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Little is known about the development of the sensitivity for “optic flow,” a large-scale pattern perceived during locomotion.
The present study aimed to examine infants’ coherence thresholds to radial optic flow motion during the first months of life.
Using a forced-choice preferential looking technique, infants’ sensitivities were measured with a moving radial stimulus
varying in coherence on one side and a corresponding non-directional radial noise pattern on the other. Coherence
thresholds for 11 infants from each of 2, 4, 6, 8, and 10 months of age groups were studied by a constant stimuli method. In
the second experiment, seven infants were followed longitudinally (tested at 2, 4, 6, and 8 months) using the same stimuli.
Results of both studies demonstrated significant improvement for the sensitivity of expanding radial motion during the first
months of life. Finally, the 2 directions of radial motion were tested (expanding and contracting) for participants followed
longitudinally (from 2 to 8 months). Data showed superior sensitivity for expansion versus contraction direction of motion.
This dissociation may suggest that sensitivity to direction corresponding with forward locomotion (expansion) develops at a
faster rate than the opposite direction encountered when moving backwards (contraction). The sensitivity improvement for
expanding patterns likely reflects the maturation of cerebral areas subtending motion integration in infancy.
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Introduction

During locomotion we perceive a large-scale pattern of
visual motion called “optic flow,” which results from the
dynamic projection of the visual scene onto the retina
(Gibson, 1979). The analysis of this ecological motion
serves important perceptual and behavioral functions,
such as determining heading direction (Gibson, 1950),
time to contact (Lee, 1980) and stabilizing posture (for
reviews, see Duffy, 2000; Lappe, Bremmer, & van den
Berg, 1999; Vaina & Rushton, 2000). Given its impor-
tance, the development of neural mechanisms mediating
this type of motion information is expected to take place
very soon after birth.
Several studies have demonstrated that optic flow

motion information presented to the retina is processed
hierarchically by mechanisms operating within area V1
and progressing to areas MT/V5, then to medial superior
temporal area (MST) with progressively increasing recep-
tive field size (Maunsell & Newsome, 1987; Tanaka &
Saito, 1989; Tohyama & Fukushima, 2005). Specialized

brain areas have been shown to be selectively involved
in optic flow processing such as the medial superior
temporal (MST) cortex in primates (Duffy & Wurtz,
1991a, 1991b; Saito et al., 1986; Tanaka, Fukada, & Saito,
1989; Tanaka et al., 1986; Tanaka & Saito, 1989) and
MT+ complex in humans (Dukelow et al., 2001; Morrone
et al., 2000). Behavioral data support the notion of such
specialized processing as adult psychophysics’ evidenced
the existence of global motion detectors with optic flow
mechanisms integrating over large regions in the visual
field (Morrone, Burr, & Vaina, 1995; Snowden & Milne,
1997). Evidence has also demonstrated that the coher-
ence threshold technique may probe the higher-level
mechanisms that integrate complex motion (Morrone
et al., 1995).
Among the different type of optic flow-related motions

expansion is of particular interest because it best defines
motion during forward egomotion. The neurophysiolog-
ical literature has consistently reported a directional bias
for expanding motion in motion sensitive areas (Anderson
& Siegel, 1999; Bremmer, Duhamel, Ben Hamed, & Graf,
2000; Geesaman & Andersen, 1996; Graziano, Andersen,
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& Snowden, 1994; Lagae, Maes, Raiguel, Xiao, & Orban,
1994; Read & Siegel, 1997; Siegel & Read, 1997).
Furthermore, an imaging study has shown greater cerebral
activation for the expansion condition than for the contrac-
tion condition (Ptito, Kupers, Faubert, & Gjedde, 2001).
To date, the development of mechanisms mediating

translational (i.e., unidirectional) motion processing has
been well documented in human infants. Starting at near
birth, preferences for moving over static stimuli have been
shown using preferential looking experiments (Kremenitzer,
Vaughan, Kurtzberg, & Dowling, 1979; Volkmann &
Dobson, 1976) with some studies demonstrating the
emergence of real directional mechanisms after 2 months
of age (Banton, Dobkins, & Bertenthal, 2001; Wattam-
Bell, 1996a). However, relatively little is known about the
development of motion-sensitive mechanisms selective to
radial motion, such as optic flow, which necessitates the
involvement of higher-level motion processing.
The rudimentary ability to detect motion in depth

appears to emerge very early in life with defensive
responses such as blinking or head movements perceived
at around one month of age (Ball, Ballot, & Dibble, 1983;
Ball & Tronick, 1971; Yonas, Pettersen, & Lockman,
1979) or earlier (Jouen & Lepecq, 1989). Only recently
have researchers addressed the development of perceptual
mechanisms mediating optic flow stimuli in infants.
Gilmore, Baker, and Grobman (2004) found that the
majority of infants assessed in their study were able to
discriminate between optic flow displays with large
changes of heading but with minimal development
between 3 and 6 months. Interestingly, another group
has shown that infants prefer radial expansion flow with a
linear-speed-gradient over a zero-speed-gradient stimulus,
and these researchers have shown an improvement of
performance between 2 and 3 months of age (Shirai,
Kanazawa, & Yamaguchi, 2004b).
The aim of the present study was to assess the

developmental changes in radial motion sensitivity, which
represents optic flow encountered during locomotion,
during the first months of life. The question was one of
interest in that the maturation of perceptual mechanisms
was assessed prior to onset of locomotion. Instead of
simple presence or absence of infants’ responses to flow
information as a function of age, coherence thresholds
were chosen as a measure of the cortical development of
brain areas involved to optic flow processing. We believe
that such a measure is more informative than looking
time preferences. In the first experiment, infants’ sensi-
tivities over a large age range were measured to assess
the evolution of sensitivity over time. In a second
experiment, the performance of a subgroup of infants in
a longitudinal follow-up was compared. A final goal of
the present study was to determine the within subject
evolution of sensitivity over time for both motion
directions (expanding and contracting) in order to track
the developmental changes in sensitivity of these compo-
nents of optic flow information.

