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Abstract
Purpose—A young infant’s environment routinely consists of moving objects. The dynamics of
the infant accommodative system are almost unknown and yet have a large impact on habitual retinal
image quality and visual experience. The goal of this study was to record infants’ dynamic
accommodative responses to stimuli moving at a range of velocities.

Methods—Binocular accommodative responses were recorded at 25 Hz. Data from infants 8 to 20
weeks of age and pre-presbyopic adults were analyzed. A high-contrast image of a clown was moved
between 20- and 50-cm viewing distances at four velocities (a step, 50 cm/s, 20 cm/s, and 5 cm/s).

Results—Most infants who had clear responses were able to initiate their response within a second
of stimulus onset. The infants were able to discriminate the different stimulus velocities and to adjust
their response velocities and durations in an appropriate fashion.

Conclusions—The data indicate that by the third postnatal month infants are able to respond with
latencies within a factor of two of adults’ and that there is little immaturity in the motor capabilities
of the accommodative system compared with the sensory visual system at the same age.

Retinal image defocus results from the combination of an eye’s refractive error, the amount of
accommodation exerted, and the distance of the object being viewed. The amount of defocus
in an infant’s retinal image determines their visual experience and may affect experience-
dependent processes such as the refinement of cortical synapses1 and emmetropization.2-4

The human neonate typically has a hyperopic refractive error5,6 and accommodates
inaccurately to objects in their environment.7-13 Over time, emmetropization and increasing
accommodative accuracy both act to improve the developing eye’s optical performance. The
reduction in refractive error resulting from emmetropisation typically takes a number of months
to years to occur, through a relatively slow process,3,6 and so it is the accommodative system
that more routinely eliminates defocus in the infant eye by compensating for refractive error
and viewing distance. A number of studies have documented that infants tend to
overaccommodate to distant targets until approximately 2 months of age. They maintain their
accommodation around approximately 30- to 50-cm viewing distances. During the next month,
they start to adjust their accommodation to focus more accurately on nearer and farther targets.
7-10,12

Most of the previous studies of infants’ accommodation have determined their steady state
responses to stationary targets.7-10 The natural world, however, routinely consists of stimuli
moving in depth, when objects are moved or the infant is carried through the environment.
When tracking dynamic targets, the latencies and dynamics of infants’ accommodative
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responses have a large impact on their habitual retinal image defocus. Only one previous study
has examined the dynamics of infants’ accommodation, to targets that underwent a step change
from one distance to another.14 Howland et al.14 recorded responses at 2 Hz. A sample response
from a 4.5-month-old infant was noted to be typical of the 21 responses they recorded from
infants aged 4 to 9 months. This infant initiated an accommodative response within 1 second
of the step stimulus and completed the response within another half second.

No studies have been published to date that have recorded response characteristics while infants
are presented with gradually moving ramp rather than with step targets. Howland et al.14

suggest there are no dramatic immaturities in infants’ motor ability to change their
accommodation at 4 months and older, but no studies have been conducted of younger infants
or as a function of stimulus velocity. As noted, short response latencies and tracking of a moving
target are critical for maintaining a focused retinal image in a dynamic environment.

The adult visual system is capable of tracking moving accommodative targets at relatively low
stimulus velocities.15,16 As velocity increases, however, adults generate an increasing number
of “catch-up” step responses and ultimately are not able to smoothly track at all.15 At high
velocities, above approximately 4 D/s, the adult accommodative system merely generates a
single step response related to the target’s final position.15 This combination of accommodative
response strategies has been modeled as a dual-mode neural control system.15 Similar neural
control models have been proposed to describe other oculomotor responses.17-20 The step
responses are considered to be preprogrammed, whereas the slower, smooth tracking responses
are under the influence of continuous feedback (see also Yamada and Ukai21). Young infants
show evidence of immature step movements during a related form of tracking in that they
exhibit a series of step saccades in pursuit eye movements at stimulus velocities that an adult
can track smoothly.22,23

The goal of this study was to record infants’ responses to accommodative stimuli moving over
a range of velocities to systematically determine their response latencies and whether they can
adjust response velocity in a dynamic environment. We sought to determine whether young
infants are able to discriminate and track different velocities and whether they demonstrate
immaturities mimicking those found in their smooth pursuit responses.

