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Abstract The latency of eye movements is influenced by
the fixation task; when the fixation stimulus is switched
off before the target presentation (gap paradigm) the
latency becomes short and express movements occur. In
contrast, when the fixation stimulus remains on when
the target appears (overlap paradigm), eye movement
latency is longer. Several previous studies have shown
increased rates of express saccades in children; however
the presence of an express type of latency for vergence
and combined movements in children has never been
explored. The present study examines the effects of the
gap and the overlap paradigms on horizontal saccades at
far (150 cm) and at close (20 cm) viewing distances, on
vergence along the median plane, and on saccades
combined with convergence or divergence in 15 normal
seven-year-old children. The results show that the gap
paradigm produced shorter latency for all eye move-
ments than the overlap paradigm, but the difference was
only significant for saccades at close viewing distances,
for divergence (pure and combined), and for saccades
combined with vergence. The gap paradigm produced
significantly higher rates of express latencies for saccades
at close viewing distances, for divergence, and for sac-
cades combined with divergence; in contrast, the fre-
quencies of express latencies for saccades at far viewing
distances and for convergence (pure or combined) were
similar in the gap and the overlap paradigms. Interest-
ingly, the rate of anticipatory latencies (<80 ms) was
particularly high for divergence in the gap paradigm.
Our collective findings suggest that the initiation of
saccades at close viewing distances and of divergence is
more reflexive, particularly in the gap paradigm. The
finding of frequent anticipatory divergence that occurs
at similar rates for seven-year-old children (this study)
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and for adults (Coubard et al., 2004, Exp Brain Res
154:368-381) indicates that predictive initiation of
divergence is dominant.
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Introduction

To perform an eye movement, several cortical and sub-
cortical areas are activated; the visual information from
the retina is sent to the visual cortex, parietal cortex,
frontal lobe, and the superior colliculus, and from there,
via the brain-stem, the motor command is sent to the
extraocular muscles (Leigh and Zee 1999). When pre-
paring for an eye movement, several processes take
place, such as shift of the visual attention to the new
target, disengagement of oculomotor fixation, and
computation of the parameters of the movement (see
Fischer and Ramsperger 1984; Findlay and Walker
1999).

It is well known that the time needed to prepare
for an eye movement is influenced by the fixation task;
the saccade latency when the fixation stimulus is
turned off before the onset of the target (gap para-
digm) is shorter than the latency measured when the
fixation stimulus remains present when the target ap-
pears (overlap paradigm). Another phenomenon re-
lated to the gap is the facilitation of the occurrence of
express saccades—saccades with latencies between 80
and 120 ms (Saslow 1967; Fischer and Boch 1983;
Fischer and Ramsperger 1984; Fischer and Weber
1993).

The shortening of saccade latency in the gap para-
digm could be due to facilitation of the disengagement of
fixation and attention (Reuter-Lorenz et al 1991; King-
stone and Klein 1993). This idea is integrated into
models like that of Findlay and Walker (1999), who
suggested that there is a decrease in fixation activity



during the stimulus offset that promotes rapid move-
ment initiation. Nevertheless, the mechanisms underly-
ing the occurrence of express saccades are still
controversial. Indeed, some authors have proposed the
possibility of a specific short cortical-subcortical circuit
facilitated by release of visual fixation for express sac-
cade generation (for a review, see Pierrot-Deseilligny
et al 1995, 2002), while other authors, using results from
physiological studies in monkeys (Pare and Munoz 1996;
Dorris et al 1997), have advanced the so-called ’oculo-
motor preparation” hypothesis in which a predictive
saccade command could be the origin of express sac-
cades.

The latency of saccades has been extensively stud-
ied in children (Ross et al 1994; Biscaldi et al 1996;
Fischer et al 1997, Munoz et al 1998; Fukushima et al
2000; Klein and Foerster 2001). All of these studies
have shown that saccade latency is longer in children
than in adults, and that its shortens with age. This has
been attributed to underdeveloped cortical structures
involved in eye movement preparation. This finding is
confirmed by the fRMI study of Luna et al (2001),
which investigated the brain activity in 8-30-year-old
subjects during pro- and antisaccades tasks. Activation
of the frontal, parietal, striatal and thalamic regions
increased progressively between childhood and
adolescence.