General method

Apparatus and stimuli

Stimuli were generated with the Vpixx* software
(http://www.vpixx.com) and driven by a Macintosh G3
computer. Stimuli were rear-projected by an LCD
projector (InFocus LP725) onto a diffused translucent
screen (Da-Lite* screen), subtending 104 � 79 deg of
visual angle. The image had a resolution of 800� 600 pixels,
and the refresh rate was 60 Hz. A camera was set above the
center of the screen andwas connected to a video recorder for
on-line viewing and recordings of the participant during the
experimental sessions.
During each trial, a pair of stimuli display was presen-

ted on the screen. Figure 1 demonstrates dimensions of
the two stimuli displays (79 � 45 deg). Each display
contained 150 bright dots (58 cd/m2) with an apparent
uniform dot density (evenly distributed) on a dark
rectangle region (2 cd/m2; for a Michelson contrast of
93%) on a gray background (30 cd/m2; uV= 0,1910 and
vV= 0,4942).
The uniform dot density was achieved by reusing the

dots that were falling off the display (“dead” dots) to fill
the regions with the lowest time-averaged dot density.
Therefore, the number of dots over space–time was
maintained constant (see Movie). The luminance calibra-
tion was done using a Minolta Chroma Meter (CS-100).
Each dot subtended 0.66- � 0.66- at the viewing distance
of 57 cm. The moving dots had continuous trajectories,
and each frame lasted 16.67 ms where the position of each
element was updated on every video frame of the stimulus
animation (60 times/sec). The incoherent dots or noise of
both displays had a behavior where the dots were
randomly “jittering” back and forth along its radial path.
That is, each incoherent dot had a 50% chance (with
replacement) of changing direction on each frame. See the
Movie for alternating examples of expanding and con-
tracting motion and the jitter noise.
One side contained coherent optic flow motion, referred

to as the target display, which has a signal-to-noise ratio of
varying levels. This optic flow stimulus simulated an
observer traveling in translation through a circular tunnel,
where the dots were randomly distributed along the walls.
On the screen, the dots were moving in a radial trajectory,
in expansion from the origin of motion, which was set in the
center of each stimulus. The other side contained the
neutral stimulus, which was equivalent to the target display
in all respects (i.e., dot speed, density, radial trajectory,
etc.) except for the coherence of motion, which was always
set at 0% (incoherent motion or non-directional noise). This
non-directional radial motion led to a planar (no impression
depth or self motion) and erratic (non-directional) motion
impression. The side that contained the target display was
randomly selected. Non-directional radial motion has been
chosen as neutral stimuli because it differed from the target
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stimuli only in the global directionality of the information.
Furthermore, we observed in pilot experiments that a
random directional noise pattern was much more salient
than the target display and the infants always looked at
the control stimulus. Therefore, we used this random
directional motion as the central fixation target before
each trial. In order to simulate the optic flow field seen
when traveling down a tunnel, dot speed accelerated with
the square of the distance from the origin of expansion, or
by a factor of four as the distance doubled. In this study,
the dots’ speed were of 1.25-/sec at an eccentricity of 5-
and would travel at a speed of 5-/sec at 10-, to 20-/sec at
20- of his origin.

Procedure

During testing sessions, the infant sat on his/her parent’s
lap at approximately 57 cm from the screen. In order to
minimize possible distractions, the screen was surrounded
perpendicularly by a wall on one side and by a gray
curtain on the other. The room lighting was dimmed and
the viewing was binocular. The parent was asked to
simply hold their child and not take into account the
stimuli presented to them during testing. A forced-choice
preferential looking procedure was used to estimate the
sensitivity to radial flow field stimuli varying in coher-
ence. Before each trial, a central target (dark circle
subtending 15- filled with bright dots moving in random
directions at a speed of 12-/sec) was presented at the

center of the screen (gray background at 30 cd/m2) in
order to get the infant to fixate centrally. The use of
random directional motion as a central target was
motivated from a pilot study where we observed that the
infants’ attention was strongly attracted by this noise
stimulus. When the child was looking toward the center of
the screen, the experimenter initiated the trial and the
paired display was presented. The experimenter was not
seen by the child and made a force choice response by
judging on which side the infant gazed (eye movements,
with or without direction of the head and upper body). The
experimenter was blind to the stimulus presentation and
viewed the gazing behavior of the infant–participant on a
TV monitor that was recorded on-line by the camera. Each
trial was presented until a clear gazing-behavior (right or
left side) was made by the infant (usually lasting a few
seconds) and was ended by entering the response. For
some children, the direction of the first preferential look
was consistent, but for others, both sides were compared
before a final choice was made. This was qualitatively
assessed in practice trials before the testing, where the
experimenter observed the responses of each child while
knowing on which side that target was presented. When
the infant was unsettled during a trial, the trial was
canceled. During the testing session, the participant and
the parent took as many breaks as required. The research
was approved by the institutional ethics review board of
the University of Montreal. Written informed consent was
obtained by the parents of all infant participants of this
study before proceeding.

Figure 1. Schematic illustration of the preferential looking display for radial optic flow motion as seen by the participants. The radial motion
of the dots is illustrated by the arrows. In this example, the “target display” is located to the left and demonstrates a 100% coherence
outward (expansion) direction of motion. The “neutral display,” incoherent, is located to the right and shows non-directional radial motion.
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Experiment 1: The development
of sensitivity to expanding
flow fields: Cross-sectional
measurements from
2 to 10 months

Participants

Infants were recruited by advertisement or from known
volunteer families in the Montreal metropolitan area. All
infants were born within 2 weeks of term, had an
uncomplicated birth, and had no known health problems.
For Experiment 1, a total of 60 healthy infants were
tested. Within this group, coherence thresholds were
successfully obtained for 55 of them. The other five
excluded infants were either not able to complete a testing
session because of crying or sleeping or manifested an
asymmetrical pattern of looking (e.g., infants looking 85%
of the time or more to one side were excluded). Eleven
children were assessed from each of five pre-determined
age groups; 2 months of age (6 male, 5 female; 8.45
weeks old T 0.522), 4 months of age (7 male, 4 female;
17.27 weeks T 0.647), 6 months of age (5 male, 6 female;
26 weeks T 1), 8 months of age (7 male, 4 female; 34.91
weeks T 0.539), and 10 months of age (4 male, 7 female;
43.27 T 0.905 weeks of age T SD). Testing of infants was
generally completed within a single day. To ensure that
each infant had normal and healthy vision, acuity was
assessed with Teller acuity cards in binocular conditions
(McDonald et al., 1985; Teller, McDonald, Preston,
Sebris, & Dobson, 1986). If atypical visual performance
was observed, infants were referred to the University
Vision Clinic for a complete eye exam.
To compare the infant results to adult performance, 4

naive participants (aged 25.5 years T 2.38) were tested
under the same conditions, including practice trials with
feedback to let them understand by themselves the
procedure as for the infants. All adult participants had
normal or corrected-to-normal acuity.

Procedure

A method of constant stimuli was used to measure the
observer’s coherence threshold, i.e., the minimum propor-
tion of dots moving in expansion that yields a coherent
percept with a 75% correct response criterion. A bootstrap
program (Matlab v.6.5; using a Weibull function) was used
to derive the thresholds. Five pre-determined levels on a
log scale were used starting at 100% coherence. The initial
aim was to measure 20 trials at each level (10 “target” on
each side; i.e., 10 expansion on the right side and 10
expansion on the left side) for a total of 100 trials per
session per infant. Of the 55 infants where thresholds were

obtained, the average number (TSD) of trials completed
per infant was 83.95 (T13.24); that is, 89.0 T 7.8 for
2 months, 84.36 T 12.07 for 4 months, 90.9 T 8.07 for
6 months, 78.27 T 16.76 for 8 months, and 77.18 T 15.04
for 10-month-old groups.

