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PURPOSE. The goal of this study was to compare objectively the
sensitivity of the accommodation system in human infants and
adults under binocular and monocular viewing conditions.

METHODS. Full-term infants from 2 to 4 months of age and
pre-presbyopic adults were presented with a high-contrast
cartoon stimulus moving sinusoidally in diopters around a
mean position of 2 D (50 cm). Three stimulus amplitudes were
used in one trial (0.25, 0.50, and 0.75 D), with unpredictable
stimulus motion during each amplitude change. Eccentric pho-
torefraction was used to record accommodative responses at
25 Hz. The stimulus was made monocular by placing an infra-
red filter over the right eye, to block visible light but pass the
near-infrared wavelength of the photorefractor and allow re-
sponses to be recorded from both eyes.

RESULTS. Fourier analysis was used to determine the accommo-
dative response at the frequency of the stimulus. Significant
signal-to-noise ratios indicated that, on average, the 2- to
4-month-old infants generated an accommodative response to
at least the 0.75 D amplitude monocular stimulus and the 0.75
and 0.50 D binocular stimuli. Adults responded to the 0.25 D
amplitude both binocularly and monocularly.

CONCLUSIONS. In infants 2 to 4 months of age, the developing
visual system compensates for small changes in defocus rela-
tive to the typical amounts of hyperopic refractive error found
at that age. (Invest Ophthalmol Vis Sci. 2010;51:3309–3317)
DOI:10.1167/iovs.09-4667

Many infants are hyperopic1 and, in daily dynamic life,
accommodation is therefore necessary to eliminate defo-

cus and improve retinal image quality. Without high spatial
frequencies in the retinal image, chronic defocus has the po-
tential to disrupt cortical development,2,3 whereas animal mod-
els suggest that it is actually a useful cue for emmetropization.4

Accommodative performance, therefore, has a key role in de-
fining the postnatal visual experience of many infants, and the
impact of any experience-dependent developmental pro-
cesses.

Young infants can accommodate, although their accommo-
dation response is not as accurate as that of adults. Infants less
than 2 months of age tend to focus at approximately 30 to 50
cm, irrespective of the target distance, but then start to adjust
their response over a range of distances during their third
month.5–11 At 2 to 4 months of age, when viewing a static

stimulus, they demonstrate accommodative fluctuations with a
standard deviation of approximately 0.3 D12 (compared with
the adult value of 0.12 D), whereas for binocular dynamic
stimuli, they typically initiate an accommodative response
within 1 second and are able to track stimuli of different
velocities13,14 (compared with typical adult latencies of less
than 500 ms15,16).

The visual system’s sensitivity to target distance is central to
generating accurate accommodation responses and so under-
standing this sensitivity is central to understanding normal visual
experience and clinical abnormalities. Although the adult accom-
modative system has been shown to be sensitive to a change of
approximately 0.1 D in blur,17,18 few studies have been under-
taken to explore infants’ sensitivity to blur. Atkinson et al.19

showed that 1- to 3-month-old infants could discriminate behav-
iorally between blurred and sharp images. Two other studies also
demonstrated that infants’ visual acuity could be reduced by
introducing lenses of as little as 1 to 2 D.20,21 These studies are
limited in the context of analyses of accommodative perfor-
mance, however, in that they did not control or measure accom-
modation, and therefore the data cannot be interpreted in the
terms of sensitivity to absolute change in retinal defocus.

For the purposes of this study, the threshold sensitivity of
the accommodative system is defined as the smallest change in
dioptric distance of a target that results in an accommodative
response. The cues used to drive this response could include
any information available in the stimulus, for example blur,
disparity, proximity, or looming,

Because there is evidence of coupling between accommo-
dation and vergence in infants,14,22–24 disparity cues could play
an important role in infants’ accommodative activity through
the neural cross-link. Hainline et al.10 found that convergence
developed before accommodation in a large sample of infants,
and Currie and Manny,9 studying accommodative responses in
binocular and monocular viewing, suggested that retinal dis-
parity cues may help refine accommodative responses in in-
fants (through vergence; see also Ref. 25).