Express saccades have also been studied extensively
in children. In particular, Munoz et al (1998) showed
that young children (5-8 years old) make frequent ex-
press saccades (18%); Klein and Foerster (2001) also
examined the gap effect in children and adults (6—
26 years old), and they found that express saccades are
more frequent in young children (6-11 years old) than in
adults (18-26 years old): 10% versus 5%. These authors
suggested that the high number of express saccades,
together with the high variability of saccade latency
observed in younger children, could be due to poor
control of the fixation system; fixation cells in the
superior colliculus are found to have a mutually inhib-
itory relationship with visuo-motor cells (Munoz and
Wurtz 1993).

All of these behavioral studies dealing with the gap
effect are limited to saccades, and there are no studies
that examine vergence latency as well as combined
(saccades—vergence) eye movements in children. The
goal of the present study was to explore the effects of
the gap and overlap paradigms on the latency of
saccades, vergence and combined saccade—vergence
movements in a population of school children aged
between six and seven years old. According to the
above studies (Munoz et al 1998; Klein and Foerster
2001), mean saccade latency is longer in children of
that age than in adults, but the rate of express
latencies is higher in the former. We aimed to deter-
mine whether similar phenomena—increased mean la-
tency in children and increased rates of express
latencies—occur for the other types of eye movements
(for pure vergence or that combined with saccades).
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A few studies have explored the influence of the
gap/overlap effect on vergence latency and on the rate
of express vergence in adult subjects (Tam and Ono
1994; Takagi et al 1995; Coubard et al 2004). Inter-
estingly, Coubard et al (2004) showed that the gap
paradigm shortens the overall latency of both sac-
cades and vergence, but the rate of express vergence is
different to that of express saccades and it depends on
the type of vergence (1 and 13% for convergence
and divergence, respectively). This finding suggests the
presence of distinct cortical structures controlling the
preparation of saccades and the two types of
vergence.

Given the immaturity of the fixation system in young
children, according to the hypotheses of Fischer and
Weber (1993), Munoz et al (1998) and Klein and Foer-
ster (2001), we expected to find a high percentage of
express eye movements (saccades, vergence and com-
bined movements). This was not the case; rather, our
findings suggest the presence of distinct gap effects
depending on the type of eye movement.

Materials and methods
Subjects

Fifteen children from the first grade of an elemen-
tary French school participated in the study. The
mean age was 7.1£0.5 years. The investigation ad-
hered to the principles of the Declaration of Helsinki
and was approved by our institutional human
experimentation committee. Informed consent was
obtained from the children’s parents after the pro-
cedure for the experiment was explained. All of the
children underwent a complete ophthalmologic/
orthoptic examination.

All children had normal binocular vision (60 sec-
onds of arc or better), which was evaluated with the
TNO (Test of Netherlands Organisation) for stereo-
scopic depth discrimination. This test is based on
random dot stereograms that contain a distribution of
binocular disparity; it provides retinal disparities
ranging from 15 to 480 seconds of arc (see von
Noorden and Campos 2002). One child (S3) wore
glasses (hypermetropia of 0.5 for both eyes). Visual
acuity was normal (= 9/10) for all children at both
near and far distances. Orthoptic evaluation of ver-
gence (performed using prisms and a Maddox rod)
was in the normal range with respect to reference
values based on clinical studies (Ygge et al 1993;
Evans 1997; von Noorden and Campos 2002); distant
near point of convergence was on average < 7 cm;
exophoria (latent deviation of one eye when the other
eye is covered) at near viewing was less than six prism
diopters for all children; the accommodative conver-
gence/accommodation ratio, AC/A, was 5.3+0.96:
only one child (S14) had an AC/A ratio >6.
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Oculomotor paradigm

Spatial arrangement

The spatial arrangement is shown in Fig. la. A com-
puter controlled the LED display. LEDs were placed in
two isovergence circles at different distances (at 20 cm
and 150 cm) from the child. Three LEDs were placed on
the circle closest to the child, one at the center and the
others at +20°. The required mean vergence angle for
fixating any of these three LEDs on the far circle was
17°. Five LEDs were placed on the circle most distant
from the child: one at the center, two at +10° and two at
+ 20° fixation to any of these LEDs required a ver-
gence angle of 2.3°. To change fixation from the distant
to the close LEDs requires a large vergence change, and
a sustained vergence and accommodative effort at near
distance (20 cm) was demanded of the child. However,
such situations are common in everyday life, particularly
at school, where the child frequently changes their fix-
ation between far distances (blackboard) and close dis-
tances (desk, book).