Results

Figure 2A shows the results for the Experiment 1
presenting individual coherence thresholds to expanding
(outward) optic flow obtained from each participant as a
function of their respective age groups. Note that thresh-
olds for naive adults were on average lower than those

Figure 2. Results from Experiment 1: cross-sectional measure-
ments. (A) Coherence thresholds obtained from each participant
are plotted as a function of age groups for radial outward optic
flow display. Open circles represents thresholds for children and
triangles for adults. (B) Mean coherence threshold are shown for
each age group and for adults (+1 SEM).
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obtained by the infants. Figure 2B illustrates the mean
coherence threshold (Tstandard error) for each age group;
53.6% (T5.78) for 2 months; 46.62% (T6.57) for 4 months;
47.18% (T4.74) for 6 months; 29.98% (T3.45) for
8 months; and 37.13% (T3.67) for 10 months of age.
The mean adult coherence threshold was 9.69 % (T1.78).
Statistical analysis was carried out with the data expressed
in logarithmic units. A one-factor between-group ANOVA
was performed on the coherence thresholds as a function
of infant age group (from 2 through 10 months). A
significant age group effect (F(4, 50) = 3.41, p = 0.015)
was found, and a post hoc Tukey analysis showed a
significant difference between 2 and 8 months of age
groups (p = 0.014). Other pairwise comparisons between
age groups were not significant. A significant linear

regression (F(1, 53) = 7.856, p = 0.007) was also present
between coherence threshold and age group for infants.
A possible concern would be that our data are biased as

the infants have not all completed the same number of
trials. To control for this, we have calculated a weighted
threshold by lumping together the individual data of all
infants for each coherence level and for each given age
group and then calculated the group threshold. The results
are almost identical where the weighted group thresholds
were 55.41%, 46.21%, 48.09%, 30.4%, and 39.2% for 2-,
4-, 6-, 8-, and 10-month-old groups, respectively (vs.
53.6%, 46.62%, 47.18%, 29.98%, and 37.13% for 2-, 4-,
6-, 8-, and 10-month-old groups).
Figure 3 shows representative psychometric functions

for one individual participant for each age group.

Figure 3. Individual examples of psychometric functions with Weibull-fitted curves for each age group. Examples that were close to the
mean threshold were chosen.
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Despite individual variability, results revealed an im-
provement of optic flow sensitivity throughout the devel-
opmental period studied, particularly from ages 2 to
8 months of age. The 10-month group also had on
average higher thresholds relative to the 8-month group,
but this difference was not significant. Due to inherent
testing difficulties for the 10-month group (i.e., lack of
attention and cooperation of infants to the stimuli and
procedure), we decided not to test this group in the
subsequent study. In order to reduce inter-participant
variability, a second longitudinal follow-up study was
completed (Experiment 2, see below) that measured the
optic flow sensitivity of each individual participant at
different stages of development from ages 2 to 8 months.

Experiment 2: The development
of sensitivity to expanding flow
fields: Longitudinal follow-up
from 2 to 8 months of age

Methods
Participants

All experimental procedures were the same as in
Experiment 1. A longitudinal follow-up was used with 7
participating infants (4 males and 3 females). Each
participant was assessed around their 2nd (8.29 T 0.49
weeks), 4th (17.43 T 0.98 weeks), 6th (26.71 T 0.49
weeks), and 8th (35.71 T 0.76 weeks of age T SD) month
of age. Of the 7 infants followed, the average number
(TSD) of trials completed per infant was 89.43 (T12.35);
that is, 85.71 T 12.26 for 2 months, 78.57 T 12.5 for
4 months, 98.0 T 9.29 for 6 months, and 95.43 T 3.5 for
8-month-old groups. A complete optometric exam was
performed at the University Vision Clinic for each
participant to ensure normal vision at time of testing
(i.e., presented no significant refractive error, pathology,
or strabismus).

Results

Figure 4 illustrates the results for the 7 participants whose
sensitivity was assessed from ages 2 through 8 months of
age. Coherence thresholds for expanding flow fields for
each individual as a function of their respective age group
are shown in Figure 4A. One of the participants (see
Participant 1 in the Participants section) showed no
significant preference for the target stimulus, and therefore
no threshold was obtained for the 2- and 4-month
measures (plotted at 100% coherence). As a consequence,
all the data from this participant were removed for the

statistical analysis. However, qualitatively, this infant’s
threshold decreased as a function of time (i.e., between 6
and 8 months).
Figure 4B shows mean coherence thresholds as a

function of age. A one-factor, repeated-measures ANOVA
performed on the infant’s log-transform data revealed a
significant effect of age (F(3, 15) = 6.674, p = 0.004). The
analysis revealed a significant improvement of perform-
ance with time (F(1, 5) = 21.474, p = 0.006). Overall,
coherence thresholds for each child tended to decrease as
a function of age. The figure also shows the discrepancy
between thresholds for children and those obtained from
naive adults under the same conditions.
Like for Experiment 1, “weighted” coherence thresh-

olds were calculated and were 56.34%, 36.98%, 40.06%,
and 32.34% for 2-, 4-, 6-, and 8-month-old groups,
respectively (vs. 61.03%, 37.09%, 40.45%, and 34.03%
for 2-, 4-, 6-, and 8-month-old groups).

Figure 4. Results from Experiment 2: longitudinal follow-up. (A)
Individual coherence thresholds are depicted as a function of age
group. The different symbols denote the different infants. Note that
for participant 1, thresholds were not reached at 2 and 4 months
of age. (B) Mean performance of the seven infants studied are
shown for each age group (+1 SEM). Adult data are also shown in
each graph.
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Experiment 3: Longitudinal
follow-up of expanding and
contracting optic flow fields
sensitivities

Results from both Experiments 1 and 2 demonstrated a
significant improvement for the sensitivity of expanding
optic flow fields during the first months of life using either
cross-sectional or longitudinal approaches. Here, we
addressed the specificity of the improvement of sensitiv-
ities in time, with both expansion (outward) and contrac-
tion (inward) motion. The former motion type reproduces
the dynamic visual input while an observer moves forward
through the environment, whereas the latter motion type
reproduces the dynamic input perceived as an observer
moves backward through the environment. In this longi-
tudinal study, motion sensitivity to both directions was
measured for each participant at different ages (from 2 to
8 months of age).

