., they ap-
plied the Student’s ¢-test to each amplitude-cluster of
data. The multiple ¢-tests may capitalize on the chance
event of finding a significant effect. An analysis of the
regression lines or an analysis of variance followed by
a post-hoc test, such as Bonferroni, would have been
better choices to support the contention of differences.

Too strong a dependence on the strict interpret-
ation of saccadic velocity- and duration-amplitude
relationships can lead to the discovery of problems
where none actually exist. Although, at first glance,
braking saccades do not always fit these standard
relationships, a deeper examination of their proper-
ties suggests that they are not pathological, but are
normal, non-visually triggered, fast-phase eye move-
ments whose magnitudes have been diminished by
their opposition to the runaway slow phases that char-
acterize CN. Therefore they would seem to be closer
to visually evoked saccades, rather than other types of
non-visually elicited saccades, such as anti-saccades,
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saccades made in the dark or to remembered targets or
to auditory positions, as these demonstrate differences
likely due to more complex processing.

While it may be possible to find a more com-
plex non-linear method to ‘correct’ braking saccade
magnitudes, i.e., attempt to elicit their original pre-
programmed values, the effort to do so seems un-
necessary, given the strong evidence supporting the
hypothesis that braking saccades are generated by
the same mechanisms responsible for voluntary and
foveating saccades.
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