Three types of eye movements were elicited: pure
saccades rightward or leftward, pure vergence along the
median plane (convergence or divergence), and com-
bined movements. At the start of each trial, a fixation
LED was lit up at the center of one of the two circles (far

Fig. 1 A Spatial arrangement:
different types of eye
movements are elicited
depending on the combination
of the fixation and target LEDs:
pure saccades at far (150 cm)
and at close (20 cm) viewing
distance, pure vergence
(convergence and divergence)
along the median plane, and
combined saccade—vergence
movements. B Temporal
arrangement: schematic
diagram of the temporal
arrangement used in the two
different paradigms (gap and
overlap)
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or close viewing). When the target LED was on the same
circle it called for a pure saccade (rightward or leftward)
at far (150 cm) or at close (20 cm) viewing distance.
When the target LED was on the center of the other
circle it called for a pure vergence eye movement along
the median plane (convergence or divergence), and when
it was lateral and on the other circle the required eye
movement was a combined saccade and vergence eye
movement. The required saccade amplitude was always
20°, and the required vergence change along the median
plane (for pure vergence) or along lateral axes (for
combined movements) was 15°.

Temporal arrangement

Two temporal paradigms (gap and overlap) were used
(see Fig. 1b). At the start of each trial, a fixation LED
was lit up at the center of one of the circles, which re-
mained lit for 2.5 s. In the gap paradigm, after this fix-
ation period, the central LED was turned off, and there
was a 200 ms period where no LEDs were illuminated
(gap). At the end of this period, a target LED appeared
for 1.5 s. A delay of 0.5 s was introduced before the next
trial.

The overlap paradigm began similarly, with the cen-
tral fixation LED illuminated for 2.5 s. In this case, the
central fixation LED remained illuminated for a further

A) Spatial arrangement :

Combined movements

Vergence

o o
Gap paradigm
I L
2500 1200 1500 L
T v
Overlap paradigm

_

Target

Time (ms)

2500 1200,

v




200 ms, and then the target LED appeared (overlap), so
that during the overlap period both the fixation and the
target were visible. The target LED remained illumi-
nated for 1.5 s. A delay of 0.5 s was introduced before
the next trial. The gap and the overlap trials were ran-
domly mixed.

Recording eye movements

Data collection was controlled via REX, software
developed for real-time experiments and visual display,
run on a PC. Horizontal eye movements from both eyes
were recorded simultaneously with a photoelectric de-
vice (Oculometer, Bouis). This system has an optimal
resolution of 2” of arc. Eye-position signals were low-
pass filtered with a cutoff frequency of 200 Hz and
digitized with a 12-bit analogue-to-digital converter;
each channel was sampled at 500 Hz.

Oculomotor task

The child was seated in a chair with a head and chin
support in a dark room. He/she faced a horizontal sur-
face at eye level where the LEDs were positioned;
viewing was binocular.

The child performed a sequence of saccades to the
target LEDs, moving from 0° to £10° or 0° to £+ 20° on
the far isovergence circle. During each of these trials the
target LEDs remained on at each location for 2 s. The
child was instructed to fixate the target LED as accu-
rately as possible; the duration of the target LED pre-
sentation was sufficiently long to allow accurate and
stable fixation. The calibration factors were extracted
from these recordings.

Each child performed four blocks, each block sepa-
rated by a few minutes of rest. In each block, the three
types of trials (saccades, vergence and combined sac-
cade—vergence movements) were interleaved randomly.
Each block contained 36 trials—six saccades at far
viewing distance (three rightwards and three leftwards),
six saccades at close viewing distance (three rightwards
and three leftwards), six pure convergence (along the
median plane), six pure divergence, six saccades com-
bined with divergence, and six saccades combined with
convergence. Calibration was repeated before and after
each block.