The goal of our study was to measure the sensitivity of the
accommodation system of 2- to 4-month old human infants in
both binocular and monocular viewing conditions, to deter-
mine their sensitivity in the presence and absence of binocular
cues.

METHODS

Subjects

Full-term, healthy infants from 2 to 4 months of age (mean, 3.12
months), and pre-presbyopic adults with emmetropia or low myopia
(�1D) were recruited from the local community. None of the subjects
had any clinically significant ocular abnormalities. Informed consent
was gathered from parents for their infants and from the adults, after
the study had been reviewed and approved by the Indiana University
Institutional Review Board. The study adhered to the tenets of the
Declaration of Helsinki.
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Apparatus

Figure 1 shows a photograph of the apparatus. The infants’ accommo-
dative responses were collected with a video-based eccentric photore-
fractor (PowerRefractor; Multi Channel Systems, Reutlingen, Ger-
many), at a sampling rate of 25 Hz.26,27 Its camera was mounted at a
1-m viewing distance from the subject in a long black box. The subjects
were aligned with the box, viewing through a window, and the target
was presented to them on an LCD screen (13 � 10 cm) mounted
horizontally above the camera axis. The image of this target was
reflected to the viewing window with a beamsplitter centered on the
camera axis. The sensitivity of the accommodation system was mea-
sured by moving the target along a track between the photorefractor
camera and the subject, using a motor system that moved the target at
velocities defined in diopters per second. The photorefractor recorded
eye alignment by Purkinje image eye tracking and the binocular refrac-
tive state by eccentric photorefraction. The photorefractor was syn-
chronized with the stimulus motor system to permit simultaneous
recording of target position with the eyes’ focus and alignment.

Stimulus

A high-contrast cartoon picture was used as the target. It subtended
2.3° of visual angle at a 2 D distance (50 cm). The accommodative
performance of adults depends on the spatial frequency content of the
target,28 and this target had a broadband amplitude spectrum with a
slope of �1.48. It was presented at high contrast in an attempt to
generate a highly visible naturalistic target containing the spatial infor-
mation typically available to the accommodative system.29,30 This may
not be the truly ideal spatial stimulus to drive an infant’s accommoda-
tion maximally—the spatial contrast sensitivity function of the infant
accommodation system is yet to be understood—but it represents the
typical information that the system would be presented with in a
naturalistic setting. Presumably, the infants could perform at this level
or better when presented with an ideal stimulus.

The target started at the baseline 2 D distance from the subject in
each trial (i.e., at a 50 cm viewing distance). It remained in that
position for a few seconds and was then moved quasisinusoidally with
amplitudes of 0.25, 0.5, and 0.75 D (Fig. 2). Each stimulus amplitude

was presented for three cycles. The amplitudes were presented in the
order 0.5, 0.25, and 0.75 D, and the baseline 2 D distance was chosen
to center the stimulus in a typical range for infant activities and
behavior. An unpredictable aperiodic stimulus movement was inserted
between amplitudes to disturb any responses based on prediction.31

The temporal response function of the adult accommodative system is
low-pass, with a cutoff of approximately 1 Hz.32 Using the data of
Tondel and Candy13 and assuming that infant accommodation has
similar characteristics, we chose a low temporal frequency of 0.1 Hz
for the stimulus, but, to explore the influence of temporal frequency,
a small amount of data were also collected at 0.4 Hz.

Procedures

Data were collected in a dimly lit room, to reduce the influence of
distractions. The mean luminance of the LCD screen was 40 cd/m2.
The infant’s eyes were aligned with the photorefractor at the correct
viewing distance by an experimenter who gently supported the chin to
reduce head movements (see Fig. 1).

FIGURE 1. The photorefractor cam-
era was mounted 1 m from the eyes
of the subject. An LCD screen and
infrared transmitting beamsplitter
was moved by a motor system over a
range of dioptric distances from 1.1
to 5 D. The target on the LCD screen
was presented to the subject by re-
flection at the beamsplitter.

