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Abstract

The development of spatial vision is relatively well documented in human and nonhuman primates. However, little
is known about the development of sensitivity to motion. We measured the development of sensitivity to direction
of motion, and the relationship between motion and contrast sensitivity in macaque monkeys as a function of age.
Monkeys (Macaca nemestrinaaged between 10 days and 3 years) discriminated direction of motion in random-dot
kinematograms. The youngest monkeys showed directionally selective orienting and the ability to integrate motion
signals at large dot displacements and fast speeds. With age, coherence sensitivity improved for all spatial and
temporal dot displacements tested. The temporal interval between the dots was far less important than the spatial
offset in determining the animals’ performance at all but the youngest ages. Motion sensitivity improved well
beyond the end of the first postnatal year, when mid-spatial-frequency contrast sensitivity reached asymptote, and
continued for at least 3 years. Sensitivity to contrast at high spatial frequencies also continued to develop beyond
the end of the first year. We conclude that the development of motion sensitivity depends on mechanisms beyond
the low-level filters presumed to limit acuity and contrast sensitivity, and most likely reflects the function of
extrastriate visual areas.
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Introduction CFF up to at least 8 months (Swanson & Birch, 1990; Teller et al.,
1992; Hartmann & Banks, 1992; Rasengane et al., 1997; Dobkins
) . . . et al., 1999), though it reaches adult levels relatively early com-
different visual functions develop at different rates and havepared to spatial contrast sensitivity (Ellemberg et al., 1999). No

different critical periods (see, e.g. Harwerth et al., 1986; Daw, .
. L ; . 'data are as yet available on the development of temporal mecha-
1998). The basic elements of spatial vision—acuity and spatial . .
nisms in the monkey.

contrast sensitivity—develop to adult levels over the course of the L . . . .
Some aspects of sensitivity to visual motion are evident in

first 57 years after birth in humans (Mayer & Dobson, 1982; . . . N
Bradlev & Freeman. 1982 Hainline & Abramov. 1997 Ellember young infants. Reflexive eye movements (OKN) to motion stimuli
y ’ ’ , ’ 9 are identifiable in newborns (Volkman & Dobson, 1976; Atkinson,

et aI.,. 1999) and the first year in macaque monkey; .(.Boothe .eF al1979; Naegele & Held, 1982; Mason et al., 2003). Psychophysical
1988; Kiorpes, 1992). More complex perceptual abilities requiring - : . L . 0 7
tudies provide evidence for directional motion sensitivity within

integration of information over space have more extended devel?he first 3 months of life in humans (Braddick, 1993; Wattam-Bell,

opmental time courses. For example, children younger than abOI.il996. Dobkins & Teller. 1996: Banton et al. 2001: see Braddick
age 3 are unable to perform a contour integration task, and their, ~_’ ' ' ! '

. ) . et al., 2003). But the age at which motion sensitivity reaches

performance continues to improve into the teenage years (Penne-_ "'
] . S maturity is unknown.

father et al., 1999; Kovécs et al., 1999). Similarly, monkeys are S . . o

In considering the literature on motion development, it is

unable to perform contour integration before 5—-6 months and LD - .
X ; . . Important to distinguish low-level mechanisms that provide local

continue to improve into at least the second postnatal year (Kior-_ " . . . : .
otion signals from presumptive higher level mechanisms that

pes & Bassin, 2003). Temporal and spatio-temporal aspects c)ntegrate motion information across space and time. Those tasks

vision also show differential d_e_velop_ment in human infants. I:ae(‘.‘ladthat show the most precocious development seem to be the ones
(1981) reported adult-level critical flicker fusion frequency (CFF) )that require only local processing. Tasks requiring integration of

in 2-month-old infants (but see also, Rasengane et al., 1997). .
o . hformation may have a more prolonged developmental course.
However, temporal contrast sensitivity is quite immature below theFOr example, Mason et al. (2003) reported that thresholds for the

detection of coherent motion were not yet adult-like at 27 weeks in

Address correspondence and reprint requests to: Lynne Kiorpes, Centgumans' _They USEd a pa"i of large random-dot mouon_ Stlmu"_m a
for Neural Science, 4 Washington Place, Room 809, New York, NY 10003 Preferential-looking paradigm. One member of the pair contained
USA. E-mail: lynne@cns.nyu.edu a horizontal segment in which motion direction was opposite that

