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PURPOSE. To validate a novel, automated test of infant resolution acuity based on remote eye-
tracking.

METHODS. Infants aged 2 to 12 months were tested binocularly using a new adaptive
computerized test of infant vision using eye tracking (ACTIVE), and Keeler infant acuity cards
(KIAC). The ACTIVE test ran automatically, using remote eye-tracking to assess whether the
infant fixated a black-and-white grating of variable spatial frequency. Test-retest reliability was
assessed by performing each test twice. Accuracy was assessed by comparing acuity measures
across tests and with established age-norms, and by comparing low-contrast acuity estimates
in adults with data reported previously.

RESULTS. All infants completed the ACTIVE test at least once. Median test duration was 101
seconds. Measured visual acuity increased with age (P < 0.001), and 90% of mean acuity
estimates were within previously published 90% tolerance limits (based on acuity-card age
norms). Acuity estimates were also correlated, within-subjects, with results from the KIAC (P
¼ 0.004). In terms of reliability, 86% of acuity estimates deviated by �1 octave, with no
significant difference in test-retest reliability between the ACTIVE and KIAC procedures (P ¼
0.461). In adults, acuity estimates from the ACTIVE test did not differ significantly from values
reported by previous authors (P > 0.183).

CONCLUSIONS. An adaptive computerized test of infant vision using eye-tracking provides a
rapid, automated measure of resolution acuity in preverbal infants. The ACTIVE performed
comparably to the current clinical gold standard (acuity cards) in terms of testability,
reliability, and accuracy, and its principles can be extended to measure other visual functions.

Keywords: visual acuity, infant vision, eye-tracking

Quick and accurate behavioral measures of resolution acuity
are vital for assessing vision, both in clinical practice and

in research. These measures can be used to detect patholo-
gies,1–3 predict visual outcomes,4,5 and assist in the planning
and assessment of treatments.6 The ability to measure acuity
during infancy is particularly important, since this is when the
visual system is developing most rapidly,7 and interventions
may be most effective.8,9

In infants, the current gold-standard test of functional acuity
is the preferential-looking acuity card procedure.10 The
operator presents the infant with a sequence of cards, each
containing a black-and-white grating on either the left or right
side. Gratings vary in spatial frequency, and are presented
against a gray background of matched mean luminance. Given
their preference for pattern over uniformity,11 infants will tend
to fixate the grating pattern if they can resolve it. A trained
operator judges whether the infant fixates the grating, and
determines the highest spatial frequency that they fixate
reliably.

The acuity card procedure has changed little since its
introduction, 35 years ago.12–15 This lack of development partly
reflects its effectiveness. Acuity cards yield results in ~95% of

healthy infants,16–18 and within 5 minutes can give estimates of
acuity that, in ~90% of cases,16 are reliable to within 1
octave12,18–20 (i.e., a doubling or halving of spatial frequency).

However, acuity cards do have limitations. A substantial
practical drawback is that they require an expert operator.
Thus, despite their apparent simplicity, effective use of the
cards demands ‘‘a practiced clinician’’21 with ‘‘considerable
experience’’6 and ‘‘considerable judgment.’’16

In clinical environments, the operator often has little
knowledge of, or control over, key test parameters. In
particular, the luminance of the test card in the lighting
conditions of the room, its presentation distance, or precisely
where in the visual field the grating stimulus is presented. For
example, while presentation distance should be constant, it is
common for infant, parent, or operator to move during testing.
Such movements are known to occur even when testing acuity
in adults,22 and given that acuity cards are presented in the
near-field (i.e., at 38–84 cm), a movement of 10 cm could cause
acuity measurements to vary by 25%. Similarly, since the
infant’s initial fixation position cannot be controlled, the
location of the stimulus within the visual field is liable to vary
across trials, again causing expected acuity to fluctuate.23,24
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Such variations in luminance, distance, or position, are
potential sources of measurement error, and may also bias
results systematically. For example, differences in luminance
have been hypothesized to explain differences in acuity of up
to 1 octave between laboratories.25,26 Other factors, such as
the level of experience of the operator (Brown A, unpublished
observations, 2014), may further affect the acuity estimates,
and are difficult to quantify or report.