Methods

In this experiment, the coherence thresholds were
estimated for the 2 directions of motion (expansion and
contraction) for each participant. The order of presentation
of the two motion conditions was counterbalanced across
participants and time sessions. In order to obtain two
measurements for each participant within the same testing
session, a staircase procedure was used instead of the
more time-consuming method of constant stimuli. There-
fore, a modified 2-down/1-up adaptive staircase method
(Wetherill & Levitt, 1965) was used to estimate optic flow
thresholds to both expanding and contracting motion
conditions, where two consecutive correct responses
reduced the degree of coherence motion (%), whereas
one incorrect response increased the coherence level until
10 reversals were made (or stopped after 50 trials).
Threshold estimated was the average of the coherence
level of the last 6 reversals. Four practice trials were
presented at the beginning of each session, without
reversals. The staircase started at the highest coherence
(100%) and varied in log step sizes of 0.15 until there had
been 4 reversals. Subsequently, the step sizes reduced to
0.075 log for the last 6 reversals. The testing lasted for
33.39 (T6.85) and 32.07 (T6.51) trials on average (TSD)
for expansion and contraction conditions, respectively.

Participants

A new cohort of 7 infants (5 males/2 females) was
recruited and followed longitudinally from 2 to 8 months
of age (2 months, 8.57 T 0.53; 4 months, 18.14 T 0.9;

6 months, 27.57 T 1.13; 8 months, 35.71 T 0.95; weeks of
age T SD) and assessed every two months in our
laboratory. Six naive adults (mean of 25 years of age T
2.68) with normal or corrected to normal acuity were also
assessed. Adult testing was done using the same proce-
dures as that used for infants.

Results

Figure 5 shows individual results for both directions of
motion (expansion and contraction) for the seven infants
followed longitudinally in this experiment.
Qualitatively, the data demonstrate that coherence

thresholds for perceiving expanding motion were generally
lower than that of contracting motion across all ages and
participants. In addition, the sensitivity for contracting
motion seemed to be more constant over time for most
participants whereas the sensitivity to expanding motion
increased with age (i.e., lower thresholds) for the majority
of infants tested as was previously shown in Experiments 1
and 2.
Figure 6 illustrates the mean coherence thresholds for

each direction of motion as a function of age groups. Two
repeated-measure one-way ANOVAs were performed and
revealed a significant main effect for the expansion
direction (F(3,18) = 4.167, p = 0.021) but not for the
contraction (F(3,18) = 0.616, p = 0.614), where expansion
thresholds decreased with age and contraction thresholds
remained stable. Pairwise planned comparisons (t-tests
with Bonferroni correction, 0.05/6 = 0.008) demonstrated
significant differences between the two directions of
motion for the 8-month group (t = j4.674, p = 0.003).
Other age groups did not reveal significant differences,
considering the Bonferroni correction, despite a tendency
towards significance with increasing age (2 months; t =
j1.19, p = 0.279, 4 months; t = j3.196, p = 0.019,
6 months; t = j2.549, p = 0.044). In adults, mean
thresholds for expansion and contraction motion did not
show a significant difference (paired t-test: p = 0.357). It
needs to be mentioned that the sample size was deemed to
be too small for a factorial ANOVA, thereby lacking the
power to detect interaction effects in the data. Therefore,
planned comparisons were chosen.
In order to compare the relative rates at which the

mechanisms underlying expanding vs. contracting motion
develop as a function of age, sensitivity measures were
normalized by expressing them in terms of relative
sensitivity (dB), i.e., the mean sensitivity at each age group
was calculated relative to the highest sensitivity (or lowest
threshold) for each condition using the following equation:

dB ¼ 20� log10ðSi=SmaxÞ; ð1Þ
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where Si refers to the mean sensitivity at each age group
and Smax refers to the minimum mean sensitivity measured
for each condition. For each function, 0 dB represents the
age group with the highest mean sensitivity for each
condition, which in the present study was found in the

8 months of age group for both motion conditions. By
measuring the relative sensitivity, the relative rate of
decline can be measured independently of absolute
differences in sensitivity between expansion and contrac-
tion motion conditions. As demonstrated in Figure 7, the

Figure 5. Results from Experiment 3, for each of the 7 infants. Coherence thresholds are plotted for expanding (empty circles) and
contracting (full circles) optic flow displays as a function of age.
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sensitivity to contracting motion is relatively unchanged
across age whereas sensitivity to expanding motion
increases with age, particularly between the ages of 2 and
4 months.

Discussion

The present study is the first to measure motion
coherence thresholds derived from psychometric functions
to directional radial vs. non-directional radial optic flow
patterns throughout the first months of life. Coherence
thresholds were measured with preferential looking
method in order to address the development of optical
flow sensitivity in infants on a large extent of ages with
both between (cross-sectional) and within (longitudinal)
designs. Moreover, this investigation is the first to
dissociate expansion and contraction coherence thresholds
(not preferences) across several infant age groups.
As expected, results from Experiment 1 showed a

significant and a linear improvement in optic flow
sensitivity with age group, with the most significant
increase occurring at about 8 months. The average
decrease in sensitivity observed for the 10-month group
might be explained by the uncooperative tendencies
during testing such as shortened attention span, strong
desire to explore surroundings other than what was
presented to them and decreased ability to stay still during
testing. In an attempt to reduce inter-subject variability,
sensitivity was measured for a subgroup of infants at
2-month intervals for a period of 6 months (within subject
design: from 2 through 8 months of age). Developmental

studies often have to deal with large inter-individual
discrepancies or variations, not only across age groups,
but also within a specific age group. As it was found in
Experiment 1, mean sensitivity improved significantly
with age. However, the most significant increase occurred
between the ages of 2 and 8 months for Experiment 1 but
tended to increase more rapidly between 2 and 4 months
in Experiment 2. The difference between the two
experimental designs, i.e., between vs. within design,
might explain the variation between Experiments 1 and 2.
Indeed, a longitudinal design might better control for the
inter-individual variations between age groups, and this
might be reflected by an earlier improvement of perform-
ances. Furthermore, the similar improvement of perform-
ance with development may suggest that our longitudinal
results are not the result of learning. Banton, Bertenthal,
and Seaks (1999) have shown a similar developmental
pattern between cross-sectional and longitudinal measure-
ments regarding infants’ optokinetic responses to leftward
or rightward global motion. With identical experimental
conditions (stimuli, procedure, etc.), they have demon-
strated results from between design (cross-sectional)
consistent with those from the within design (longitudi-
nal), in the development of the ability to integrate global
motion direction.
The motion coherence sensitivity measures obtained in

the present study seem consistent with those of Wattam-
Bell (1994), although these researchers used a different
task; preferential looking of horizontally translating
motion stimuli. Mean thresholds were near 70%, 40%,
and 5–7% for infants of 11 weeks, 16 weeks of age, and
adults, respectively. An improvement in motion coherence
sensitivity through time was also reported in Mason,
Braddick, and Wattam-Bell (2003) using a preferential
looking paradigm. This previous study found no signifi-
cant improvement in optokinetic nystagmus performance,

Figure 7. Relative sensitivity (dB) for expansion (outward) and
contraction (inward) conditions as a function of age tested.