FIGURE 2. The accommodative stimulus as a function of time. Three
cycles each of three quasisinusoidal amplitudes (0.25, 0.5, and 0.75 D)
were presented at 0.1 Hz in each trial. Aperiodic sections were in-
serted between the different amplitudes to make the stimulus unpre-
dictable and to confirm that the subjects were maintaining active
tracking. The stimulus duration at each amplitude was 30 seconds, and
the total duration was approximately 135 seconds.
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Experiment 1. Accommodative responses were measured from
38 infants and 11 adults under binocular viewing conditions.

Control Experiment A for Experiment 1: Binocular View-
ing Conditions with a Static Target. In this control experiment,
eight infants and four adults viewed the target binocularly at 50 cm for
30 seconds. This duration was the same as three cycles of the dynamic
stimulus and was designed to confirm that infants do not show a

response at 0.1 Hz in the absence of the stimulus.
Control Experiment B for Experiment 1: Binocular View-

ing Conditions with a Different Stimulus Order. Although an
aperiodic stimulus was inserted between the different stimulus ampli-
tudes to eliminate the influence of the prior amplitude, a few infants (n
� 8) completed the same protocol with a shifted stimulus order (0.25,
0.5, and 0.75 D), to determine whether the order of the amplitudes
affected the results.

Experiment 2. Accommodative responses were measured from
34 infants and 9 adults under monocular viewing conditions, for target
motion at 0.1 Hz. The monocular viewing condition was created by
covering the subject’s right eye with an infrared filter (no. 87; Edmund
Optics, Barrington, NJ). The infrared filter blocked visible light and
passed the near-infrared wavelengths (�760 nm) of the photorefractor
light source (�790 nm). In this way, cues dependent on binocular
vision were excluded, and their potential contribution to the binocular
accommodative response could be assessed by comparing the data to
those recorded in experiment 1.

Experiment 3. A small number of subjects provided data col-
lected binocularly or monocularly for target motion at 0.4 Hz. This
experiment was conducted for three reasons: First, the temporal tun-
ing of the 2- to 4-month-old infant accommodation system is unknown,
although they do respond to both ramp and step stimuli.13 For adults,
performance decreases with increasing temporal frequency.32 Second,
the largest amplitude microfluctuations occur at low frequencies (�0.5
Hz, especially around 0.1–0.2 Hz). Collecting data at 0.4 Hz, where
microfluctuations are relatively reduced, may decrease their impact on
the data.12,33 Third, Schor and Kotulak34 demonstrated that adult
subjects do not respond well to low temporal frequencies (0.05 Hz) in
monocular viewing.

During the 0.4-Hz trials, only two stimulus amplitudes (0.25 and 0.5
D or 0.5 and 0.75 D) were presented because of limitations of the
equipment. Twelve cycles were included at each amplitude so that 30
seconds of data were collected, to be consistent with the 0.1 Hz
condition.

Data Analysis

Typically infant data were collected for one condition per visit, due to
their short attention span. It was possible for raw data samples to be
missing from the photorefractor data, if the pupil size was too small
(the photorefractor does not collect data below a 3-mm pupil size) or
if an infant subject lost fixation. In addition, individual raw data points

were excluded if they fell out of the linear operating range of the
photorefractor (�6 to �4 D) or the eye position was greater than �15°
eccentricity from the pupillary axis (to avoid changes in refraction
caused by peripheral optics). If less than one third of the possible
samples were usable in any condition (750/3 � 250), the full set of data
were automatically excluded. Ultimately, binocular data from 33 in-
fants and monocular data from 26 infants were included in the analy-
ses. Similarly, binocular data from 10 adults and monocular data from
8 adults were included (as a result of the pupil size criterion).

The target was moved between 80 and 36 cm (1.25 and 2.75 D),
which, if tracked accurately, corresponded to ocular rotations of 2° for
a 45 mm interpupillary distance (typical of a 3-month-old, as measured
in our laboratory) or 2.7° for a typical adult interpupillary distance of
62 mm. Although the change in refraction with change in eccentricity
of the infant eye is currently unknown, these rotations are relatively
small.