Subjects and Methods
Subjects

Twenty-two full-term infants from 6 to 21 weeks of age were recruited from the local
community to take part in the “ramp” stimulus protocol. Five of these infants were tested twice,
with a 1-month interval between visits, yielding a total of 27 data collection sessions. A second
protocol was used to collect responses to “step” stimuli. This step protocol was initially
attempted with each infant completing the ramp stimulus protocol, but we found that the infants
were not able to sustain their attention for both protocols. An additional group of 41 infants,
from 6 to 23 weeks of age, was recruited to take part in the step protocol.

Six pre-presbyopic adults (age range, 24-32 years) served as a comparison group for the ramp
protocol. Three of them were emmetropic and three had low myopia corrected with soft contact
lenses. Four of these subjects also provided data that could be included in the analysis for the
step protocol. The other two subjects’ pupils became too small for the equipment to function;
therefore, two additional similar subjects were recruited for this protocol. The vision of both
was corrected with soft contact lenses.
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The infants’ parents and the adult subjects gave informed consent before taking part in the data
collection. The study followed the tenets of the Declaration of Helsinki and was approved by
the Indiana University Bloomington Campus Committee for the Protection of Human Subjects.

Procedure
Accommodation responses to the dynamic stimuli were recorded with a commercially available
video-based eccentric photorefractor (Power-Refractor; Multi Channel Systems, Reutlingen,
Germany). Data were gathered remotely from 1 m, enabling the infant to be placed in a
relatively natural setting while binocular refraction data were collected along the vertical
meridian at 25 Hz.24,25 The manufacturer calibrated the commercial image analysis algorithm
empirically using adult eyes, and this adult calibration has been tested by other groups.26-30

The validity of the calibration was recently assessed by Blade and Candy31 for infant eyes that
did not undergo cycloplegia. This study found that a 0-D reading from this photorefractor
typically corresponded to between 0 and 1 D of myopia for infants and adults, determined using
simultaneous retinoscopy. Blade and Candy31 also recorded the photorefractor reading as a
function of known defocus (induced anisometropia) for subjects. The mean slope of 13 infant
defocus calibration functions was 1.06 (median, 1.07; range, 0.84–1.33) with no significant
change with age between 4 and 24 weeks. The mean slope of the 13 adult functions was 0.90
(median, 0.90; range, 0.55–1.14). Thus, structural differences between infant and adult eyes
resulted in relatively small mean inaccuracies in the refraction estimates provided by the
photorefractor, though the inaccuracies did vary across subjects.

The adults were seated on a stool and the infants, who were given no optical correction, were
seated in an infant car seat or on their parent’s lap with their heads gently supported. The axis
of the photorefractor camera was aligned with the bridge of the subject’s nose, and the target
was centered between the subject’s eyes in the real-time image from the photorefractor. The
room was kept in dim illumination to attract the subject’s attention to the task.

Stimuli
A high-contrast colored picture of a clown was used as the stimulus target in both protocols.
The image measured 3 cm × 2 cm and had a broad spatial frequency amplitude spectrum. It
was mounted on a small internally illuminated box. The luminance of the target was 30 cd/
m2 unless the subject’s pupils were very small, in which case it was reduced to cause pupil
dilation above the required 3 mm minimum for the instrument to function.

Ramp Protocol—A stepper motor was used to move the target along a track between the
viewing distances of 20 and 50 cm (Fig. 1). The target was immediately below the camera axis,
at angles of 3° for the 50-cm viewing distance and 7° for the 20-cm viewing distance. Three
stimulus velocities—50 cm/s, 20 cm/s, and 5 cm/s—were used. These velocities were selected
to approximate 5-D/s, 2-D/s, and 0.5-D/s movements15 and the movement durations were 0.6,
1.5, and 6 seconds, respectively. Brief periods were required for the motor to accelerate and
decelerate the target. Therefore, the exact stimulus position as a function of time was recorded
using a linear potentiometer sampling at 5 kHz. This provided an accurate representation of
the accommodative stimulus. Linear potentiometer and photorefractor recordings were
synchronized using a trigger pulse at the start of the recording.