Data analysis

The analysis methods employed were similar to those
used in prior studies (Yang et al 2002; Bucci et al 2003).
Briefly, a linear function was used to fit the calibration
data. From the two individual calibrated eye position
signals we calculated the conjugate [(left eye + right
eye)/2] and the vergence (left eye — right eye) signal.
Figure 2 shows an example of pure rightward saccades
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(A), pure divergence (B) and rightward saccades com-
bined with divergence (C). Markers were placed at dif-
ferent points in the eye position signals automatically by
the computer; an investigator verified the placement of
markers; and, most important, excluded the trials in
which the movement was in the wrong direction with
respect to the stimulus or was contaminated by blinks.
The onset of the conjugate saccadic component was
defined as the time when the eye velocity reached 5% of
the saccadic peak velocity. Onset of the vergence signal
(for pure vergence movements and for the vergence
component of the combined movements) was defined as
the time point when the eye velocity exceeded or drop-
ped by 5°/s. These criteria are standard and similar to
those used by other authors (Takagi et al 1995; Bucci
et al 2003; Yang et al 2002). Like in other studies (such
as Klein and Foerster 2001), the upper limit of latency
was set to 700 ms. The percentage of movements re-
jected (blinks, movements in wrong direction, move-
ments with long latencies) ranged between 8-15% and
10-16% in the gap and in the overlap conditions

respectively.  Anticipatory movements—those with
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Fig. 2 Examples of different types of recorded eye movements:
pure rightward saccade (A), pure divergence (B) and rightward
saccade combined with divergence (C). The excursion of the target
is shown on the right side
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latencies shorter than 80 ms—were not included in the
analysis; the percentage of such movements was less
than 10% for all types of eye movement except for one
(divergence, 14%). Again these criteria are standard and
have been used by others (Takagi et al 1995; Munoz et al
1998; Klein and Foerster 2001; Yang et al 2002; Cou-
bard et al 2004). The percentage of rejected trials was
similar for all types of eye movements and for the two
conditions (gap/overlap). Express latency for vergence
(in the pure as well as combined forms) was defined as
having the same latency as express saccades (80—
120 ms); this is consistent with other studies (see Takagi
et al 1995; Coubard et al 2004).

Fischer and Ramsperger (1984) were the first to ob-
serve a distinct population of saccades with short latency
in adults, the so-called express saccades. Subsequent
studies in children dealing with the influence of the gap
effect on saccade latency used the same criterion as Fi-
scher and Ramsperger (1984), even though saccade
latencies in children are on average longer than those
found in adults (Munoz et al 1998; Klein and Foerster
2001). Thus, the use of the same criterion for express
saccades (80—120 ms) is valid. Concerning the definition
of express latency for vergence, the same arbitrary cri-
terion was used by others (Takagi et al 1995; Coubard
et al 2004). In the present study we use the same criterion
and this allows us to compare our data with other
studies that have examined the influence of the gap effect
on vergence movements in adults.

For each type of eye movement (saccade, vergence
and combined movements), we measured the latency
(the time between the onset of the target LED and the
beginning of the movement) in ms. The latency was
measured for each component (saccade and vergence
component) for combined movements. The percentage
of express movements (with latencies between 80 ms and
120 ms) and anticipatory movements (with latencies
shorter than 80 ms) was calculated. We performed a
non-parametric analysis of mean latency (Friedman) to
compare the gap and the overlap paradigms and also to
compare the numbers of express and anticipatory
movements.

Results
Pure saccades

Figure 3 shows the saccade latency distributions at far
(A) and at close (B) viewing distances for both gap and
overlap paradigms. The mean latencies of saccades at far
and at close viewing distances are shorter in the gap
paradigm than in the overlap paradigm; the mean values
are 28469 ms and 233 +98 ms, respectively, for sac-
cades at far and at close viewing distances in the gap
paradigm, and 345+100 ms and 305+100 ms in the
overlap paradigm. The mean latency difference between
the two paradigms (gap—overlap) is 61 ms for saccades
at far and 72 ms for saccades at close viewing distances,

Frequency Saccades at far iewing
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Fig. 3 Latency distribution in the gap (solid line) and overlap
(dotted line) paradigms for saccades at far (A) and at close (B)
viewing distances. The bin width is 20 ms. The shadow zone in the
graph indicates express latencies between 80 and 120 ms. The mean
latencies and the standard deviations in the gap and in the overlap
paradigms are also indicated

and is only statistically significant for saccades at close
viewing distance (> (s,1y=3.45, P=0.020).