Figure 6. Bar plot showing mean performance of participants for
the two conditions: expansion (empty bars) and contraction (full
bars) motion direction. Mean coherence thresholds are plotted as
a function of age groups (+1 SEM).
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but preferential looking performance improved signifi-
cantly with age for coherence threshold of translational
motion direction in infants between 6 and 27 weeks of
age. Furthermore, this method was used to address cortical
mechanisms, consistent with Mason et al. (2003) study,
who suggested that the preferential looking discrimination
of coherence motion depends on a cortical directionally
selective system. Our results likely reflect the matura-
tion of extrastriate cerebral visual areas subtending optic
flow motion integration (e.g., human homologue of area
MST) and their underlying connectivity. Banton and
Bertenthal (1997) proposed that the projections from V1
to the MT/MST mature functionally around 2 or 3 months
of age, reflected by the emergence of sensitivity to relative
motion. The integration of local directional components
required for the processing of radial motion requires
higher-level processing than for simple translation motion,
as defined by neurophysiological studies (Saito et al.,
1986; Tanaka et al., 1989), suggesting posterior cortical
areas involved in optic flow analysis.
In the context of other areas of early visual develop-

ment, a relatively slow development of radial optic flow
sensitivity is found compared with grating acuity, which
undergoes a relatively rapid development during infancy
(Skoczenski & Norcia, 1999, 2002). The rate of develop-
ment of radial motion sensitivity seems to be more
comparable to stereoacuity or to vernier acuity sensitivity,
which are reported to show a slow improvement after a
rapid emergence (Birch & Petrig, 1996; Birch & Salomão,
1998; Brown, 1997; Leat, Pierre, Hassan-Abadi, & Faubert,
2001). This slow improvement may not be complete for
several years, as evidenced for vernier acuity, which is
reported to be mature only around 14 years of age with
VEP’s (Skoczenski & Norcia, 2002). Like radial motion,
development of vernier acuity is also known to be further
limited by cortical factors (Levi, Klein, & Aitsebaomo,
1985) and to be a more meaningful indicator of higher
order visual function (Skoczenski & Norcia, 1999).
Adult performance was clearly superior to children’s for

optic flow sensitivity. The gradual increase in coherent
motion sensitivity between infancy and adulthood continues
until it plateaus, or matures, to adult levels as demonstrated in
primates (Kiorpes & Movshon, 2004) and human children
with a continued improvement up to around 10 to 11 years
of age (Gunn et al., 2002). At the other end of the human
lifespan, studies investigating motion coherence sensitivity
in non-pathological aging demonstrate that sensitivity to
radial motion is selectively affected when compared to
translational (unidirectional) motion information (O’Brien
et al., 2001; Warren, Blackwell, & Morris, 1989).
In Experiment 3, different tendencies for the same

infants that were tested with the two directions of motion
were demonstrated. Our longitudinal results demonstrated
superior performances for expansion direction (outward
representing movement towards the observer) than for
contraction direction (inward representing movement
away from the observer) of radial motion. Results may

suggest that the sensitivity to the direction corresponding
with forward locomotion, e.g., expansion, develops at a
faster rate than for the opposite direction encountered when
moving backwards, or contraction. The dissociation
between the directional mechanisms appears to begin as
early as 2 months, but this dissociation becomes statisti-
cally significant at the age of 8 months under the experi-
mental conditions used in our study. Consequently,
coherence thresholds for expansion may be a more sensitive
measure for developmental trends between 2 and 8 months.
This expansion/contraction sensitivity discrepancy also
validates the specificity of the observed developmental trend
toward a genuine preference for optic flow motion rather
than only for coherent motion over incoherent motion.
A recent preferential looking study has investigated

2 and 3 months of age infants’ preferences for radial
expansion and contraction stimuli compared with a
random directional pattern using a preference score,
measured by the ratio of looking time for the target over
total looking time (target and noise pattern) (Shirai,
Kanazawa, & Yamaguchi, 2006). They showed a non
significant preference for either expanding or contracting
radial motion over the random directional pattern (non-
directional noise) at 2 months of age. However, a signi-
ficant “negative preference” was found for the random
motion pattern over contracting, but not expanding motion,
at 3 months of age. Based on their results, they suggest that
anisotropic motion coherence sensitivity to radial expan-
sion/contraction emerges at around 3 months of age, with a
contraction bias. However, we argue that the noise stimuli
used in their experiment is much more salient than either of
the two directional motions, particularly relative to the
contraction motion (preference of random noise over radial
stimuli). In fact, in our pilot experiments, we chose not to
use a similar random directional stimulus because infants
demonstrated greater interest to the random pattern than to
the target stimulus, possibly reflecting attentional rather
than directional preference. To overcome this possible
methodological confound, we have used non-direction
radial motion where the only difference between the target
and neutral stimuli is the directionality of the information.
We therefore argue that directional motion mechanisms
were assessed, and not motion detection, since the form of
the motion stimuli were controlled for (Hutchinson &
Ledgeway, 2006; Smith & Ledgeway, 1997).
A bias for expanding optic flow patterns has been

extensively reported, mostly in the neurophysiology
literature. Centrifugal directional bias of visual neurons
has been reported in several animal studies; a marked
anisotropy in favor of directions oriented away from the
center of gaze, which corresponds to the optic flow field
encountered during forward locomotion (expansion of
motion) (Albright, 1989; Rauschecker, von Grünau, &
Poulin, 1987). A larger proportion of expansion-selective
neurons compared with other direction-selective neurons
is reported in specialized motion responsive areas of
macaque monkeys (Anderson & Siegel, 1999; Bremmer
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et al., 2000; Duffy & Wurtz, 1991a; Geesaman &
Andersen, 1996; Graziano et al., 1994; Read & Siegel,
1997; Schaafsma & Duysens, 1996; Siegel & Read, 1997;
Tanaka & Saito, 1989) and cats (Brosseau-Lachaine,
Faubert, & Casanova, 2001). This bias for outward radial
motion can be put in relation with the more ecological
egomotion, which is mostly experienced in the forward
direction, corresponding with the expansion direction.
Brain imaging in human adults have demonstrated

larger activation of the visual occipito-parietal areas when
stimulated with expanding compared to contracting
motion (Ptito et al., 2001). However, psychophysical
studies with adults have failed to find a bias for expanding
motion stimuli (Beardsley & Vaina, 2005; Morrone, Burr,
Di Pietro, & Stefanelli, 1999). However, Beardsley and
Vaina (2005) have noted the compelling similarity
between the bias for expansion in MSTd and their
measured preference for radial motions. Also, anisotropic
responses to motion in depth were reported in favor of an
approaching motion toward the eye (Lewis & McBeath,
2004; Perrone, 1986). Finally, studies conducted with very
young infants have demonstrated defensive behavioral
responses to various expanding stimulus (Ball et al., 1983;
Ball & Tronick, 1971; Yonas et al., 1979), suggesting that
these defensive responses to looming stimuli might be
mediated by sub-cortical pathway rather than a motion
sensitivity elicited by cortical mechanisms (Shirai,
Kanazawa, & Yamaguchi, 2004a).
Does the locomotion experience influence the develop-