Each of the three velocities was presented as accommodative and disaccommodative stimuli
three times in a pseudorandom, blocked design (see the stimulus function in Fig. 2). Thus, each
of the 18 stimuli had an unpredictable velocity, though the continuous motion of the target
necessitated an alternation between accommodative and disaccommodative stimuli. The target
was held stationary for 5 seconds after each of the two fastest velocities and for 8 seconds after
the slowest velocity to allow the subject to complete the response before the next stimulus was
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initiated. The full series took 157 seconds but could be paused as necessary during that time.
Because the infants could not be instructed to maintain fixation on the stimulus, the adults were
merely told to look at the clown with no further instruction.32

All the accommodation cues (blur, retinal disparity, size, proximity) were consistent with each
other for these stimuli. Subjects could use any of these cues to drive their responses. The
movement of the stimulus was also correlated with audible noises from the motor (located at
1 m, adjacent to the camera). This helped attract the attention of the infants. Given that the
subjects completed this protocol only once in a visit, time was minimal over which they might
learn to incorporate these auditory cues into their accommodative responses.33 Occasionally,
a toy was used to attract an infant’s attention, but only when the stimulus was stopped between
movements and only at the current distance of the stimulus.

Step Protocol—A series of at least six step stimuli was presented to each of a different group
of infants. Targets, as described, were fixed at 20 and 50 cm from the infant. The stimulus at
50 cm was at 3° eccentricity above the camera axis, as illustrated by the checked version in
Figure 1, whereas the stimulus placed at 20 cm remained below the axis. An experimenter
alternated the illumination of these targets from one to the other manually using a single toggle
switch, with the timing of the alternation based on the subject’s behavior. The output of this
switch was also synchronized with the photorefractor data for analysis of response dynamics.
The goal of this condition was to define the characteristics of infants’ responses to the fastest
possible stimulus.

After each infant visit, and before the data were examined, the experimenter noted a subjective
rating of the session on a scale from 0 to 5 based on the infant’s behavior and cooperation. A
score of 0 implied that the infant was sleepy or fussy, and a score of 5 indicated sustained calm,
alert attention.

Data Analysis
All the infant sessions given a subjective score of 0 by the experimenter were excluded from
the data analysis. Other individual data points were excluded if the subject’s pupils fell below
the photorefractor minimum size of 3 mm, if the eye position was greater than 15° eccentricity
(to avoid changes in refraction caused by peripheral optics34,35), or if the refraction estimate
was outside the +4 D to −6 D working range of the instrument.25

Further analysis was performed only on responses that were clearly stimulus driven. A response
was considered stimulus driven, or scorable, if it started after the beginning of the stimulus,
the final accommodative position was in the expected direction of change, the accommodative
position was stable before and after the response, and no data were missing because of blinks
that made the response latency estimation ambiguous.

The stimulus position for each scorable disaccommodation response was fitted with the
following exponential function using a least squares method. S(t) corresponds to the stimulus
position as a function of time, t, in seconds. The function was fit over a time range from at least
1 second before the movement to at least 1 second after the end of the stimulus movement (part
of a stimulus function is shown in Fig. 3):

(1)
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where B is the average stimulus position before the movement (diopters), Tb is time at the
beginning of the stimulus movement (seconds), Te is time at the end of the stimulus movement
(seconds), A is amplitude of the stimulus movement (diopters), and Ta is the time constant
(seconds).

B, Tb, Te, A, and Ta were all free parameters in the fit. This function was reversed for the fit to
the accommodation stimuli that moved in the opposite direction. All fits to the stimuli had an
R2 greater than 0.985.