Is the short latency observed in the gap paradigm due
to a higher rate of express saccades? For saccades made
at far viewing distance, the percentage of express sac-
cades is similar in the two paradigms: only 5 and 3%,
respectively in the gap and overlap paradigms. In con-
trast, for saccades performed at close viewing distance in
the gap paradigm, the percentage of express saccades is
significantly higher (y° (s,1y=6.44, P=0.010) than that
observed in the overlap paradigm (22 vs. 3%). In other
words, there is an almost distinct population of express
latencies in the gap paradigm for saccades made at close
viewing distance.

Pure vergence

Figure 4 shows the distribution of latencies for conver-
gence (A) and divergence (B) for both gap and overlap
paradigms. The mean latencies are shorter for both
convergence and divergence in the gap than those in the
overlap paradigm: 330+ 107 ms for convergence and
242 £99 ms for divergence in the gap paradigm, and
350+ 77 ms for convergence and 362+ 84 ms for diver-
gence in the overlap paradigm. The gap with respect to
the overlap paradigm decreases the latency by 20 ms and
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Fig. 4 Latency distribution in the gap (solid line) and overlap
(dotted line) paradigms for convergence (A) and divergence (B).
Other notations as in Fig. 3

Fig. 5 Latency distribution in the gap (solid line) and overlap
(dotted line) paradigms for the saccade components of movements
combined with convergence (A) and with divergence (B), and for
the convergence (C) and divergence (D) components of combined
movement. Other notations as in Fig. 3

Saccade component of movements
combined with convergence
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by 120 ms respectively for convergence and divergence;
this decrease is only statistically significant for diver-
gence (1 (15,1)=8.06, P=0.004).

The percentage of express movements is low for
convergence (4 and 3% in the gap and overlap para-
digms, respectively) while it is significantly higher (>
as,1y=4.55, P=0.034) for divergence in the gap (14%)
with respect to the overlap (1%) paradigms.

Combined movements

The latency distribution for combined movements is
shown in Fig. 5. The mean latencies of the saccade
components of the movements combined with conver-
gence and divergence are 299 +£77 ms and 252+ 66 ms
respectively in the gap paradigm and 375+ 110 ms and
386+107 ms in the overlap paradigm. The latency is
shorter in the gap than in the overlap paradigm by 76 ms
and 134 ms respectively for saccades combined with
convergence and divergence; such differences are statis-
tically different (* (15.)=5.40, P=0.050 and
as51y=10.28, P=0.001, for saccades combined with
convergence and divergence, respectively).

For saccades combined with convergence, the per-
centage of express movements is low: 2% in both gap and
overlap paradigms. In contrast, for the saccade compo-
nents of movements combined with divergence in the gap
paradigm there is a high rate of express movements (12%
versus only 3% in the overlap paradigm); such a difference
is statistically significant (> as.1=25.33, P=0.021).

The latency distributions of the convergence and
divergence components of combined movements are

Convergence component of
combined movements
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shown in Fig. 5¢,d. The group mean latencies in the gap
paradigm are 312+74 ms and 259 +75 ms respectively
for the convergence and divergence components, and
378 £106 ms and 394 £ 107 ms respectively in the over-
lap paradigm. The gap paradigm decreases the latency
of the convergence component by 66 ms and that of the
divergence component by 135 ms; this decrease is only
statistically significant for the divergent component (;>
151y = 1028, PZOOOI)

As for the saccade component, the percentage of
express movements is low for the convergence compo-
nent, and equal in the two paradigms (2%); in contrast,
for the divergence component, the percentage of express
movements tends to be significantly higher (y°
as1y=4.87, P=0.05) in the gap (10%) than in the
overlap (only 1%) paradigms.

Frequency of anticipatory movements

Table 1 shows the percentage of anticipatory move-
ments (with latencies <80 ms) observed in all children
tested. For saccades at far and close distances, the per-
centage of anticipatory movements is similar in the gap
and in the overlap paradigms (4—6%). In contrast, ver-
gence movements—particularly divergence—show a
higher percentage of anticipatory movements in the gap
paradigm than in the overlap paradigm; the difference
between the two paradigms is only significant for
divergence Ca as.1)=4.50, P=0.034).

The percentage of anticipatory movements does not
change significantly for either component of the com-
bined movement, in both the gap and the overlap par-
adigms.

Discussion

The main findings of this study of fifteen children are as
follows: (1) the gap paradigm reduced the mean latencies
of saccades and vergence eye movements in both their
pure and combined form; however, such decreases
reached significance only for saccades at close distance,
for divergence (pure and combined), and for saccades
combined with vergence; (2) the gap paradigm signifi-
cantly increased the frequency of express movements for
saccades at close viewing distance, for divergence, and

for saccades combined with divergence; in contrast, the
frequency of express movements for saccades at far
viewing distance and for convergence (pure or com-
bined) was similar in the gap and in the overlap para-
digm; (3) the gap paradigm significantly increased the
rate of anticipatory divergence movements. Next we will
discuss these findings.

Pure saccades

First, this study showed that, independent of the para-
digm used (gap/overlap), the latencies of saccades made
at far viewing distance are longer than those of saccades
made at close viewing distance. Such a distance-depen-
dency for saccade latency confirms the previous obser-
vation in normal children and adults found by Yang et al
(2002) using the same spatial arrangement as ours but a
different temporal arrangement (simultaneous para-
digm). As suggested by Yang and collaborators, the
shorter latencies for saccades at close viewing distances
could be due to sensory (higher luminosity of the close
LEDs), motor or attention factors. For instance, disen-
gagement of oculomotor fixation when the eyes are
converging to fixate a target LED at a close distance
could be facilitated. Similarly, when the eyes are con-
verging, the disengagement of visual attention from this
point may be faster (see Yang et al 2002). Indeed, psy-
chophysical studies (such as McCourt and Garlinghouse
2000) show that visuo-spatial attention can be modulated
by the viewing distance; furthermore Maringelli et al
(2001) suggest the presence of distinct attentional systems
that control far and close visual space. In line with these
observations, we can assume that visuo-spatial attention
can be oriented more easily in close than in far space.
However, to better understand how this mechanism
works, further psychophysical studies testing visual
attention capabilities at far and close space are needed.
The second important finding is that the gap para-
digm reduced the mean latencies of saccades at both far
and close viewing distances, but a significant increase in
express saccades occurred only for saccades at close
viewing distance. This result is, to our knowledge, new;
indeed, previous studies (Munoz et al 1998; Klein and
Foerster 2001) comparing the influence of gap/overlap
effects on saccade latency in children have only used at
one, intermediate viewing distance (100 and 60 cm,

Table 1 Percentage of anticipatory movements recorded for the gap and the overlap paradigms

Pure Combined

movements movements

Sac Far Sac Close Conv Div Sac—Conv Sac-Div Conv—Comp Div—Comp
Gap (%) 5 4 9 16 8 9 9 8
Overlap (%) 3 6 2 4% 2 8 3 8

# Percentage of anticipatory movements in the two paradigm (gap versus overlap) is statistically different (Friedman, non-parametric test,
was applied); Sac: saccades; Far: at far viewing distance; Close: at close viewing distance; Conv: convergent; Div: divergent; Comp:

component



respectively). Our data suggest that saccades with
shorter latencies (such as saccades at close viewing dis-
tance in this study) are more likely to become express
saccades than saccades with longer latencies (such as
saccades at far viewing distance).

Pure vergence

Shorter latencies for divergence than for convergence
movements have also been observed in children of
comparable age by Yang et al (2002). The new impor-
tant finding is that the gap paradigm has a different
effect for convergence than for divergence. Indeed, the
decrease of the mean latency by the gap paradigm was
larger for divergence (120 ms) than for convergence
(only 20 ms); the gap paradigm increased the rate of
express latency for divergence. This observation is
compatible with the studies of Takagi et al (1995) and
Coubard et al (2004) showing that, even in adults, the
gap paradigm can produce movements with express
latencies, but only for divergence, not for convergence.

Furthermore, it is important to point out that, even if
the ages of the subjects examined differed between our
study and the above-cited study (seven-year-old children
in the present study, and adults in Coubard’s study), the
percentage of express divergence in the gap paradigm
was the same (14%) in both studies. This means that the
frequency of express vergence does not depend on the
age of the subject. Recall that several studies (Munoz
et al 1998; Klein and Foerster 2001) have shown that the
percentage of express saccades is higher in children than
in adults. This finding suggests that there are different
mechanisms for triggering express saccades and express
divergence: the latter is a stable mechanism which is not
age-dependent.

Combined movements

The saccade and vergence components of combined
movements have latencies longer than the corresponding
pure movements; this is the case for both gap/overlap
paradigms. Longer latencies have been found for sac-
cades combined with convergence.