A striking feature of the development of vision in primates is that
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in all other portions of the display. Infants at 9 weeks were able taTypically, animals older than 6 months were tested at a distance of
identify the side containing the oppositely moving segment, butl00 cm, where the monitor subtended 16 deg. For random-dot
their thresholds were extremely high. Performance improved ovedisplays, the background luminance was 0.3ne§) and the dot

the age range tested, but at the oldest test age thresholds were stilininance was 112 ¢th? For gratings, the mean luminance was
higher than adults on the same task. Similarly, Hamer and Norci&6 cd/m? Stimulus presentation was controlled by a PC computer
(1994) showed that oscillatory motion thresholds, as measured byia an ATVista graphics board (Truevision).

the visually evoked potential (VEP), are still quite immature atthe  The motion stimuli were random-dot kinematograms, concep-
end of the first postnatal year and lag behind the development dfually similar to those devised by Morgan and Ward (1980) but
contrast thresholds. And, Giaschi and Regan (1997) report thamplemented as described by Britten et al. (1992). The kinemato-
children develop the ability to identify luminance-defined form grams were presented inside a square field in the center of the
(letters) earlier than they can process motion-defined form. display; this field subtended between 7.7 and 18.8 deg, depending

Work with monkeys suggests that sensitivity to coherent mo-on viewing distance. Each frame of this stimulus contained a fixed
tion in extended random-dot patterns—“global” motion sensitivity— number of dots that changed position from frame to frame. Any
depends on the function of areas such as/WH and MST, given dot at time t appeared at a location y). At time t + At,
downstream of the primary visual cortex (Newsome & Pare, 1988with a probability that we term theoherencethe dot reappeared
Britten et al., 1992; Celebrini & Newsome, 1995). But little is at location(x + Ax, y). The coherence determined the strength of
known about the development of motion sensitivity in monkeys.the global motion signal. If the dot did not reappear, it was
Mikami and Fujita (1992) measured speed thresholds betweereplaced by a new dot at a random location. The total number of
birth and 14 weeks. They found these thresholds to be quite poaifots was the same on each frame. The number of appearances of
in newborns, and substantially immature at the oldest age thegny given dot was related to the coherence. For instance, if the
tested. Within this limited period, Mikami and Fujita also com- coherence was 0.2, the probability of a dot reappearing once was
pared the rate of change of speed sensitivity with that of acuity (a.2, twice was 0.04, and three times was 0.008. Because dot
measured by other studies from the literature), and concluded théifetime was limited, it was difficult to judge direction by tracking
motion sensitivity develops over a slower time course than acuityany single dot or a group of dots (except, of course, when the
Projecting their measured motion time course forward, theycoherence approached 1). The speed of coherent motion was
suggested—on the basis of extensive extrapolation—that speekix/At, while the incoherent dots provided a masking motion
thresholds should become mature by about 3 years. background whose speeds and directions were essentially uniform

The developmental program for motion sensitivity is thus muchin distribution.
less well documented than that for visual acuity and contrast Behavioral methods were similar to those described elsewhere.
sensitivity. Also, the relationship between motion development andVe used a combination of preferential looking (in animals younger
spatial vision development is not known—does motion sensitivitythan about 10 weeks) (Kiorpes, 1992) and standard operant con-
develop in lock-step with other kinds of sensitivity, or does it haveditioning techniques (Kiorpes et al., 1993; Kiorpes & Movshon,