The optimal stimulus for acuity testing is a sine-wave
grating, contrast modulated smoothly at the edges. This is
difficult to achieve with printed cards, which are therefore
liable to exhibit edge effects. Further confounds may be
introduced over time as the cards become scratched or faded.
Such artifacts are likely to have negligible impact in very young
infants, but are clearly visible by adulthood, where they can be
used as cues to perform the task. Their effect on older infants
and children is unknown.

Finally, acuity cards are inflexible. In some cases, it may be
advantageous to vary the range or distribution of test stimuli
(e.g., in order to track small changes over time). Similarly, in
some circumstances it may be beneficial to vary the
contrast,27,28 hue,29,30 or spatial location31,32 of the stimuli in
order to more fully characterize the infant’s visual system.
These kinds of modifications cannot be implemented practi-
cally using printed cards.

In the present work, we addressed these challenges by
developing a novel, computer-based system in which stimuli
are displayed on an LCD screen, while a remote eye-tracker
precisely tracks infants’ looking responses. The result is the
ACTIVE test, suitable for use with nonverbal observers. The
protocol described here measures resolution acuity, but the
same principles—combining remote eye-tracking with auto-
mated algorithms—can be extended to measure other aspects
of visual function, such as contrast sensitivity, chromatic
discrimination, field testing, and spatiotemporal sensitivity.

METHODS

Participants

Observers were 30 infants (16 female), aged 2.6 to 12.7
months, with no known visual problems or medical condi-
tions. Ages were corrected for gestational age at birth, and
were distributed approximately uniformly (the age distribution
can be seen in the ‘‘Results’’ section, where acuity is plotted
against age). No infant was born more than 13 days premature,
and mean age at birth was 2.7 days postterm. Birth weight was
not recorded, but all children had normal birth histories, and
none required special neonatal care. Infants were recruited via
advertisements in maternity wards and the local area.

Eight adults (five female) were also tested, using a low
(10%) contrast version of the same test. Adults were aged 21.6
to 39.9 years, had normal or corrected-to-normal vision, were
recruited through the UCL psychology subject pool, and
received £7 compensation for their time.

Written informed consent was obtained from parents
(infants) or participants (adults) before testing. The research
was carried out in accordance with the tenets of the
Declaration of Helsinki, and was approved by the local
National Health Service England ethics committee (infants),
and the UCL Ethics Committee (adults).

Apparatus

The equipment for the ACTIVE procedure is shown in Figure
1A. It consisted primarily of a remote eye tracker (Tobii TX120;
Tobii Technology AB, Danderyd, Sweden) operating at 60 Hz,

and a 30-inch liquid-crystal display (LCD) monitor (Samsung
SyncMaster 305T, 64 3 40 cm screen, 2560 3 1600 pixels, 0.25-
mm dot pitch, 60 Hz; Samsung Electronics Co., Ltd., Seoul,
South Korea) interfaced using a graphics card (Nvidia GeForce
GTX 650Ti; Nvidia Corp., Santa Clara, CA, USA). Hardware
were controlled with custom code written in a numerical
computing environment (MATLAB; R2012b, MathWorks, Na-
tick, MA, USA), using commercial software (Psychophysics
Toolbox, v333,34; MathWorks, and Tobii Analytics SDK, v3;
Tobii Technology AB). The eye tracker was calibrated
independently during each test, using a novel procedure
described in the Supplementary Material. A standard set of
Keeler infant acuity cards (KIAC; Keeler Ltd., Windsor, UK) was
also used to measure acuity, as detailed below.

Stimuli

The stimuli for the ACTIVE test were horizontal Gabor patches:
stationary sine-wave gratings, modulated by a Gaussian
window. Use of a sine-wave grating ensured that the spatial
frequency of the stimulus was precisely controlled, and the
Gaussian modulation ensured that the edge of the stimulus
could not be used as a detection cue. The standard deviation of
the Gaussian hull was 1.478. Thus, 95% of the signal energy fell
within a circle, 5.98 in diameter.