The data collected for each 30-second stimulus were extracted so
that they could be interpreted as a function of stimulus amplitude
(0.25, 0.5, or 0.75 D) for each subject. There was no smoothing
procedure applied to the data.

Fourier analysis was then conducted on both the stimulus and the
response (Fig. 3). The goal was to determine whether the accommo-
dative response amplitude at the stimulus frequency (e.g., 0.1 Hz) was
significantly different from the amplitude at other frequencies, indicat-
ing a response to the motion of the target.

The significance of an apparent response at the stimulus frequency
was evaluated using an estimate of the signal-to-noise ratio (SNR). The
response at the stimulus frequency was treated as the signal and
responses at adjacent frequencies were used to estimate the noise. For
example, for the data collected in experiments 1 and 2, the SNR was
defined as the ratio of the amplitude of the accommodative response at
0.1 Hz to the mean amplitude of the responses at the two neighboring
frequencies (0.067 and 0.133 Hz).

The criterion for a significant SNR was developed using the data
from experiment 1, control experiment A, based on an approach used
with VEP data by Norcia and Tyler.35 The data were analyzed by FFT,
and the SNR for each subject was calculated for the static target, with
no change in accommodative stimulus. The mean log(SNR) of the left
eye’s response at 0.1 Hz in the absence of the sinusoidal stimulus was
�0.05 (SD 0.30) for infants and �0.36 (SD 0.47) for adults. Assuming
the log(SNR) is normally distributed, a one-tailed 95% confidence
interval provides an SNR criterion for infants of 2.8 (log(SNR) � 1.65 �

SD is 0.447; 100.447 � 2.80) and an adult criterion SNR of 2.5 (log(SNR)
� 1.65 � SD is 0.406; 100.406 � 2.5). Therefore, an SNR �2.8 was used
as the criterion to define a significant accommodative response at 0.1
Hz in the presence of the stimulus in the infants, and 2.5 was used for
adults. The corresponding values at 0.4 Hz were 2.8 for infants and 3.0
for adults.

FIGURE 3. Data collected from a 13-week-old infant in the binocular viewing condition. The stimulus amplitude was 0.75 D and its frequency was
0.1 Hz. (A) The 0.75 D stimulus and accommodative response of the left eye. The corresponding amplitude spectra are plotted in (B). The stimulus
amplitude and the response amplitude of the left eye are represented.
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RESULTS

Data were collected from 38 infants, and usable data were
provided by 33 of them in the binocular viewing condition (0.1
Hz) in experiment 1. Data were collected from 34 infants, and
usable data were collected from 26 of them in the monocular
viewing condition (0.1 Hz) in experiment 2. Only data from left
eyes will be reported, as the right eye was occluded in the
monocular viewing condition.

In Figure 3A, it can be seen that a sample infant (JD)
responded with changes in accommodation to the motion of
the 0.75-D stimulus presented at 0.1 Hz. The response shown
in the figure was typical of all subjects, in that it followed the
stimulus with a tracking profile and short latency. The SNR at
0.1 Hz was 3.8 in the left eye and 4.6 in the right eye, which
were both larger than the criterion of 2.8. These accommoda-
tive responses were therefore viewed as significant.

Experiment 1: Binocular Viewing Conditions
at 0.1 Hz

The back-transformed mean log(SNR) for individual infants’ left
eyes was 1.3 (mean �1 SD � 0.7, mean �1 SD � 2.2) for the
0.25 D stimulus, 2.1 (mean –1 SD � 0.9, mean �1 SD � 5.2)
for the 0.5 D stimulus, and 2.8 (mean �1 SD � 1.3, mean �1
SD � 5.9) for the 0.75 D stimulus, in the binocular viewing
condition. The back-transformed mean log(SNR) for individual
adults’ left eyes was 4.2 (mean �1 SD � 2.4, mean �1 SD �
7.3) for the 0.25 D stimulus, 9.4 (mean – 1 SD � 5.0, mean �1
SD � 17.7) for the 0.5 D stimulus, and 11.7 (mean �1 SD �
7.2, mean �1 SD � 19.0) for the 0.75 D stimulus, in the
binocular viewing condition.