a different time course? The answer to this question determine$998) to collect data from the developing animals. The psycho-
whether theories of development need to postulate more than onghysical task was a two-alternative forced-choice directional dis-
mechanism limiting sensitivity to motion and form. To shed light crimination. A rectangular field of random dots appeared in the
on these issues, we have now fully characterized the developmenenter of the display screen; coherent motion was translational,
of global motion sensitivity in macaque monkeys, and have alseeither rightward or leftward. The size of the display, and of the dots
measured the development of spatial vision in the same individuthemselves, was increased for the youngest ages. In the case of
als. The time course for the development of motion sensitivity ispreferential looking the human observer was required to judge the
quite extended, so that this function is not fully mature until aboutdirection of motion of the dots, left or right, based on the looking

3 years postnatal. This is substantially slower than the developbehavior or eye movements of the infant—OKN was the most
ment of spatial contrast sensitivity, and suggests that the limits omeliable cue. In the case of operant testing, the subject signalled the
global motion sensitivity during development are set by the mat-direction of motion with a bar pull; a squirt of age appropriate
uration of mechanisms that lie downstream of those responsible fdiquid (infant formula or apple juice) was delivered following
elementary visual discriminations. correct responses.

We measured coherence threshold by varying the strength of
the motion signal across trials using method of constant stimuli.
We fit psychometric functions, based on 3-5 coherence levels, and
Subjects in this study were 15 visually nornMdcaca nemestrina  at least 60 trials per level, for each of a rang&afandAt values.
monkeys, ranging in age from 10 days to 3 years. All animals weréata collection was counterbalanced acrdggor a givenAt, and
born at the Washington National Primate Research Center, andcrossAt. Threshold estimates (75% correct) and associated stan-
were hand-reared in the Visual Neuroscience Laboratory at Newdard errors were calculated using Probit analysis (Finney, 1971) of
York University. All animal care conformed to guidelines approved the log-transformed data sets. We took motion sensitivity to be the
by the New York University UAWC and the NIH Guide for Care inverse of coherence at threshold.
and Use of Laboratory Animals. The visual environment was a To compare the development of motion sensitivity with basic
normal laboratory environment, which was enriched with a widespatial vision, we measured either grating acuity or spatial contrast-
variety of appropriate visual and tactile stimuli. The animals weresensitivity functions. We assessed the status of spatial visual
also given daily opportunities for interaction with other monkeys development immediately before or at the conclusion of motion
and humans. testing at each age. Acuity and contrast sensitivity were measured

Stimuli were presented on a Nanao T660i subtending<40 using conventional methods (Kiorpes, 1992; Kiorpes et al., 1993).
30 deg at 40 cm, the viewing distance used for the youngesSquare-wave or sinusoidal gratings were generated under com-
infants. Viewing distance was increased as the animals grewputer control with the same video display system as was used for

Materials and methods



Development of motion sensitivity 853

motion testing. Grating patches were vignetted by a two-dimensionadensitive to dot displacementax) in the range of 10—60 min.
spatial Gaussiano{ = 0.75 deg, except for very low spatial With age, her sensitivity increased 10-fold while the range of
frequencies for whicho was increased to keep at least three sensitivity expanded to include finer dot displacements. Close
grating cycles visible). Spatial frequencies ranged from 0.3 cyclesexamination of the data shows that within the first postnatal year,
deg to 16 cyclgdeg; viewing distance ranged from 0.3 m to 2 m. the range ofAx at which she could discriminate motion direction
The monkey’s task was to detect the presence of the grating patatxpanded to comprise the smallest displacements tested, however,
on either the right or left side of an otherwise homogeneous grayverall sensitivity was not fully developed at that age. The most
field that matched the grating in space-average luminance. Threslsurprising finding was that sensitivity continued to improve well
old values and standard errors of estimate were obtained by Proldiieyond the end of the first postnatal year (70 and 116-week data
analysis of the log-transformed data sets (Finney, 1971) using aets), and in fact increased up to 3 years of age.
maximume-likelihood technique. The data shown in Fig. 1 were collected at a temporal offset of
We used an iterative method to fit a double-exponential func-19 ms, which translates to relatively fast speeds. To cover a wider

tion (Wilson & Bergen, 1979; Kiorpes et al., 1993; Kiorpes & range of dot speeds, we measured motion sensitivity at two longer
Kiper, 1996; Kozma & Kiorpes, 2003) to both motion and contrast-temporal offsets, 37 and 56 ms. Fig. 2 shows motion sensitivity for
sensitivity data, and extracted the value of peak sensitivity and itenother monkey (OJ) tested longitudinally plotted as a function of
location on the abscissa from the fits. At at three dot displacements ranging from coarse to fine. Motion

sensitivity was generally best forA of 19 ms, and fell slightly as

At increased. This fall was most marked at younger ages. At 3
Results weeks, OJ’s motion discrimination was measurable only &t af

The youngest monkeys we tested, in the range 10-20 days, wege9 ms. lByﬁMt wedeks, Shbei v;/as a;b;ftg(slnte%rat;zsoverka i?-ms
able to indicate direction of motion in the random-dot displays. emporal ofiset and was able 1o us mS Dy 25 WEEKS. AS

Using forced-choice preferential looking, a human observer could‘dptei.abm{fﬁ ¥ouzg Tﬁnkfgs were not;btle t(: glscrlrzlfrg\te Totlon
reliably determine direction of motion using either fixation behav- iréClion with fineax, thus there are no da’a at 5 wes 80

ior of the infant or OKN. However, motion discrimination was 4 min (Fig. 2C). At the oldest age, motion sensitivity was less

apparent only with large dot displacements and a short temporaf}ﬁ,?mfd ?yAt thaln |tﬁha(tj gee_n e%r“er’l but thet changes thTnS"
offset (At) (i.e. at fast dot speeds). Representative developmenta{lVI y 10 temporal ofiSet during development weré much less

data from an individual monkey tested longitudinally are shown inm_arked than the changes in sensitivity to spatial offset shown in

Fig. 1. Motion sensitivity is plotted as a function of dot displace- F'g_'l_&' i f devel t of moti itivity. based
ment (the related dot speed axis is plotted at the top of the pans% € ime course of deveiopment ot motion sensitivity, based on

for monkey JU at four ages. At the youngest age, 2 weeks, she w ta from _the entlr_e_ populatlo_n of anlmal_s t_ested, Is shown in
Ig. 3. Motion sensitivity, the highest sensitivity at each age and

At, for each monkey is plotted as a function of age. The data
collected at ages up to 3 weeks were obtained with preferential
looking, while at older ages data were obtained with operant
Speed (deg/sec) techniques (se®lethodd. There was a steady, slow increase of
1 3 10 30 sensitivity up to about 3 years of age; the developmental profile is
! E— SE— similar for all three values ofst, as indicated by the different
colored symbols in Fig. 3.

The data in Figs. 2 and 3 suggest ttexnporaloffset exerts a
weak but consistent effect on sensitivity at all ages and ranges of
displacement; the curves decrease monotonically but gently with
At. On the other hand, it is clear from Fig. 1 thstatial displace-
ment is an important determinant of sensitivity. Another possibility
is that it is neitherAx nor At alone that determine sensitivity, but
their ratio, the dot speed. To directly evaluate the effect of dot
speed, as opposed to dot displacement, on motion sensitivity we
plot a complete data set against both parameters in Fig. 4. Data
from JU, measured at 40 weeks, are plotted as a function of dot
speed in Fig. 4A. Clearly, the functions are shifted and sensitivity
varies over a wide range for a given speed (e.g. 10/sdleg
depending on the temporal offset used. The same data set is plotted
as a function of dot displacement in Fig. 4B. The functions are
more similar in position when plotted as a functiomof, although
there is a small reduction of sensitivity at the long&stas also
1 3 ' 10 30 seen in Fig. 2). This result suggests that motion sensitivity is, in
fact, more dependent on dot displacement than on dot speed. If so,
then peak displacement, thex at which motion sensitivity was

Fig. 1. Development of sensitivity to random-dot motion in a single infant hlghgst, should be similar at. each age regardle$t.0f

monkey, tested at four ages from 2 weeks to 116 weeks. The abscissae Fig. 5 shows the change in Opt'm as a_ functlor! of age _for
provide scales of\x (interdot spacing) and speedit (temporal interdot ~ &ll three values ofAt. The steady shift to fineax with age is
interval) was 19 ms. Motion sensitivity is the inverse of the motion essentially independent aft, confirming that the spatial param-
coherence at threshold. eters of the dot display are much more important determinants of

100
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Fig. 2. Effect of the temporal interdot interval on the development of motion sensitivity in a single infant monkey, tested at five ages
from 3 weeks to 120 weeks. Data are shown for three valuesxo21.6, 14.4, and 3.6 min (A-C).

sensitivity in this task than are temporal parameters. Developmerreasonable to assume that mechanisms tuned to the test frequency
tally, then, we should expect to find a parallel between animals’are responsible for detection. But the directional information in a
ability to resolve spatial detail and discriminate motion. To explorerandom-dot display is present at a wide range of spatial frequen-
this relationship, we used motion-sensitivity and contrast-sensitivitycies, and can in principle be analyzed by mechanisms sensitive to
data collected from individual animals at comparable ages tany informative spatial frequency. Smith et al. (2002) analyzed the
extract spatial parameters of both functions. We collected data foresponses of real and simulated neurons to dynamic Glass patterns
six spatial frequencies ranging from 0.5 cyglédsg to 16 cycles  (akin to our kinematograms except witlA&of 0). They concluded

deg, and seven dot displacement values ranging from 1.7 min tthat neuronal responses were most informative whe&ncorre-

43 min, across animals and ages.

sponded to roughly half the wavelength of the optimal spatial

There is no absolute basis for comparison between the spatiafrequency. For comparison purposes, we therefore take as the
frequency dependence of contrast sensitivity and the spatial-offséequivalent spatial frequency” of a kinematogram.

dependence of motion sensitivity. For grating detection, it is
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Fig. 3. Developmental progression of the sensitivity value at the peak o
the motion-sensitivity function, shown for all three tested valuestoThe

Fig. 6 shows contrast sensitivity (green) and motion sensitivity
(red) as a function of age for five spatial scales (coarse to fine from
top to bottom of the figure) for which we had data at matched true
and equivalent spatial frequencies. We fit the time course of
development for each spatial frequency ox with a suitable
saturating function (Michaelis-Menten) to describe the gradual
approach to adult values of sensitivity with age at each spatial
scale. Consistent with previous reports (Boothe et al., 1988; Mov-
shon & Kiorpes, 1988), there was little change in contrast sensi-
tivity with age at the low spatial frequency (1 cygtkeg, Fig. 6A,
green), just as there was little improvement in motion sensitivity at
the matchedAx (29 min, Fig. 6A, red). Contrast sensitivity at
midrange frequencies (2—4 cyclekeg, Figs. 6B & 6C, green)
improved substantially with age, reaching asymptotic levels by
about 40 weeks. On the other hand, motion sensitivity at matched
AX (14.4 and 7.2 min, Figs. 6B & 6C, red) showed steady
improvement well beyond this age, and no saturation is evident
even up to the oldest age tested. Interestingly, sensitivity develop-
ment at finer spatial scales had a similar course for motion and
contrast (Figs. 6D & 6E), showing continued improvement well
beyond the end of the first year. Comparisons across the curves in
Fig. 6 show that while contrast sensitivity and motion sensitivity
fgenerally increase more at fine than coarse spatial scales, the
developmental profiles for these two functions differ in detalil,

peak sensitivity was extracted, in most cases, by fitting a suitable functiorpPecifically at .their points of asymptote. For the spatial scales
to data like those shown in Fig. 1 (see text for details); in the case of som/here sensitivity reaches its highest level on both measures, there
infants that had a restricted range of sensitivity, we took the best sensitivityvas substantial development of motion sensitivity even after con-

achieved at anyx.

trast sensitivity became fully adult.
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When considering the plots in Fig. 6, it is important to remem-a preferential-looking paradigm to test infants at the very young
ber that there is no principled relationship between the absolutages. The experimenter used a variety of cues, including tracking
values of motion and contrast sensitivity. That is, even if theymovements, OKN, or fixation preference, to make her judgments,
depended on exactly the same mechanisms, the values would ndépending on what was most reliable for a given infant. Mason
necessarily change proportionally across age and scale. It is theret al. (2003) have reported that OKN measurements reveal earlier
fore the differences in the shape of the functions rather than theiabilities and lower thresholds for global motion discrimination
fine structure that are most revealing of the similarities and dif-than traditional fixation preference measurements in human in-
ferences in the underlying developmental events. So it is nofants, and it might be that the early measurements based on OKN
necessarily meaningful that the motion- and contrast-sensitivityslightly overestimate motion sensitivity. Thus, the large variance of
curves have different slopes in some panels, but it is important thathresholds at this age could be due to the mixture of cues used by
relationship between motion sensitivity and contrast sensitivitythe observer. However, it could also result from individual varia-
changes with spatial scale as well as age. This is most obviouton in developmental rates. Nonetheless, it is clear that sensitivity
from the fact that motion-sensitivity curves lie below the contrast-to global motion is evident in the early postnatal weeks and
sensitivity curves in some panels while the situation is reversed imevelops slowly and steadily thereafter.
others. Best coherence thresholds at the youngest ages were between
0.2 and 0.3, and decreased to 0.01 to 0.03 over the subsequent 3
years. The extent of development in monkeys, about a factor of 10,
was similar to that reported in humans (Wattam-Bell, 1994).
Infant monkeys are sensitive to direction of motion as early asCoherence thresholds in 3-month-old human infants, under his
10 days after birth, and can use global motion information toconditions of test, were about 0.5, and decreased to around 0.05 in
control behavior. The range of threshold variation for these youngdults. The difference in adult levels of performance between
infants was quite large, and overlapped that of the animals testeghonkeys and humans could be due to task differences, though we
between 10 and 20 weeks with operant methods (Fig. 3).We usediave often found monkeys’ performance on motion-detection tasks
to be superior to humans’ (unpublished observations). The long,
slow time course of motion-sensitivity development that we found
is consistent with a study in humans showing continued improve-
ment in coherence threshold up to about age 10 (Gunn et al., 2002).

Discussion

w- o009 o
€ 2] o o @ S8ms Determinants of sensitivity to speed
=
. o . L L .
% o g OD In this study, we explored direction discrimination over a wide
gl 10 8 o % o % range of dot displacements at three different temporal offsets. The
- o 08 Q combination of spatial and temporal offsets covered a range of
o2 speeds from 0.8 deg to 40 degs. We found little evidence that
S - - _ performance depended on dot speed. Motion sensitivity, when
3 0 30 100 characterized in terms of dot speed, varied greatly depending on
Age (weeks} the underlying temporal offset used (Fig. 4). This is consistent with

prior reports by Braddick and others who concluded that displace-
motion sensitivity function, shown for all three tested values\ofThe ment rathgr than speed Wa_s the.more important factor for perfor-
optimal value ofAx was extracted by fitting a suitable function to data like mance with apparent motion displays such as ours (Baker &
those shown in Fig. 1 (see text for details). Cases were excluded in thBraddick, 1985; see Braddick et al., 2003). By separately analyz-

event that the range of sensitivity was too limited to fit the data with theing the contribution of temporal and spatial factors, we found a
function. strong dependence of sensitivity on dot displacement at all ages.

Fig. 5. Developmental progression of the value/of at the peak of the
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It is noteworthy that the youngest monkeys were unable to
extract the motion signal at the longest, 56 ms. This result,
coupled with the unsurprising finding that the young infants could
not resolve fine-scale dot displacements, means that the young
monkeys are particularly poor at discriminating slow speeds. Thus
development proceeded from fast to slow speeds following the
well-known development of contrast sensitivity from coarse-to-
fine scale. This pattern of development seems contrary to that
reported by Wattam-Bell in human infants (Wattam-Bell, 1991,
1992, 1996). He used VEP and behavioral methods (preferential
looking) to characterize the onset of directional motion sensitivity
between 8 and 16 weeks. Wattam-Bell characterized the develop-
ment of motion sensitivity by trackingi, andVmay, the minimum
and maximum speeds that infants could discriminate; he found
both increases Vo and decreases iWyi,. This is akin to
measuring the low- and high-cutoff values &k in our study.
Inspection of our longitudinal data (Figs. 1, 2, & 6) shows that our
monkeys’ sensitivities improved at both extremes of the speed
range, in general agreement with the findings in humans. But this
change is in large part due to the increase in motion sensitivity
with age, which causes both shoulders of the sensitivity curve to
rise along with its middle. Wattam-Bell emphasizes the changes in
Vmax N his experiments, which show an increase in the high-speed
cutoff during development. But if one measures only a single or
small selected range of conditions, the pattern of sensitivity change
with age will depend on precisely where one chooses to sample in
AX/At space. What is missed by characterizing oy, or Vinax
is the shift inoptimal values for motion detection (Fig. 5), which
very clearly proceeds from larger to smaller valuesaef from
higher to lower speeds. Consistent with our findings, Banton and
Bertenthal (1996) found better performance for faster speeds with
a uniform motion display and no change in overall sensitivity over
an age range comparable to that studied by Wattam-Bell. Also,
several other studies have reported substantial improvements in
sensitivity to slow speeds over the range 2—6 months (Aslin &
Shea, 1990; Finlay et al., 1991, Roessler & Dannemiller, 1997).

Spatial characteristics of motion and contrast detection

From our results, it is clear thakx, not speed, is the main
determinant of motion-discrimination performance throughout de-
velopment. To make a direct comparison of the spatial properties
of contrast- and motion-sensitivity during development, we created
interpolated contrast and motion sensitivity functions from the
functions fit to the data sets shown in Fig. 6, as well as to other
longitudinal data that we compiled and fitted in the same way. The
resulting functions are plotted on matched axes for a range of ages
in Fig. 7. Motion sensitivity (B) is plotted as a function of
equivalent spatial frequencyA/2 as described above); the cor-
responding age in weeks is noted to the right of each function.
Comparing Figs. 7A with 7B, a number of points are clear.

Fig. 6. Developmental progression of motion (red) and spatial contrast
sensitivity (green) for five spatial conditions (A-E) for which grating
spatial frequency matched the kinematogram “equivalent spatial fre-
quency” (Ax/2, see text for details), using merged data Adrvalues of

19 and 37 ms. Each data set is described by a Michaelis—Menten function:
ag€/(ag€e" + agdly), whereagey is the age at which sensitivity reached
half-maximum, and the exponemgoverns the slope of the function below
agespo.
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roughly uniform across the range of interest (Smith et al., 2002).
But for high spatial frequencies, the steep fall in contrast sensitiv-
ity combined with the broad-band information in the dot display
will make channels preferring lower spatial frequencies relatively
more sensitive, raising the high-frequency end of the motion-
sensitivity function.

Second, the development of sensitivity at the peak of the
function ends much earlier for contrast than motion sensitivity; this
reflects the flattening of the contrast-sensitivity development curves
in Figs. 6B and 6C. Continued improvement in performance with
age on both tasks occurs at fine spatial scales, especially in animals
older than 25 weeks. Beyond 50 weeks, motion-sensitivity devel-
opment appears to outstrip contrast sensitivity.

Third, in animals younger than about 20 weeks, high spatial
frequencies can be detected, but the visual mechanisms responsible
4 for processing these frequencies do not seem to support motion
discrimination. So, for example, at the age of 10 weeks, the
average monkey can resolve spatial frequencies in excess of 8

Contrast sensitivity

14 T T T T T cycles/deg, yet motion sensitivity cannot be measured beyond an
! . 3 10 equivalent frequency of 2 cyclgdeg. This suggests an immaturity
Spatial frequency (c/deg) of the downstream neural mechanisms responsible for extracting

motion from (apparently) robust form signals.

Extended development of visual sensitivity

One surprising finding was the subtle but consistent continued
development of sensitivity to high spatial frequencies beyond the
end of the first postnatal year, which accompanied the extended
development of motion sensitivity. Boothe et al. (1988) found the
- contrast sensitivity to be adult-like by the end of the first postnatal
34 year in this species. However, they did not continue testing animals
beyond that time. With the variability of sensitivity across adults
that is commonly noted in humans as well as animals, it is difficult
to specify the end of development with precision. Recent studies of

Motion sensitivity

1 — S . humans have also reported continued development of acuity and
1 3 10 contrast sensitivity into late childhood (Hainline & Abramov,
Equivalent spatial frequency (c/deg) 1997; Neu & Sireteanu, 1997; Ellemberg et al., 1999) whereas

earlier studies had concluded that the process was complete by 3-5
Fig. 7. Population average interpolated contrast (A) and motion (B) senyears (Mayer & Dobson, 1982; Birch et al., 1983). The extended
sitivity functions shown for 12 ages from 4 weeks to 200 weeks. Thedeve|0pment of high spatial-frequency contrast sensitivity, beyond
functions were derived by pigking off suitable age poi_nts_, from the five {he age at which sensitivity asymptotes at lower spatial frequen-
pairs ofsmoot_h curves shpwn in Fig. 6, and frqm three S|_m|Ia_r curves taker&ies, creates a continued gradual broadening in the shape of the
for other spatial frequencies audk values not illustrated in Fig. 6. contrast-sensitivity function (cf. Movshon & Kiorpes, 1988). Since
the spatial structure of receptive fields in V1 of macaque monkeys
is essentially adult-like by 4 months (Chino et al., 1997; Movshon
et al., 1999; Kiorpes & Movshon, 2003), it may be that this late
First, the shape of the function is not the same for motion anddevelopment of high-frequency sensitivity reflects the delayed
contrast sensitivity: the low-frequency loss of sensitivity is muchmaturation of a downstream mechanism that pools information
more profound for motion than for contrast, while at high frequen-from spatially tuned mechanisms in V1.
cies that situation is reversed. The reason for the steeper low- The long developmental time course for motion sensitivity
frequency slope for motion detection than for contrast detection iontrasts with the finding that neurons in V1 have fully adult-like
probably that, in contrast sensitivity, low spatial-frequency detec-direction selectivity in newborn macaques (Chino et al., 1997;
tion can be aided by integrating light over large areas. In motionMovshon et al., 1999; Kiorpes & Movshon, 2003). Performance
sensitivity, the stimulus element detected contains just the samen random-dot motion tasks may depend on more than just direc-
pair of dots at all separations, and there is no benefit to integratingion selectivity in V1, perhaps integrative mechanisms in or be-
over larger areas; in fact, performance may suffer because thgond area MT. We have recently found that MT neurons are fully
number of other dots that intrudes between the pair increases wittlirection selective in newborn macaques (Movshon et al., 2003).
Ax. The shallower high-frequency slope of the motion-sensitivity But we also found significant immaturities in both the spatial and
functions is probably due to the breakdown of our assumedemporal integration of motion signals, which could underlie the
“equivalent spatial frequency” relationship for smalk. This behavioral immaturities and extended development of directional
relationship is based on the assumption that contrast sensitivity isiotion discrimination reported here.
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