No assumptions were made about the shape of each infant’s responses to the stimuli. Hung and
Ciuffreda15 found that adult responses approximately follow the shape of ramp stimuli, but we
did not want to assume this for infants and risk masking immaturities. Therefore, only the
beginning of the stimulus function was used as the template for calculating latencies of the
accommodative responses. This section was used to avoid later characteristics of the response
shape influencing the latency fit and estimate. A function representing the flat portion before
the stimulus and between 1 and 4 seconds of the actual stimulus was fit to the response to
achieve a visually acceptable result (see Fig. 3). The fitted function, R(t), is described as follows
and was used to estimate the time of the beginning of the response, Tbr:

(2)

where Br is the average accommodation before the beginning of the response (diopters) and
Tbr is the time at the beginning of the response (seconds). The latency of the response could
then be calculated from Tbr - Tb.

Again, this function was reversed for the fit to the accommodation responses in the opposite
direction. All the fits were performed using software for technical computing (Matlab;
MathWorks Inc., Natick, MA), and statistical analyses were completed using analytical
software (SPSS for Windows; SPSS, Chicago, IL).

Results
Raw Data

Figure 2 shows examples of the whole ramp recording session from one adult and two infants
aged 8 and 12 weeks. The graphs show the stimulus position and the refraction recorded from
the right eye as a function of time. A negative refraction indicates that the subject was focused
myopically and a positive value indicates that the subject was focused hyperopically. These
data demonstrate that the adults and infants were able to respond to the stimuli, in the
appropriate direction and with a velocity related to that of the stimulus.

Almost all responses from the subjects shown in Figure 2 were scorable, based on the criteria
given. Infant sessions more typically included numerous instances in which the infant
apparently did not respond. For example, the 8-week-old infant in Figure 2 did not appear to
respond to the stimuli between approximately 60 and 70 seconds.

Infants with scorable data produced a range of 1 to 18 scorable responses per session (the full
range possible). Eleven sessions were excluded from the ramp analysis as they had no scorable
responses after the criteria described in the data analysis section had been applied. Ultimately,
16 sessions were analyzed from 14 infants of 8 to 20 weeks of age. We observed anecdotally
that the youngest and oldest infants tended to have the least number of scorable responses and
that those of approximately 12 weeks seemed to be able to sustain the number of responses
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and tolerate the repetitive task. Related observations of inconsistent behavior have been made
in two other studies.12,36 The adult subjects produced a range of 9 to 18 scorable responses
per session (their other responses were excluded because the pupil size became too small for
the instrument to function).

Representative responses to individual stimuli are shown in Figures 4 to 7. Accommodative
responses to all the ramp velocities from adults and infants are shown in Figures 4 and 5,
respectively, and for disaccommodative and step stimuli in Figures 6 and 7, respectively.

The example adults and infants all generated stimulus velocity-dependent responses in the
directions of accommodation and disaccommodation, demonstrating that coarsely appropriate
and adult-like capabilities are present for these velocities at approximately 8 weeks of age. The
durations of the responses are also clearly related to the stimulus durations. Although the infants
were not seen to initiate their responses in the incorrect direction, they demonstrated
adjustments to stimulus velocity during the response, even to the point of changes in response
direction. This is consistent with the use of a feedback system during the slowest responses,
at least when rapid velocity corrections occurred after a relatively long delay, in a pattern not
characteristic of microfluctuations of accommodation.37 Inspection of repeated responses to
the same stimulus velocities in Figure 2 shows that these adjustments are not characteristically
present in each response and, therefore, that the infant may be correcting for errors in any reflex
or cognitively driven individual response.

Response Latencies
Latencies derived from the fits to the stimuli and responses are shown in Figure 8. Figure 8A
shows latencies for the accommodative responses, and Figure 8B shows data for the
disaccommodative responses. Each point represents the latency for an individual subject
(responses were averaged within a subject if there were two or more scorable responses for
that direction and velocity). Adult latencies were typically less than 500 ms, and at least some
infants in each age group were capable of responding in this time frame. Fifteen of the 28 infant
accommodative and 24 of the 31 infant disaccommodative latencies were shorter than 500 ms.
Accommodative latencies tended to be longer than disaccommodative ones, even for the
slowest velocity adult responses. This could at least partially be attributed to the stimulus
design. The stimulus was moved in centimeters per second. Therefore, the further it was from
the subject, the longer it took to move a specific dioptric distance. For the accommodative
stimuli, the stimulus started moving toward the subject from the farthest distance; hence, it
took longer to reach a subject’s dioptric threshold for an accommodative response than for the
disaccommodative case. This would make the latency appear longer for the accommodative
direction and the slowest velocity.

Univariate ANOVA was performed with stimulus direction, age group, and stimulus velocity
as factors and latency as the dependent variable. Some subjects provided multiple data points
across direction and velocity while others provided only one data point. Therefore, this analysis
was not conducted in a repeated-measures design. The only significant main effect or
interaction was the main effect of age group (P = 0.001). Post hoc analysis indicated that
latencies in each infant group were significantly longer than found in adults (P < 0.03) but that
none of the infant groups was significantly different from the others (P > 0.69). This result is
consistent with the observation from Figure 8 that only some of the infants performed with an
adultlike latency and that a number of them took longer to respond than did adults. Mean
latencies and standard deviations for the combined directions and velocities were 0.676 seconds
(±0.66) in the 8-week group, 0.580 seconds (±0.51) in the 9- to 12-week group, 0.483 seconds
(±0.39) in the 13- to 20-week group, and 0.209 seconds (±0.15) in the adult group.
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Discussion
Velocity-Dependent Stimulus Tracking

Hung and Ciuffreda15 demonstrated that the adult accommodative system can generate
tracking responses related to ramp stimulus velocity up to approximately 5 D/s. They suggested
that adults demonstrate a dual-mode behavior consisting of smooth tracking at slower velocities
with a progressive inclusion of rapid catch-up step responses as stimulus velocity increases.
At the fastest velocities, the responses consist of only steps. The adult data collected in the
present study also demonstrate velocity-dependent responses. The adults produced relatively
smooth tracking of the slowest velocity, with a faster response and some evidence of step
behavior for the middle velocity and half-second, steplike responses for the fastest stimulus
(Figs. 4, 6).

Infant data in Figures 2, 5, and 6 demonstrate similar velocity- and duration-dependent
responses. They also show some evidence of steps during responses to the middle velocity
though the infant responses contained more variability overall. Of interest, the infant responses
to step stimuli—particularly the 13-week-old accommodative response—also show some
evidence of an interrupted response, the double step (Fig. 7). Thus, the data show limited
evidence of dual-mode behavior in infancy. During the third postnatal month, this evidence is
not as clear as the mixture of saccadic and pursuit eye movements found in young infants when
they track objects moving in a fronto-parallel plane.23,38-40 Saccadic interruptions to smooth
pursuit eye movements are typically seen at younger ages than tested here. The responses tend
to include fewer saccades and more smooth pursuit with increasing age over the first 4 months.
It would be necessary to elicit tracking accommodative responses in infants younger than 2
months to systematically investigate the parallels between the smooth pursuit and
accommodative systems. This may not be simple to accomplish given infants’ low
accommodative gain at the younger ages.9

Overall, the data indicate that infants have a dynamic accommodative system by 8 weeks of
age, in agreement with the observation of Howland et al.14 for older infants. If anything, the
infant data include more variability and response corrections than the adult data. Green et al.
41 suggest that infants’ limited accommodative responses and accuracy in the first 2 postnatal
months are a result of their sensory immaturities, particularly immature acuity. Somewhat in
agreement with this, the current data suggest, at least by 8 weeks, there is no dramatic
immaturity in motor control limiting the response velocities infants can generate and that
infants can complete rapid responses within approximately 0.5 second. They can also slow
their responses to track a slower moving stimulus, which extends the duration of response.

Calculating the accuracy and velocity of the infants’ responses depends on the dioptric
calibration of the photorefractor (PowerRefractor; Multi Channel Systems). Blade and
Candy31 recently tested the calibration of this instrument for infant subjects from 1 to 6 months
of age, as described. That study demonstrated that, on average, the photorefractor tends to
slightly overestimate a change in defocus of an infant eye and that the correction factor varies
across infants but not with age. Based on the results of that validation study, calibration factors
for infants’ accommodative response amplitudes may vary by a factor of two, although the
mean value is likely to be close to the readings provided by the photorefractor.

Variability in subjects’ calibration factors might have contributed to the range of apparent
response amplitudes seen across subjects (e.g., Figs. 4 -7). This range could also have resulted
from two other factors that may contribute to withinsubject variability. The first is the response
starting position. For example, if the subject’s motor response overshot the final stimulus
position in one response, a larger amplitude response would have to be generated to reach the
final position of the next stimulus. The second is the location of the range of best vision (depth

Tondel and Candy Page 7

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of focus) relative to the target before and after the target movement. In theory, the
accommodative response only has to move the range of best vision from wherever it starts to
include the target at the end of the response. Working under the assumption that infants have
a larger depth of focus than adults, it is feasible that they would have more variability in their
response amplitudes. Despite these factors, the withinsubject infant data in Figures 2, 5, and 6
clearly demonstrate stimulus velocity-dependent response velocities and durations.

The responses shown in the figures suggest that infants can produce different response
velocities close to those produced by adults. This is made more compelling by the fact that the
average infant calibration factor is close (within a factor of 1.2) to the average adult value.
Interestingly, the infants had, on average, the ability to produce accommodative velocities as
high as the faster ones produced by the adults. This seemed especially true when the step
responses and apparent corrective responses were considered (e.g., in the response to the
slowest stimulus from the infant at the bottom of Fig. 5). Other infants also demonstrated a
fast catch-up step response after a long latency, such as the infant shown at the bottom of Figure
2, at 145 seconds.

It is important to note that the photorefractor only measured refraction along the vertical
meridian and that an absolute offset in response could be the result of a real accommodative
lead or lag relative to the stimulus, the instrument’s calibration, or astigmatism leading to the
infant focusing another meridian on the target. These possibilities cannot be distinguished in
our data, though Blade and Candy31 found calibration offsets of typically less than 1 D in adults
and infants.

Latency
Adult latencies shorter than 500 ms are consistent with previous studies of step responses, in
which mean values are typically between 300 and 400 ms.42-48 These studies found small
differences between accommodative and disaccommodative latencies, typically around 50 ms,
but the ordering differed between data sets with no clear trend (e.g., Table 3 in Tucker and
Charman44). Hung and Ciuffreda15 found mean response latencies for their ramp stimuli that
showed the same pattern and approximate values as for adults in the present study (Fig. 8A).
Although Hung and Ciuffreda15 found this similar pattern using D/s stimuli, the tendency for
the accommodative latencies to be longer in the current data, especially at the slowest velocity,
is consistent with the motion of the stimulus in cm/s, as discussed.

Infant latencies compared well with those of the adults. A number of infants demonstrated the
ability to respond with adultlike latency. These data were collected with all the accommodative
cues present, and the response could be initiated through the processing of blur, retinal
disparity, size, or proximity information. Further data collection is required to determine which
of these cues drove the response latency. The chief result in the ANOVA was that overall the
infants responded more slowly than the adults. There were also many other unscorable
instances when infant subjects did not respond to the stimulus. It is not possible to determine
whether the slower responses or the lack of responses were the result of individual subjects’
capabilities (e.g., poorer sensory pro- cessing of the stimulus or stage of neural
myelination49,50) or of the motivation to respond.9,51,52

In a number of instances (Fig. 8), latencies for the step stimuli were longer than for the fastest
ramp stimulus, even though the step stimulus was the fastest stimulus presentation. This is
likely to be related to the stimulus design. First, the targets used to present the step stimulus
were not on the same visual axis. Second, the stimulus involved a clear discontinuity. In other
words, the subject was obliged to “find” the second stimulus when the illumination was
switched from the first one. The fastest ramp stimulus moved, with auditory noise, along a
continuous trajectory permitting the subject to track the target.
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Implications
This study has demonstrated that infants as young as 8 weeks of age are able to generate
binocular accommodative responses within half a second of object motion. They are also able
to interpret incoming visual information to generate response velocities and durations that are
related to those of the stimulus (at least for the four velocities tested here). The temporal
dynamics of their responses are relatively adultlike compared with the significant immaturities
in spatial acuity and contrast sensitivity documented in the literature for these ages.51,53

Performing dioptric instrument calibrations for subjects would permit more specific analysis
of the spatial accuracy of their motor responses.

The results of this study imply that infants, when motivated to fixate and focus on targets, are
capable of accommodating rapidly to moving objects in their environment or on stationary
objects as they are carried through their environment. Thus, for the typically hyperopic infant,
habitual retinal image quality acting as the input to neural and refractive development depends
largely on their accommodative accuracy rather than immaturities in the dynamics of the motor
component of their accommodative system. Infants appear to transition quickly from the
documented period of low gain in their steady state accommodative response function before
2 months of age (see, for example, Banks 9) to short latency tracking over a range of velocities.
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Figure 1.
Schematic of the experimental apparatus. For the ramp protocol, the stimulus, S, was moved
by a motor, m, along a track in front of the stabilized subject. The movement was recorded
using a linear potentiometer, p, which was synchronized with the video recorded by the
photorefractor camera, C. The target was moved from a viewing distance of 20 cm to a viewing
distance of 50 cm from the subject (a 30-cm movement) to present the disaccommodative
stimulus and in the opposite direction for the accommodative stimulus. For the step protocol,
the stimulus, S, was fixed at 20 cm from the subject, and a second fixed stimulus was introduced
above the camera axis at 50 cm, as represented by the checkered version. These stimuli were
alternately illuminated using a toggle switch that was also synchronized with the output of the
camera, C.
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Figure 2.
Raw data from the entire ramp session recorded from an adult (top), an 8 week-old infant
(middle), and a 12 week-old infant (bottom). The black line represents the stimulus position as
a function of time, which was the same for each subject. Data from the left and right eyes were
so similar that only data from each right eye are plotted for clarity. Raw photorefractor data
(collected at a viewing distance of 1 m) were shifted by 1 D to make the stimulus position of
0 in this figure equal to infinity. The 50-cm viewing distance therefore corresponds to a value
of −2 D in the figure and the 20-cm distance to −5 D.

Tondel and Candy Page 13

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
An example of the fit to the data used to calculate the latency of a response. The dashed line
function represents the fit to the potentiometer stimulus data (equation 1). The solid line
represents the fit of the first section of the stimulus function to the response data, with the rest
of the stimulus function added after the fit. The amount of the stimulus function used was
adjusted to achieve a visually acceptable fit. The latency (L) of the response was calculated by
taking the difference between the beginning of the stimulus and the response, as shown.
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Figure 4.
Adult responses to the ramp accommodative stimuli of different velocities. Each gray level
represents a different adult, shifted vertically for clarity. The smooth black functions represent
the stimuli for comparison (with the beginning of the stimulus and response aligned). Each
unit on the y-axis represents 1 D, and on the x-axis it represents 1 second.
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Figure 5.
Infant responses to the ramp accommodative stimuli of different velocities. Each gray level
represents a different infant whose age is shown at the bottom of the figure. The format is the
same as for Figure 4.
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Figure 6.
Responses to the ramp disaccommodative stimuli from one adult and one 12-week-old infant.
The format is the same as for Figure 4.
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Figure 7.
Responses to the step stimuli from one adult and a number of infants of different ages. The
amplitude of the stimulus is represented by the dashed lines. Otherwise, the format is the same
as for Figure 4. Successful step responses, as defined in the data analysis section, were collected
from 10 infants of 10 to 19 weeks of age (from a total of 41 attempts).
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Figure 8.
Latencies of individual responses as a function of stimulus direction, age, and stimulus velocity.
(A) Latencies for the accommodative responses. (B) Latencies for the disaccommodative
responses. Data are grouped as a function of age as shown on the x-axis. Each data point
represents the latency for one subject. Top right: number of subjects contributing points;
triangles: data for the 5-cm/s condition; squares: data for the 20-cm/s condition; circles: data
for the 50-cm/s condition; diamonds: data for the step condition. With this apparatus it was
easier, based on anecdotal evidence, to elicit responses from infants in the ramp protocol than
in the step protocol.
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