ment of optic flow sensitivity? In our sample, children
were mostly assessed during a “pre-locomotion” stage but
experienced substantial passive displacement in the rigid
environment, causing optical flow in either direction.
Interestingly, the majority of infants in our sample begin
to experience active egomotion, such as crawling, near the
8th month period. These first active displacements in
space for visually guided behavior may be put in relation
with our results that have demonstrated significant differ-
ences specifically at 8 months for Experiments 1 and 3.
Moreover, a study addressed the role of locomotor

experience of 9 months of age infants for their postural
responsiveness to global optic flow (front wall, ceiling,
side walls, and floor) with or without terrestrial informa-
tion in a moving room (Lejeune et al., 2006); only a weak
relation between locomotor status and movement of the
floor was found. However, previous study has shown that
infants with locomotor experience were significantly more
physically responsive to peripheral optic flow from the
side walls of a moving room than were pre-locomotor
infants (Higgins, Campos, & Kermoian, 1996). However,
no differences in their responsiveness were seen between
groups (locomotor and pre-locomotor) to the combined
movement of the front wall, the side walls, and the ceiling
of the moving room. They suggested that infants have the
requisite postural control to respond appropriately to optic
flow prior to the onset of locomotion, but locomotor
experience appears necessary to functionalize lamellar optic

flow in the periphery of the optic array for postural control
(Higgins et al., 1996). Furthermore, it has been shown that
postural responsiveness to flow fields peaks at around
9 months of age and drops somewhat thereafter (Bertenthal,
Rose, & Bai, 1997; Delorme, Frigon, & Lagacé, 1989),
which reveals that more experience does not automatically
translate to superior postural responsiveness.
Animal experiments have addressed whether early

visual experience guides the development of the bias for
a centrifugal organization of the directional preference in
cat extrastriate cortex (lateral suprasylvian area) (Brenner
& Rauschecker, 1990). Kittens were exposed to either
expanding or contracting motions (otherwise in the dark)
during their 4th to 11th weeks of life. Interestingly, their
results showed that the centrifugal bias would be inde-
pendent of specific visual exposure, because neurons from
both groups demonstrated this bias. From their results, the
authors concluded that the bias for centrifugal motion, as
encountered in forward locomotion, is probably innately
determined as a phylogenetic adaptation and independent
of early flow field exposure.

Conclusions

In conclusion, the present study demonstrated the
development of optic flow motion sensitivity during the
first year of life. This study is the first to measure
coherence sensitivity to radial optic flow, with thresholds
derived from psychometric functions in infants on a large
age range and with both within and between designs. Our
findings demonstrate that infants can perceive this com-
plex motion as early as 2 months of age and that the
mechanisms underlying this perception matures with age,
particularly for expanding radial information. Directional
mechanisms for radial optic flow were demonstrated to be
present around 8 months of age. Moreover, longitudinal
measurements with infants have revealed different time
courses in their improvement. This may be due to different
developmental trends and/or visuo-motor experience.
Further research will be needed to address this specific
question and to assess developmental trends of optical
flow perception in later childhood.

Acknowledgments

We thank all the kind and generous parents and their
children for making this study possible. We also thank
Armando Bertone for his helpful comments on the
manuscript. Part of this research has been presented at
the annual meeting of Vision Science Society in Sarasota,
Florida, 2004. This research was supported by the
NSERC-Essilor Research Chair, the Canadian Institutes
of Health Research (grants awarded to J.F. and to C.C.

Journal of Vision (2008) 8(4):5, 1–14 Brosseau-Lachaine, Casanova, & Faubert 11



and postgraduate scholarship to O.B.L.), and the ‘Fonds
de la Recherche en Santé du QuébecVRéseau de
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reactions to visual movement of the environment.
Perception, 18, 667–673. [PubMed]

Duffy, C. J. (2000). Optic flow analysis for self-movement
perception. International Review of Neurobiology, 44,
199–218. [PubMed]

Duffy, C. J., & Wurtz, R. H. (1991a). Sensitivity of MST
neurons to optic flow stimuli. I. A continuum of
response selectivity to large-field stimuli. Journal of
Neurophysiology, 65, 1329–1345. [PubMed]

Duffy, C. J., & Wurtz, R. H. (1991b). Sensitivity of MST
neurons to optic flow stimuli. II. Mechanisms of
response selectivity revealed by small-field stimuli.
Journal of Neurophysiology, 65, 1346–1359. [PubMed]

Dukelow, S. P., DeSouza, J. F., Culham, J. C., van den
Berg, A. V., Menon, R. S., & Vilis, T. (2001).
Distinguishing subregions of the human MT+
complex using visual fields and pursuit eye move-
ments. Journal of Neurophysiology, 86, 1991–2000.
[PubMed] [Article]

Geesaman, B. J., & Andersen, R. A. (1996). The analysis of
complex motion patterns by form/cue invariant MSTd
neurons. Journal of Neuroscience, 16, 4716–4732.
[PubMed] [Article]

Gibson, J. J. (1950). The perception of the visual world.
Boston: Houghton Mifflin.

Gibson, J. J. (1979). The ecological approach to visual
perception. Boston: Houghton Mifflin.

Gilmore, R. O., Baker, T. J., & Grobman, K. H. (2004).
Stability in young infants’ discrimination of optic
flow. Developmental Psychology, 40, 259–270.
[PubMed]

Graziano, M. S., Andersen, R. A., & Snowden, R. J. (1994).
Tuning of MST neurons to spiral motions. Journal of
Neuroscience, 14, 54–67. [PubMed] [Article]

Journal of Vision (2008) 8(4):5, 1–14 Brosseau-Lachaine, Casanova, & Faubert 12

http://www.ncbi.nlm.nih.gov/pubmed/2487646?ordinalpos=67&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/10087081?ordinalpos=341&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.jneurosci.org/cgi/content/full/19/7/2681
http://www.ncbi.nlm.nih.gov/pubmed/6663293?ordinalpos=25&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/5541165?ordinalpos=21&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9380373?ordinalpos=6&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/10615506?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11301078?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15781074?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9425672?ordinalpos=11&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8711910?ordinalpos=10&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9580381?ordinalpos=70&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/10605646?ordinalpos=26&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/2388161?ordinalpos=165&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://jp.physoc.org/cgi/reprint/423/1/641
http://www.ncbi.nlm.nih.gov/pubmed/11549621?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://cercor.oxfordjournals.org/cgi/content/full/11/10/989
http://www.ncbi.nlm.nih.gov/pubmed/9380371?ordinalpos=245&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/2602092?ordinalpos=26&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/10605647?ordinalpos=22&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/1875243?ordinalpos=36&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/1875244?ordinalpos=35&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11600656?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://jn.physiology.org/cgi/content/full/86/4/1991
http://www.ncbi.nlm.nih.gov/pubmed/8764659?ordinalpos=10&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.jneurosci.org/cgi/content/full/16/15/4716
http://www.ncbi.nlm.nih.gov/pubmed/14979765?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8283251?ordinalpos=34&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.jneurosci.org/cgi/reprint/14/1/54


Gunn,A., Cory, E., Atkinson, J., Braddick, O.,Wattam-Bell, J.,
Guzzetta, A., et al. (2002). Dorsal and ventral stream
sensitivity in normal development and hemiplegia.
Neuroreport, 13, 843–847. [PubMed]

Higgins, C. I., Campos, J. J., & Kermoian, R. (1996).
Effect of self-produced locomotion on infant postural
compensation to optic flow. Developmental Psychol-
ogy, 32, 836–841.