This result is in line with our previous findings (Yang
et al 2002) in children of a similar age for combined
movements stimulated with the synchronous paradigm.
The present study expands this observation and con-
firms the existence of differences between pure and
combined movements, regardless of the fixation task.
The data are also compatible with the idea that com-
bined movements are produced by co-activation of the
two sub-systems, saccade and vergence (Zee et al 1992;
Collewijn et al 1995; Takagi et al 1995).

The effect of the gap paradigm with respect to the
overlap paradigm was similar to that found for pure
movements: the gap reduced the mean latency for the
saccade and vergence components of combined move-
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ments. Moreover, similar to pure movements, the in-
creased number of express latencies caused by the gap
paradigm has only been observed for saccades combined
with divergence, which have shorter latencies than the
saccades combined with convergence.

The few studies dealing with the influence of the gap
effect on combined movements (Takagi et al 1995;
Coubard et al 2004) examined adults, and they reported
(as in our study) decreased mean latencies for both of
the components of combined movements. Moreover, in
support of our findings on children, Coubard et al found
that express saccades mainly occurred for saccades
combined with divergence in adults; saccades combined
with convergence express movements were rare.

Anticipatory movements

The type of fixation task has no influence on the per-
centage of anticipatory saccades (pure or combined) and
of anticipatory convergence; this finding expands upon
previous observations of pure saccades by Ross et al
(1994) and Klein and Foerster (2001). Frequent antici-
patory saccades in young children (<10 years old) have
been attributed to limitations in their capacity to inhibit
unwanted movements, which is not completely devel-
oped in children; such capacity matures slowly, at the
age of 10—13 years. This could be true for both pure and
combined saccades, and for convergence.

In contrast, for divergence, the gap paradigm signifi-
cantly increased the rate of anticipatory movements with
respect to the overlap paradigm. Moreover, it should be
noted that this rate is not age-dependent; indeed, the
same percentage of anticipatory divergence (16%) ob-
served in children has also been found by Coubard et al
(2004) in adults. We suggest that anticipatory or express
divergence could be related to predictive control. This
finding is in line with the observations of Dorris et al
(1997), made on examining the effect of the gap paradigm
in monkeys. These authors showed that during the gap
period—before the appearance of the target—saccade-
related neuron activity in the superior colliculus in-
creased, suggesting that short latency is due to a pre-
dictive oculomotor program. As already mentioned in
the “Introduction”, the controversy regarding the origin
of express movements has not yet been resolved; how-
ever, our findings—that express divergence and antici-
patory divergence are present and stable with age—are in
line with the idea of predictive control. Thus, electro-
physiological studies of express divergence in monkeys
may be a useful route to obtaining more insight into this
mechanism.

Mechanisms
The present study shows two distinct effects of the gap

paradigm on the latency of eye movements. The first is a
global effect—a decrease of the mean latency; such an
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effect occurs for all types of eye movements (saccades as
well as vergence). This effect can be attributed to dis-
engaging the fixation; if this occurs before the stimulus
onset it could cause a decrease in the fixation activity,
therefore accelerating movement initiation (see Findlay
and Walker 1999).

Another more specific effect of the gap paradigm is
the occurrence of express latencies. In this study, we
shown for the first time tha this effect only occurs in
children for eye movements that have naturally shorter
latency—divergence and saccades at close distance. It is
not known whether divergence and saccades made at
close viewing distance activate different circuits at the
cortical level than those activated by saccades made at
far viewing distance and convergence. According to
Pierrot-Deseilligny et al (1995), the longer the latency of
a movement, the more volitional the movement is be-
lieved to be; consequently, we suggest that eye move-
ment initiation can be more or less volitional, depending
on the location of the target in space relative to the
fixation point. Divergence and saccades at close viewing
distance would be initiated in more reflexive manner,
perhaps by activating a different cortical circuit; evi-
dence for differential cortical activation related to target
location in space has been presented recently by Tzelepi
et al (2004).

Finally, one should recall that the convergence con-
dition studied here requires a great deal of effort in terms
of vergence and accommodation. The relevance of this
condition to everyday life was mentioned earlier (see
“Methods” section). Nevertheless, further vergence
studies are needed on children viewing more
remote distances to examine the difference between
convergence and divergence, independent of accommo-
dation effort.
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