Gratings were presented at 99.6% Michelson contrast for
infants (the maximum, given the hardware), and at 10%
Michelson contrast for adults. At 99.6% contrast, the space-
averaged luminance of the target was 87.43 to 101.5 cd/m2

(depending on the position on the screen; see Supplementary
Material). Gratings were presented against an isoluminant gray
background (adjusting for target location, so that the mean
luminance of the target always matched the local mean
luminance of the background). Any gaze coordinates that fell
within a 7.28 3 7.28 square (~10 cm2) centered on the stimulus
were considered on target (see Classifying Hits/Misses). This
area represents three times standard deviation of the Gabor,
plus a uniform border of 1.48, and was found during piloting to
provide a reasonable compromise between hits and false
alarms.

Note that in neither the ACTIVE nor KIAC procedures is the
grating stimulus presented foveally. Both tests are therefore
best thought of as measuring paracentral acuity, and provide a
lower bound on ‘‘best’’ acuity (note that the exact develop-
ment of acuity across the visual field is unknown, but by 2
months, resolution acuity appears greatest at the fovea35). The
exact eccentricity of the grating in the two tests cannot be
compared straightforwardly, but was generally more central in
the ACTIVE test (see Supplementary Material).

Acuity Cards

Keeler infant acuity cards were also used as an independent,
within-subjects measure of acuity. Keeler cards are the most
common measure of infant acuity in UK clinics, and have been
shown to yield results comparable with the original Teller
acuity cards36 (for which extensive normalization data are
available, but which can no longer be purchased, having been
replaced by Teller II cards37).

The Keeler infant acuity cards consists of seven cards (plus
one blank), each containing a square wave grating in one of
two locations. At the test distance of 38 cm, the spatial
frequencies of the gratings were: 0.18, 0.36, 0.72, 1.4, 2.9, 6.5,
or 12.5 cycles per degree (cpd). The test room was well lit, and
the mean level of illumination on the cards was approximately
40 cd/m2 (measured by a CS-100A Chroma Meter; Minolta
Camera Co., Osaka, Japan). This was well in excess of the
minimum level recommended by the manufacturer26 (10 cd/
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m2), and within the range of values used in previous similar
studies10,20 (16–56 cd/m2).

The operator (PJ or SK) was blind to the target location, but
because of the adaptive procedure, was not blind to the spatial
frequency. The parent holding the infant was not blind to the
target location, in either the ACTIVE or KIAC procedures.
However, there was no indication that this affected infants’
performance. This was assessed informally by asking parents to
close their eyes periodically during testing. Any parental cues
would be particularly unlikely to affect scoring in the ACTIVE,
since a ‘‘hit’’ required the infant to fixate a precise and variable
screen location (e.g., as opposed to a simple left/right eye
movement). Each operator had experience running the KIAC
test in approximately 30 infants prior to testing, and the data
showed no evidence of improving acuity over the course of
collection—suggesting that the operators’ skill at using the
KIAC procedure had reached asymptote.

Because the results of the KIAC procedure appeared to be
of questionable validity (see ‘‘Discussion’’ section) post hoc,
the present data were also compared with previous, normative
datasets collected using Teller acuity cards.

Procedure

During testing, the infant was seated on a parent’s lap and
viewed stimuli binocularly at a distance of 84 cm (ACTIVE), or
38 cm (KIAC). Binocular viewing was used in order to avoid
dropout rates being confounded by the process of patching.
However, monocular testing is also possible using both
techniques (see ‘‘Discussion’’ section). Test distance was
established initially by aligning the infant with a set of
premeasured marks, and was enforced in the ACTIVE
procedure by pausing the test if the infant moved by 10 cm
or more in any direction (as estimated by the eye-tracker). The
farther test distance in the ACTIVE procedure was necessitated
by the eye-tracker’s depth of focus. It is unlikely to have
affected the results, since 3- to 12-month-old infants are
capable of accommodating at this distance,38 and systemati-
cally varying viewing distance from 30 to 150 cm has been
found not to affect acuity estimates in 1- to 2-month-olds.39

However, nearer viewing may be necessary when testing
infants in the first 2 months of life,38 to ensure attention and
accurate accommodation.