Hutchinson, C. V., & Ledgeway, T. (2006). Sensitivity to
spatial and temporal modulations of first-order and
second-order motion. Vision Research, 46, 324–335.
[PubMed]

Jouen, F., & Lepecq, J. C. (1989). La sensibilité au flux
optique chez le nouveau-né. Psychologie Française,
34, 13–18.

Kiorpes, L., & Movshon, J. A. (2004). Development of
sensitivity to visual motion in macaque monkeys.
Visual Neuroscience, 21, 851–859. [PubMed]

Kremenitzer, J. P., Vaughan, H. G., Jr., Kurtzberg, D.,
& Dowling, K. (1979). Smooth-pursuit eye move-
ments in the newborn infant. Child Development,
50, 442–448. [PubMed]

Lagae, L., Maes, H., Raiguel, S., Xiao, D. K., & Orban,
G. A. (1994). Responses of macaque STS neurons
to optic flow components: A comparison of areas
MT and MST. Journal of Neurophysiology, 71,
1597–1626. [PubMed]

Lappe, M., Bremmer, F., & van den Berg, A. V. (1999).
Perception of self-motion from visual flow. Trends in
Cognitive Sciences, 3, 329–336. [PubMed]

Leat, S. J., Pierre, J. S., Hassan-Abadi, S., & Faubert, J.
(2001). The moving Dynamic Random Dot Stereo-
size test: Development, age norms, and comparison
with the Frisby, Randot, and Stereo Smile tests.
Journal of Pediatric Ophthalmology and Strabismus,
38, 284–294. [PubMed]

Lee, D. N. (1980). The optic flow field: The foundation
of vision. Philosophical Transactions of the Royal
Society of London B: Biological Sciences, 290,
169–179. [PubMed]

Lejeune, L., Anderson, D. I., Campos, J. J., Witherington,
D. C., Uchiyama, I., & Barbu-Roth, M. (2006).
Responsiveness to terrestrial optic flow in infancy:
Does locomotor experience play a role? Human
Movement Science, 25, 4–17. [PubMed]

Levi, D. M., Klein, S. A., & Aitsebaomo, A. P. (1985).
Vernier acuity, crowding and cortical magnification.
Vision Research, 25, 963–977. [PubMed]

Lewis, C. F., & McBeath, M. K. (2004). Bias to
experience approaching motion in a three-dimen-
sional virtual environment. Perception, 33, 259–276.
[PubMed]

Mason, A. J., Braddick, O. J., & Wattam-Bell, J. (2003).
Motion coherence thresholds in infants–different
tasks identify at least two distinct motion systems.
Vision Research, 43, 1149–1157. [PubMed]

Maunsell, J. H., & Newsome, W. T. (1987). Visual
processing in monkey extrastriate cortex. Annual
Review Neuroscience, 10, 363–401. [PubMed]

McDonald, M. A., Dobson, V., Sebris, S. L., Baitch, L.,
Varner, D., & Teller, D. Y. (1985). The acuity card
procedure: A rapid test of infant acuity. Investigative
Ophthalmology & Visual Science, 26, 1158–1162.
[PubMed] [Article]

Morrone, M. C., Burr, D. C., Di Pietro, S., & Stefanelli,
M. A. (1999). Cardinal directions for visual optic
flow. Current Biology, 9, 763–766. [PubMed]

Morrone, M. C., Burr, D. C., & Vaina, L. M. (1995). Two
stages of visual processing for radial and circular
motion. Nature, 376, 507–509. [PubMed]

Morrone, M. C., Tosetti, M., Montanaro, D., Fiorentini, A.,
Cioni, G., & Burr, D. C. (2000). A cortical area that
responds specifically to optic flow, revealed by fMRI.
Nature Neuroscience, 3, 1322–1328. [PubMed]
[Article]

O’Brien, H. L., Tetewsky, S. J., Avery, L. M., Cushman,
L. A., Makous, W., & Duffy, C. J. (2001). Visual
mechanisms of spatial disorientation in Alzheimer’s
disease. Cerebral Cortex, 11, 1083–1092. [PubMed]
[Article]

Perrone, J. A. (1986). Anisotropic responses to motion
toward and away from the eye. Perception &
Psychophysics, 39, 1–8. [PubMed]

Ptito, M., Kupers, R., Faubert, J., & Gjedde, A. (2001).
Cortical representation of inward and outward radial
motion in man. Neuroimage, 14, 1409–1415.
[PubMed]

Rauschecker, J. P., von Grünau, M. W., & Poulin, C.
(1987). Centrifugal organization of direction prefer-
ences in the cat’s lateral suprasylvian visual cortex
and its relation to flow field processing. Journal of
Neuroscience, 7, 943–958. [PubMed] [Article]

Read, H. L., & Siegel, R. M. (1997). Modulation of
responses to optic flow in area 7a by retinotopic and
oculomotor cues in monkey. Cerebral Cortex, 7,
647–661. [PubMed] [Article]

Saito, H., Yukie, M., Tanaka, K., Hikosaka, K., Fukada, Y.,
& Iwai, E. (1986). Integration of direction signals
of image motion in the superior temporal sulcus of
the macaque monkey. Journal of Neuroscience, 6,
145–157. [PubMed] [Article]

Schaafsma, S. J., & Duysens, J. (1996). Neurons in the
ventral intraparietal area of awake macaque monkey
closely resemble neurons in the dorsal part of the