The SNRs of the individual subjects were also examined as
a function of stimulus amplitude. Five infants generated non-
significant SNRs at all stimulus amplitudes, and nine infants
produced nonmonotonic functions in that their responses did
not remain above the 2.8-threshold criterion with increase in
stimulus amplitude. In the group that produced SNRs that
remained above criterion once the threshold was reached, 1
infant achieved it at 0.25 D, 8 reached it at 0.50 D, and 10
reached it at 0.75 D. These numbers are shown in parentheses
in each cell in Table 1. There were no adults who produced
nonmonotonic functions and they all generated SNRs that met
the criterion. Nine responses reached threshold at 0.25 D, and
the other one reached it at 0.5 D.

A summary of the amplitude at 0.1 Hz from the FFT analyses
of the individual data during binocular viewing is presented in
Figure 4. It demonstrates that the mean infant response ampli-

tude was larger than the stimulus amplitude, unlike that of the
adults, whose responses were relatively well matched to the
stimulus. This difference could be related in part to the cali-
bration of the photorefractor, as the instrument was not cali-
brated for each individual in this study. Our previous work
suggests that the infant calibration slopes may have been
higher for the infant group than the adult group.36

Figure 3B, demonstrates that the data from individual in-
fants were noisy, with energy distributed over a range of
frequencies (including higher harmonics of the stimulus fre-
quency). Therefore, an additional analysis was performed for
each stimulus amplitude, as follows: The infants’ raw data were
averaged across individuals for each amplitude, with the indi-
vidual’s mean value adjusted to �2 D and no compensation for
any phase differences (as shown in Figs. 5A–C for infants and
Figs. 6A–C for adults). An FFT was then performed on the
averaged data (as shown in Figs. 5D–F for infants and Figs.

TABLE 1. Summary of the SNRs from the FFT Analyses

Viewing Condition
Group

(Number of Subjects)

OS

0.25 D 0.50 D 0.75 D

Binocular (0.1 Hz) Infant (n � 33) 1.3 (0) 3.5 (8)* 10.5 (10)*
Adult (n � 10) 11.9 (7)* 19.9 (2)* 21.0 (1)*

Monocular (0.1 Hz) Infant (n � 26) 0.9 (0) 1.2 (0) 7.3 (3)*
Adult (n � 8) 8.4 (4)* 16.9 (2)* 17.5 (1)*

Binocular (0.4 Hz) Infant (n � 5) 5.0 (1)* 8.15 (4)* NA
Adult (n � 4) 4.3 (3)* 6.4 (1)* NA

Monocular (0.4 Hz) Infant (n � 6) NA 2.2 (0) 4.4 (2)*
Adult (n � 4) 5.45 (4)* 6.6 (0)* NA

The first value in each cell is the SNR for the averaged group raw data under binocular or monocular
viewing conditions. The second value, in parentheses, is the number of individuals who reached a
significant response at each stimulus amplitude (these subjects also maintained significant responses at the
larger stimulus amplitudes). NA, no data available.

* Significant response, based on the static data criteria of 2.8 for infants and 2.5 for adults at 0.1 Hz,
and 2.8 for infants and 3.0 for adults at 0.4 Hz.

FIGURE 4. The mean amplitudes at 0.1 Hz from the FFTs of the
individual raw infant and adult data collected in binocular viewing
conditions. Solid line: a response that equals the stimulus, an accurate
response. The symbols plotted at a stimulus amplitude of 0 show the
data collected in the static target control condition (experiment 1A).
Error bars, SEM.
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6D–F for adults) and the SNRs calculated. These pooled group
data SNRs are summarized in Table 1. The SNR of the pooled
raw infant data were greater than 2.8 for the 0.5 and 0.75 D
amplitude stimuli, but not for the 0.25 D stimulus. The right
eye data showed the same effect. The corresponding adult
values were greater than 2.5 for all the stimulus amplitudes
(see Table 1).

Control Experiment B: Binocular Viewing
Conditions with a Different Stimulus Order

For the adjusted stimulus order, the back-transformed mean
log(SNR) for individual infants’ left eyes was 0.6 (mean �1
SD � 0.2, mean �1 SD � 1.7) for the 0.25 D stimulus, 1.5
(mean �1 SD � 0.7, mean �1 SD � 3.5) for the 0.5 D stimulus,
and 2.1 (mean �1 SD � 0.6, mean �1 SD � 7.3) for the 0.75
D stimulus, in the binocular viewing condition. The FFT per-
formed on the pooled raw data provided significant responses
to the 0.5 D (SNR � 3.3) and 0.75 D (SNR � 6.7) stimuli. The
response to 0.25 D (SNR � 1.0) was not significant. These data
are consistent with the data in Figure 5. Thus, the manipulation
of the order of the stimulus levels had a minimal effect on the
results.

Experiment 2: Monocular Viewing Conditions
at 0.1 Hz

Binocular cues, including disparity, were uninformative about
the stimulus when the subjects were placed in monocular

viewing conditions. Data collection was typically more difficult
than in binocular viewing conditions, as many infants objected
to having one eye covered.

The back-transformed mean log(SNR) for individual infants’
left eyes was 0.9 (mean �1 SD � 0.5, mean �1 SD � 1.5) for
the 0.25 D stimulus, 0.8 (mean �1 SD � 0.5, mean �1 SD �
1.5) for the 0.5 D stimulus, and 1.1 (mean �1 SD � 0.4, mean
�1 SD � 3.1) for the 0.75 D stimulus in these conditions. The
back-transformed mean log(SNR) for individual adults’ left eyes
was 5.0 (mean �1 SD � 3.3, mean �1 SD � 7.5) for the 0.25
D stimulus, 6.9 (mean �1 SD � 3.0, mean �1 SD � 15.9) for
the 0.5 D stimulus, and 9.4 (mean �1 SD � 5.8, mean �1 SD �
15.2) for the 0.75 D stimulus.

With regard to the individual subjects’ functions, 19 infants
produced no response above the criterion, 1 was nonmono-
tonic, and 6 reached the threshold at 0.75 D. In the adult
group, there were no subjects without suprathreshold re-
sponses, one with a nonmonotonic function, and seven who
reached an SNR of at least 2.5 at 0.25 D.

A summary of the FFT amplitudes of individual subjects at
0.1 Hz in the monocular viewing condition is shown in Figure
7 and demonstrates that the infant and adult values are typically
close to the stimulus amplitude, except for the infants at
0.25 D.

The results of the pooled raw data group-based analysis for
infant monocular viewing are shown in Figure 8. As demon-
strated by the SNRs presented in Table 1, the group-based
infant response to the 0.75-D stimulus was significant, whereas

FIGURE 5. Pooled infant raw data at (A) 0.25, (B) 0.50, and (C) 0.75 D from the left eyes of all the infant subjects (n � 33) for the binocular
stimulus presented at 0.1 Hz. (D–F) The corresponding amplitude spectra from the FFT analyses. The stimulus is plotted in each case for
comparison. The SNRs were 1.3, 3.5, and 10.5, respectively, for the 0.25, 0.5, and 0.75 D stimuli.
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their responses to 0.25 and 0.5 D were not. In comparison, the
adult subjects responded to all the stimulus levels significantly.

Experiment 3: Data Collected at 0.4 Hz

Data from 11 infants and 4 adults were collected at 0.4 Hz. Data
from five infants and four adult subjects were collected in
binocular viewing conditions, and data from six infants and
four adults were collected in monocular viewing conditions.
FFT analyses were performed on the group-averaged raw data,
similar to the analyses of the data collected at 0.1 Hz. The
resulting SNRs are shown in Table 1. The infant binocular 0.4
Hz SNRs were higher than those in the 0.1 Hz condition, and
the response was significant at the 0.25 D stimulus level. The
monocular data are consistent with the 0.1 Hz data, however,
and only 0.75 D reached significance. The adults demonstrated
significant responses to both stimulus levels (0.25 and 0.5 D)
under both binocular and monocular viewing conditions. The
number of subjects reaching the threshold criteria of 2.8 for
infants and 3.0 for adults, as a function of stimulus amplitude,
is shown in parentheses in Table 1.

DISCUSSION

When compared with the static target condition, adults gener-
ated significant responses to all the stimulus amplitudes at 0.1
Hz in both binocular and monocular conditions. Consistent
with the literature, the subjects showed accommodative re-
sponses to stimuli of � �0.25 D (Winn et al.18: �0.1 D; Schor

FIGURE 6. Pooled adult raw data at (A) 0.25 (B) 0.50, (C) 0.75 D from the left eyes of all the adult subjects (n � 10) for the binocular stimulus
presented at 0.1 Hz. (D–F) Corresponding amplitude spectra from the FFT analysis. The stimulus is plotted in each case for comparison. The SNRs
were 11.9, 19.9, and 21.0, respectively, for the 0.25, 0.5, and 0.75 D stimuli.

FIGURE 7. Mean FFT amplitudes at 0.1 Hz for the infant and adult
individual data in monocular viewing conditions. Solid line: a response
that equals the stimulus. The symbols plotted at a stimulus amplitude
of 0 show the data collected when the target was static in the control
experiment in binocular viewing (experiment 1A). Error bars, SEM.

3314 Wang and Candy IOVS, June 2010, Vol. 51, No. 6



and Kotulak,34: �0.12–0.14 D). The group-averaged raw data
and individual functions suggest that, at the group level, by 2 to
4 months, infants can respond to the 0.5 and 0.75 D stimulus
amplitudes binocularly, but they may not be able to track the
�0.25 D stimulus modulation at 0.1 Hz. Also, based on the
group-averaged raw data, the infants responded to the 0.75 D
stimulus amplitude monocularly. Thus, these results indicate
that the infant accommodative sensitivity is on the order of
�0.5 D or better binocularly and �0.75 D monocularly. Al-
though the noise in the individual functions may have masked
small responses, and the group-averaged data may have re-
duced the apparent noise to levels below that experienced by
any individual subject, the fact that the individual infants were
capable of discriminating the finer structure of the stimulus
profile (e.g., Fig. 3) suggests that they were, in fact, capable of
responding to smaller changes in the stimuli than the full
amplitude of the stimulus sinusoid. The infants also demon-
strated finer discrimination in the 0.4 Hz condition in that the
group average SNR was significant at 0.25 D for binocular
viewing. Without careful individual calibration, it was not pos-
sible to confirm that the infants were responding to precisely
these levels of defocus in the absolute sense. They could have
had a small constant mean bias or error relative to the stimulus,
for example. However, the data do demonstrate discrimination
of blur on the scale provided by these stimuli.

In addition, the infant binocular response amplitude was
larger than that found in monocular viewing conditions. This
result agrees with the observation that accommodation in
uninstructed adults is reduced in gain if one eye is occluded24

and with the findings in two studies showing the same result in
infants.24,25 The increased noise and apparently reduced signal
amplitude both had the effect of reducing the SNR in monoc-
ular viewing conditions.

Generally, the infants’ data were noisier than the adults’.
The infants’ amplitudes at the stimulus frequency were also
more variable than those of adults (the SD of the infant data
were approximately four times that of adults). There are sev-
eral possible sources of this noise beyond instrument noise in
the photorefractor estimates, which has a power of approxi-
mately 0.2 D2 at low frequencies.12 First, the infants’ responses
to the static stimulus were also more variable than that of the
adults (the SD of the infants’ amplitude at 0.1 Hz (0.27) was
five times of that of adults (0.045) even after being calibrated
with the mean slopes (infant, 1.1; adult, 0.92).36 This result
could be due to the elevated accommodative microfluctuations
of infants compared with that of adults.12 Second, it is feasible
that infants attended to the target less frequently than adults,
and therefore the data may include measurements of periph-
eral optics, although all data collected beyond 15° eccentricity
were excluded.

Empirical Data Compared with
Theoretical Prediction

A study of visual acuity as a function of changing target viewing
distance found that 1- to 2-month-old infants’ visual acuity did
not change with target distance.37 This result suggested that
infants either changed their accommodation, or they had a

FIGURE 8. Pooled raw data for the monocular viewing condition at (A) 0.25, (B) 0.50 , and (C) 0.75 D from the left eyes of the infant subjects
(n � 26), compared with the stimulus. (D–F) Corresponding amplitude spectra from the FFT analyses compared with the stimuli. The SNRs were
0.9, 1.2, and 7.3, respectively, for 0.25, 0.5, and 0.75 D stimulus amplitudes.
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large depth of focus (DOF) over which their acuity was con-
stant.37 Green et al.,38 after noting that the slope of infants’
accommodative response functions are shallow, explored the
DOF question. They predicted infants’ accommodative behav-
ior based on assumptions that (1) infants’ accommodative DOF
depends on their FPL (forced-choice preferential-looking) vi-
sual acuity and (2) the just-detectable blur circle diameter on
the retina equals eight tenths of the stripe width at their FPL
acuity. The equation was as follows:

�D � �
7.03

P � V

where �D is depth of focus in diopters, P is pupil diameter in mm,
and V is visual acuity in cycles per degree. Based on this equation,
the DOF of younger infants should be larger than that of adults,
due to their smaller pupil size and poorer visual acuity.

DOF predictions, based on the equation of Green et al.38 are
given in Table 2 and compared with the results from the
present study. The predictions are in relatively good agreement
with the stimulus amplitudes that resulted in significant SNRs
and also as noted by Green et al.,38 with estimates of 3-month-
olds’ accommodative lags measured with objective retinal re-
flection techniques such as retinoscopy.

The agreement between these datasets does not address the
finer structure of the infants’ responses in the present study,
however. Individual infants demonstrated sensitivity to
changes in the stimulus that are smaller than the stimulus
amplitude, at the reversal of stimulus direction for example
(Fig. 3). It is feasible that the blur discrimination of the infant
accommodation system is greater than that predicted by Green
et al.38 for several reasons. The validity of the first assumption
of Green et al.38 about the dependence on FPL acuity depends
on the sensitivity or maturity of the sensory pathway into the
accommodative system. If the accommodative system receives
sensory information from earlier stages of processing than
those limiting the FPL acuity estimates, it would be possible for
the accommodative system to be more sensitive than repre-
sented in FPL acuity data.41–43 Also, the infants’ performance
in this study could reflect the contribution of any cue capable
of driving the accommodative system, such as disparity or
looming, for example. Thus, the present study suggests that
the prediction of Green et al.38 may be a conservative estimate
of the sensitivity of the infant accommodative system.

Effects of Accommodative Sensitivity on Retinal
Image Quality

The data collected in our study suggest that 2- to 4-month-old
infants’ accommodative sensitivity is 0.5 D or better in binocular
viewing and 0.75 D or better in monocular viewing. Although this
difference in SNR could result from increased noise in the mon-
ocular condition, it may also reiterate that binocular cues play an
important role in refining the accommodative response and con-

sequently that retinal image quality in binocular conditions may
be better than in monocular viewing.

Infants are typically hyperopic,1 with a mean value near
birth of approximately 2 D (SD �2 D). Therefore, the results of
this study of naturalistic binocular viewing conditions suggest
that the 2- to 4-month-old accommodative system can largely
eliminate the retinal defocus resulting from typical refractive
errors and viewing distances and that these infants are typically
not obliged to experience prolonged periods of defocus.
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