Infants were tested twice using each measure, in an
alternating ABAB sequence. First test performed (ACTIVE or
KIAC) was counterbalanced across subjects. Breaks were taken
between tests as required. Each test lasted approximately 1.5
minutes (see ‘‘Results’’ section), and sessions typically lasted
30 minutes in total.

We performed the KIAC procedure in accordance with the
manufacturer’s instructions. Starting at 0.36 cpd, the operator
presented each card by holding it in front of his or her face.40

Spatial frequency increased in 1-octave steps until the operator
was unable to determine the grating location based on the
infant’s behavior. The previous spatial frequency was then
repeated for confirmation, and this was taken as the acuity
threshold. Further trials were employed as required in the
event of inconsistent responses.

The ACTIVE procedure was conceptually similar, but ran
automatically, without any intervention from the experiment-
ers. On each trial, the screen was initially blank (uniform gray).
A grating of set spatial frequency was then presented against
this isoluminant background, and an automated algorithm
determined whether the infant fixated it (see Classifying Hits/
Misses). The infant’s gaze was not directed to the center of the
screen prior to each trial. Instead, the center of the stimulus
was positioned at a random location, 88 from the infant’s point
of fixation (measured at trial-onset), with the constraint that
the stimulus’s center had to lie >3.68 from any screen edge.
This meant that the range of possible stimulus locations was
reduced if the infant began the trial fixating eccentrically. On
trials where no eye tracking data were available at trial onset
(e.g., if the infant had turned away or closed his or her eyes),
then the target was placed in the center of the screen. In
practice, this happened in only 1% of trials, since trials were
automatically paused if the infant turned away or moved
outside the trackable area.

Across trials, a weighted ‘‘up-2 down-1’’ staircase41 was
used to adapt the spatial frequency of the grating. Starting at
0.88 cpd, spatial frequency increased by 1 octave after a

FIGURE 1. ACTIVE apparatus and procedure. (A) The infant was seated on a parent’s lap, and viewed stimuli binocularly at a distance of 84 cm. An
eye-tracker (Tobii Technology) was mounted below the LCD screen, and recorded the infant’s eye movements. (B) On each trial, the screen was
initially blank. A single Gabor grating was presented, the center of which was located at a random location, 88 of visual angle from the infant’s initial
point of fixation. Infants had 2.25 seconds to look to the target (hit), otherwise, the trial was scored as a miss. (C) A visual ‘‘reward’’ was presented
at the stimulus location at the end of every trial (independent of performance).
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successful look (hit, defined below), and decreased by 0.5
octaves otherwise (miss). This strategy targets the 33.3%
correct point on the psychometric function, and was found to
be the most robust during piloting (note that the false-alarm
rate on this task was below 10%, as reported in the ‘‘Results’’
section). The lowest permissible spatial frequency was 0.61
cpd. The highest spatial frequency was 15.3 cpd, after which
point the trial proceeded as normal, but no grating was actually
displayed (blank trial). The adaptive staircase continued until at
least 15 trials (mean¼ 18.0) and six reversals (mean¼ 7.4) had
occurred. For comparison with the acuity cards, threshold
acuity was defined as the highest spatial frequency that the
infant was scored as having looked at. However, qualitatively
similar results could be obtained by geometrically averaging
the last n reversals.

Cartoons were presented after every three trials to maintain
interest. The cartoon played for a minimum of 8 seconds and
terminated only if/when the infant’s gaze location was
registered by the eye tracker (which required them to be
looking toward the screen). A ‘‘reward’’ was presented after
each trial, irrespective of performance, in the form of a colored
animal graphic that appeared at the location of the target,
together with an associated sound. A green (‘‘hit’’) or red
(‘‘miss’’) box around the reward provided feedback for the
experimenter on how the trial had been scored (see Fig. 1).

Classifying Hits/Misses

The infant was judged to have looked at the stimulus (a ‘‘Hit’’)
if 10 gaze samples (167 ms) fell in a 7.28 3 7.28 square,
centered on the target. This corresponds to ~3% of the screen
area and as such, the task might be considered a ‘‘33 alternative
forced-choice’’ (33AFC). However, this characterization is
imprecise; since no decision was forced, an observer could
fixate multiple locations, and the spatial distribution of looking
when no stimulus was not uniform. The chance (false positive)
rate on this task was therefore determined empirically, by
presenting a single ‘‘invisible target’’ trial at the end of each test
(see ‘‘Results’’ section). These catch trials proceeded exactly as
normal, except that no target was actually displayed. Each
catch trial was preceded by a suprathreshold (0.61 cpd) trial,
intended to maximize attentiveness.

If no hit was detected within 135 gaze samples (2.25
seconds), then the trial was scored as a miss. Note that trials
could last longer than 2.25 seconds if the eye tracker failed to
detect the infant’s gaze for a period of time (e.g., if infants
turned away or covered their eyes). For example, 125 trials
(9%) lasted more than 2.5 seconds. Trial durations were found
to be appropriate for the age range tested, but longer durations
may be required to avoid false negatives when testing younger
infants, or children with neurological pathologies.42

Adults

Adults were tested using the same ACTIVE procedure as the
infants. However, stimulus contrast was attenuated to 10%: a
level expected to avoid ceiling effects in adults, given our range
of spatial frequencies.23,24 To maximize comparability with the
infants, adult observers were instructed only to ‘‘sit in front of
the screen and relax.’’

Analysis

For statistical analyses, acuity thresholds were log2 trans-
formed, and test-retest differences in acuity were expressed in
octaves rather than raw cpd.43 All parametric tests were two-
tailed.

RESULTS

Testability and Test Duration

Twenty-nine of thirty infants (97%) completed two test runs of
both the ACTIVE and KIAC procedures. One additional infant
(aged 4.1 months) completed only one run of each before
becoming uncooperative.

There was no significant difference in test duration (Fig. 2)
between the ACTIVE (median¼ 101 seconds) and KIAC (median
¼ 108 seconds) procedures (paired t-test of log-transformed data;
t175¼�1.57, P¼ 0.118, ns). Note, however, that the average trial
duration was substantially faster with the ACTIVE test (lACTIVE¼
1.92 seconds; lKIAC » 10 seconds), which allowed over twice as
many trials to be collected within a similar timeframe.

In the ACTIVE test, there was no consistent relationship
between test duration and number of trials completed (r57 ¼
0.21, P¼ 0.116, ns). However, some tests did take substantially
longer than average (max¼ 208 seconds; see Fig. 2). This was
primarily because of brief pauses within some tests (e.g., these
occurred automatically if the infant turned away). There was
also no relationship between test duration and estimated acuity
(r57 ¼�0.16, P ¼ 0.220, ns).

There was no effect of age on test time, either with the
ACTIVE test (r2 ¼ 0.01; F(1,28) ¼ 0.37, P ¼ 0.550, ns) or the
KIAC test (r2¼0.03; F(1,28)¼0.80, P¼0.377, ns). No indication
of fatigue was apparent in the timing data. With the ACTIVE
procedure, overall test times (t28¼ 2.49, P¼ 0.019) and mean
trial durations (t28 ¼ 2.20, P ¼ 0.036) both decreased
significantly between the first and second run. With the KIAC
procedure, only overall test time was recorded, and this did not
differ significantly across the two runs (t28¼�0.38, P¼ 0.709).

Measured Acuity

Visual acuity in the ACTIVE test increased with age (r2¼ 0.43;
F(1,57)¼43.04, P < 0.001), and there was good agreement with
normative data acquired previously using Teller acuity cards
(Fig. 3). For example, 46 (78%) of the individual estimates, and
27 (90%) of the within-subject means lay within the 90%
tolerance limits for binocular acuity reported by Salomão and
Ventura.18

The rate at which acuity develops during the first year can
be measured by the slope of a linear regression (acuity against
age). For example, in Salomão and Ventura’s18 data, acuity
improved at a rate of 1.0 cpd/mo. Analysis of our mean data
yielded a similar developmental improvement of 0.98 cpd/mo.
This was not significantly different from 1.0 (t28 ¼�0.38, P ¼
0.710, ns), though it was slightly greater than the rates of
improvements observed by Teller et al.12 under binocular
viewing conditions (0.63 cpd/mo; t28¼ 2.19, P¼ 0.037), or by
Mayer et al.20 under monocular conditions (0.58 cpd/mo; t28¼
2.53, P ¼ 0.017).

As has been reported previously,3 there was no difference in
the acuity of male and female infants (partial regression,
accounting for age; t27 ¼ 0.39, P ¼ 0.697, ns).

The estimates of the KIAC test also increased with age (r2¼
0.08; F(1,57) ¼ 5.12, P ¼ 0.028). However, the rate of
improvement (0.24 cpd/mo) was significantly less than was
observed here using eye-tracking (t28 ¼�3.53, P < 0.001), or
has been reported previously (all P < 0.01).

Accordingly, while the mean acuity thresholds of the KIAC
and ACTIVE tests were robustly correlated (r28 ¼ 0.51, P ¼
0.004), the KIAC gave lower estimates in 87% of individuals
(Fig. 4B). As detailed in the discussion, this mismatch can
potentially be attributed to the test frequencies used in the
KIAC, the values of which are depicted by black arrows in
Figure 4A.
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Test-Retest Reliability

Across two runs, ACTIVE acuity estimates varied by a mean of
0.04 octaves (nonsignificant increment: t28 ¼ 0.19, P ¼ 0.851,
ns), with 86% of points varying by 1 octave or less (Fig. 5). The
mean test-retest difference of the KIAC procedure was �0.12
octaves (nonsignificant decrement: t28¼�1.01, P¼ 0.319, ns),
with 96% of points varying by 1 octave or less. Although the
KIAC test exhibited less within-subject variability, this differ-
ence was not significant (paired t-test of Dacuity across runs; t28

¼ 0.75, P ¼ 0.461, ns), indicating that neither test was
substantially more reliable.

Effects of Target Location

The proportion of correct responses was not affected by
where on the screen the grating was presented (Fig. 6A), or by

the grating’s relative location in the visual field (Fig. 6B). This
was assessed formally by computing, for each participant,
proportion correct in each of four location quadrants (Figs. 6A,
6B, dashed black lines). One-way repeated-measures ANOVAs
were then performed, with grating location (quadrants 1–4) as
a factor. There was no significant effect of either absolute (Fig.
6A, F(3, 87)¼ 0.20, P¼ 0.897, ns) or relative (Fig. 6B, F(3, 87)¼
1.36, P ¼ 0.261, ns) grating location on proportion correct.
This demonstrates that neither the infant, nor the eye-tracker,
varied in sensitivity across test locations.

Guessing Rate

Analysis of ‘‘invisible target’’ (catch) trials indicated that the
target region was fixated by chance on 7% of trials. This is
roughly equivalent to the expected guessing (false positive)
rate in a 14AFC task, and is consistent with the fact that the
range of possible target locations was relatively large, and
infants did not tend to search actively for the target.

Adult Data

Adult acuity estimates with ACTIVE, measured at 10% contrast,
were consistent with results reported previously for an 88
eccentric, 10% contrast, Gabor grating23,24 (Fig. 7). Thus,
neither the thresholds of the first (t7¼�1.48, P¼ 0.183, ns) or
the second (t7 ¼ �0.08, P ¼ 0.936, ns) test run differed
significantly from the value of 7.7 cpd reported previously (see
Fig. 2 of Abdelnour and Kalloniatis23). There was some
indication that group-mean acuity improved across the two
runs. However, this difference was not significant (paired t-test;
t7 ¼ 0.97, P ¼ 0.365), and was largely caused by a single
observer who performed initially near floor and improved by
3.5 octaves (see Fig. 7, black squares, for group-mean
performance when this observer was excluded).

DISCUSSION AND CONCLUSIONS

The idea of using eye tracking to measure acuity is not a new
one.44,45 Furthermore, semiautomated measures, in which the

FIGURE 2. Box-plot of test durations (n ¼ 59) using the KIAC and
ACTIVE procedures. Each test required an additional period of
approximately 30 seconds in which to position the infant appropriately.

FIGURE 3. Visual acuity for individual infants, measured using the ACTIVE procedure. (A) Individual runs. (B) Geometric mean of two runs. For
comparison, normative Teller acuity card data are given for: 206 infants tested binocularly by Teller et al.12 (dotted line), 646 infants tested
binocularly by Salomão and Ventura18 (solid line), and 269 infants tested monocularly by Mayer et al.20 (1995; dash-dot line). The gray shaded region
shows the 90% tolerance limits for Salomão and Ventura’s18 data, within which 90% of the population would be expected to fall with 95%
probability.
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stimuli are generated by a computer but a human operator
classifies the infant’s responses, have been reported previous-
ly.1,2,46–49 However, the reported ACTIVE test is, to our
knowledge, the first fully automated acuity measure shown
to give reliable results in infants.

In terms of testability, test durations, and test-retest
repeatability,19,20 the ACTIVE test performed comparably with
the current gold standard (acuity cards). In terms of accuracy,
the acuity estimates—especially when averaged over two
runs—were consistent with normative data,12,18 and were
correlated within-subjects with KIAC estimates. The estimates
of KIAC were, however, consistently lower. Possible reasons
for this are considered below.

Keeler Infant Acuity Card Estimates

Acuity estimates of KIAC were consistently lower than either
the ACTIVE estimates, or previous normative data12,18 (derived
principally using Teller cards). Because of this, previous Teller

card data were also used to validate the present ACTIVE
procedure.

This disparity was unexpected and should be treated with
caution. It is unlikely to have been because of the brand of
acuity cards used per se, as extended sets of Keeler acuity cards
have been shown to yield results similar to Teller acuity
cards.36 It is also unlikely to have been caused by differences in
luminance, since the difference between the KIAC and ACTIVE
tests was small in psychophysical terms,26,50 and luminance in
the KIAC test was actually greater than in many previous
studies.3,10,51

One possibility is that acuity was underestimated in the
KIAC test because of the relative inexperience of the two
operators. A second possibility is that acuity was reduced
because infant, parent, or operator moved backwards during
testing (thereby making the stimuli harder to resolve).
However, the most parsimonious explanation is that the low
KIAC scores resulted from the spacing of the stimuli, which in
the KIAC test vary from 0.94 to 1.16 octaves. This spacing is
twice that of the acuity cards used in most normative studies,

FIGURE 4. Geometric-mean visual acuity as measured using Keeler infant acuity cards, shown as a function of (A) age, and (B) each individual’s
corresponding eye-tracking estimate (see Fig. 3). Arrows on the ordinate show the available stimulus levels in the test set.

FIGURE 5. Test-retest reliability of the ACTIVE (circle) and KIAC (cross) procedures. (A) Bland-Altman plot showing how acuity estimates varied
within subject, as a function of the mean. Overlapping points have been randomly jittered by a small amount for display purposes. (B) Scatter plot of
the same data (without jitter).
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and meant that no spatial frequencies were presented at the
expected acuity of a 6- to 12-month-old (Fig. 4A, arrows).
Consistent with this, we are aware of only one large scale study
that has used full-octave (Teller) Acuity Cards in infants
(Spierer et al.3), and that study also observed acuities that
were substantially lower than those reported elsewhere.
Without any conclusive evidence to support this interpreta-
tion, we can only tentatively suggest that full-octave acuity
cards may not accurately estimate acuity, and that half-octave
cards should be used where feasible.

Pros, Cons, and Related Measures

The adaptive computerized test of infant vision using eye
tracking procedure allows resolution acuity to be measured
automatically in normally sighted 3- to 12-month-olds, without
the need for an experienced tester. Relative to acuity cards, it
affords greater control over the stimulus in terms of its spatial-
frequency content, luminance, and location in the visual field.
Furthermore, by randomly varying the target location between
trials, the chance of a false positive response is minimized (7%).
The low guessing rate means that correct responses in the
ACTIVE procedure are more informative than those in a
traditional (e.g., 2AFC) paradigm, and helps ensure that the
adaptive tracking algorithm converges on threshold quickly
and robustly. The remaining advantages of the acuity cards are
primarily their portability and initial cost (approximately five
times cheaper given present hardware, though substantially
cheaper eye-trackers are becoming increasingly prolific).

It is important to note that the ACTIVE procedure does not
represent a like-for-like replacement for a clinician, and expert
knowledge would still be required when dealing with an
atypical or uncooperative infant. Moreover, it should be noted
that other, nonbehavioral, techniques already exist with which
to objectively assess visual acuity in infants.52–57 For example,
the amplitude of the visual evoked potential elicited in
response to a high contrast gratings correlates robustly with
behavioral acuity measures, and may provide a more sensitive
measure of primary sensory function.55,56 In contrast, ACTIVE
provides a more rapid measure of functional acuity, which

could potentially be performed in ordinary clinics, and could
be interleaved with other behavioral assessments.

Future Directions

The present paper demonstrates the validity of the ACTIVE
procedure, but a larger sample will be required to provide
normative data. It also remains to be seen how effective the
ACTIVE method is in younger infants, or in infants with vision
disorders where nystagmus or strabismus may complicate eye
tracking. Finally, we are in the process of collecting monocular
data using the ACTIVE procedure. Monocular testing is

FIGURE 6. ACTIVE performance, as a function of (A) absolute target location (in degrees and centimeters, measured from the bottom-left of the
screen), and (B) relative target location (relative to gaze-position at trial-onset). The green circles and red crosses in (A) indicate individual hit and
miss trials, respectively, for all infants. The circular histogram in (B) indicates percent correct for 12 equal bins (n bins was arbitrary, but did not
qualitatively affect the result), and the mean across all bins (red, dashed circle). Black dashed lines in (A) and (B) show the four location quadrants
used during statistical analyses (see body text). The apparent annulus of points in ([A]; radius¼ 88) reflects the fact that the probability of a central
fixation at trial-onset was greater than chance (either because the previous target was located there, or because of the content of the intertrial
cartoon).

FIGURE 7. Adult group-mean acuity thresholds, tested at 10% contrast,
as a function of two independent runs. The horizontal dashed line

shows the predicted acuity given previously reported data. Black

squares show group-mean performance when outlying data from a
single observer were excluded (see body text). Means and standard-
error were computed on the log-transformed data, and are displayed on
a log-spaced y-axis.
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particularly important for clinicians (e.g., when assessing
amblyopia). Based on previous data,12 we would expect
monocular thresholds to be lower than those measured
binocularly in the present work, by a factor of approximately =2.

Looking to the future, the most promising aspect of the
ACTIVE procedure is that it can be readily modified to measure
other visual functions, in addition to acuity. For example, by
manipulating the luminance or hue of the target, sensitivity to
contrast or color can also be assessed. Similarly, temporal
modulation can be added to the stimulus to measure flicker-
sensitivity, which can be diagnostic of nerve damage (e.g., in
glaucoma58) and retinal dystrophy.59 Finally, the location of the
stimulus relative to fixation can also be varied systematically,
allowing assessment of the infant’s visual field. These
additional functions are crucial for fully characterizing the
developing visual system, and methods of rapid assessment
could be of substantial benefit in both clinical practice and
research.
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