Journal of Vision (2008) 8(4):5, 1–14 Brosseau-Lachaine, Casanova, & Faubert 13

http://www.ncbi.nlm.nih.gov/pubmed/11997698?ordinalpos=84&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16360001?ordinalpos=7&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15733340?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/487885?ordinalpos=93&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8064337?ordinalpos=62&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/10461195?ordinalpos=55&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11587177?ordinalpos=13&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/6106236?ordinalpos=41&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16442177?ordinalpos=8&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/4049746?ordinalpos=204&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15176612?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/12705955?ordinalpos=20&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/3105414?ordinalpos=52&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/4019107?ordinalpos=53&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.iovs.org/cgi/reprint/26/8/1158
http://www.ncbi.nlm.nih.gov/pubmed/10421583?ordinalpos=29&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/7637781?ordinalpos=41&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11100154?ordinalpos=25&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.nature.com/neuro/journal/v3/n12/full/nn1200_1322.html
http://www.ncbi.nlm.nih.gov/pubmed/11590117?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://cercor.oxfordjournals.org/cgi/content/full/11/11/1083
http://www.ncbi.nlm.nih.gov/pubmed/3703656?ordinalpos=12&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11707096?ordinalpos=25&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/3572478?ordinalpos=55&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.jneurosci.org/cgi/reprint/7/4/943
http://www.ncbi.nlm.nih.gov/pubmed/9373020?ordinalpos=14&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://cercor.oxfordjournals.org/cgi/reprint/7/7/647
http://www.ncbi.nlm.nih.gov/pubmed/3944616?ordinalpos=16&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.jneurosci.org/cgi/reprint/6/1/145


medial superior temporal area in their responses to
optic flow patterns. Journal of Neurophysiology, 76,
4056–4068. [PubMed]

Shirai, N., Kanazawa, S., & Yamaguchi, M. K. (2004a).
Asymmetry for the perception of expansion/contrac-
tion in infancy. Infant Behavior & Development, 27,
315–322.

Shirai, N., Kanazawa, S., & Yamaguchi, M. K. (2004b).
Sensitivity to linear-speed-gradient of radial expan-
sion flow in infancy. Vision Research, 44, 3111–3118.
[PubMed]

Shirai, N., Kanazawa, S., & Yamaguchi, M. K. (2006).
Anisotropic motion coherence sensitivities to expan-
sion/contraction motion in early infancy. Infant
Behavior & Development, 29, 204–209. [PubMed]

Siegel, R. M., & Read, H. L. (1997). Analysis of optic
flow in the monkey parietal area 7a. Cerebral Cortex,
7, 327–346. [PubMed] [Article]

Skoczenski, A. M., & Norcia, A. M. (1999). Development
of VEP Vernier acuity and grating acuity in hu-
man infants. Investigative Ophthalmology & Visual
Science, 40, 2411–2417. [PubMed] [Article]

Skoczenski, A. M., & Norcia, A. M. (2002). Late matura-
tion of visual hyperacuity. Psychological Science, 13,
537–541. [PubMed]

Smith, A. T., & Ledgeway, T. (1997). Separate detection
of moving luminance and contrast modulations: Fact
or artifact? Vision Research, 37, 45–62. [PubMed]

Snowden, R. J., & Milne, A. B. (1997). Phantom motion
after effects–evidence of detectors for the analysis of
optic flow. Current Biology, 7, 717–722. [PubMed]
[Article]

Tanaka, K., Fukada, Y., & Saito, H. A. (1989). Under-
lying mechanisms of the response specificity of
expansion/contraction and rotation cells in the dorsal
part of the medial superior temporal area of the
macaque monkey. Journal of Neurophysiology, 62,
642–656. [PubMed]

Tanaka, K., Hikosaka, K., Saito, H., Yukie, M., Fukada, Y.,
& Iwai, E. (1986). Analysis of local and wide-field
movements in the superior temporal visual areas of

the macaque monkey. Journal of Neuroscience, 6,
134–144. [PubMed] [Article]

Tanaka, K., & Saito, H. (1989). Analysis of motion of the
visual field by direction, expansion/contraction, and
rotation cells clustered in the dorsal part of the medial
superior temporal area of the macaque monkey.
Journal of Neurophysiology, 62, 626–641. [PubMed]

Teller, D. Y., McDonald, M. A., Preston, K., Sebris, S. L.,
& Dobson, V. (1986). Assessment of visual acuity in
infants and children: The acuity card procedure.
Developmental Medicine and Child Neurology, 28,
779–789. [PubMed]

Tohyama, K., & Fukushima, K. (2005). Neural network
model for extracting optic flow. Neural Networks, 18,
549–556. [PubMed]

Vaina, L. M., & Rushton, S. K. (2000). What neurological
patients tell us about the use of optic flow. International
Review of Neurobiology, 44, 293–313. [PubMed]

Volkmann, F. C., & Dobson, M. V. (1976). Infant
responses of ocular fixation to moving visual
stimuli. Journal of Experimental Child Psychology,
22, 86–99. [PubMed]

Warren, W. H., Jr., Blackwell, A. W., & Morris, M. W.
(1989). Age differences in perceiving the direction of
self-motion from optical flow. Journal of Gerontol-
ogy, 44, P147–P153. [PubMed]

Wattam-Bell, J. (1994). Coherence thresholds for discrim-
ination of motion direction in infants. Vision Research,
34, 877–883. [PubMed]

Wattam-Bell, J. (1996a). Visual motion processing in one-
month-old infants: Preferential looking experiments.
Vision Research, 36, 1671–1677. [PubMed]

Wetherill, G. B., & Levitt, H. (1965). Sequential Estima-
tion of Points on a Psychometric Function. British
Journal of Mathematical and Statistical Psychology,
18, 1–10. [PubMed]

Yonas, A., Pettersen, L., & Lockman, J. J. (1979). Young
infant’s sensitivity to optical information for colli-
sion. Canadian Journal of Psychology, 33, 268–276.
[PubMed]

Journal of Vision (2008) 8(4):5, 1–14 Brosseau-Lachaine, Casanova, & Faubert 14

http://www.ncbi.nlm.nih.gov/pubmed/8985900?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15482799?ordinalpos=75&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17138275?ordinalpos=28&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9177764?ordinalpos=76&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://cercor.oxfordjournals.org/cgi/reprint/7/4/327
http://www.ncbi.nlm.nih.gov/pubmed/10476810?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.iovs.org/cgi/content/full/40/10/2411
http://www.ncbi.nlm.nih.gov/pubmed/12430838?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9068830?ordinalpos=77&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9368753?ordinalpos=46&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VRT-4C4DHXR-DD&_user=10&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=a34b5a44b01a611edfb7e69756a9878d
http://www.ncbi.nlm.nih.gov/pubmed/2769352?ordinalpos=190&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/3944614?ordinalpos=65&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.jneurosci.org/cgi/reprint/6/1/134
http://www.ncbi.nlm.nih.gov/pubmed/2769351?ordinalpos=3559&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/3817317?ordinalpos=50&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16112546?ordinalpos=28&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/10605651?ordinalpos=20&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/1003097?ordinalpos=8&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/2768773?ordinalpos=20&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8160401?ordinalpos=22&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/8759467?ordinalpos=21&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/14324842?ordinalpos=90&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/546493?ordinalpos=24&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum

