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ABSTRACT.

Purpose: We determined the latencies of orienting responses during a prefer-

ential looking task in children with normal vision and in children with visual

impairments between 6 and 12 years old, and assessed the feasibility of scoring

grating detection in these populations with video-based eye tracking.

Methods: Children performed a computerized preferential looking test, while a

remote eye tracker measured the children’s eye movements. The stimuli consisted

of a 2 3 2 grid, with three uniform grey fields and one target field consisting of a

black-and-white square wave grating. The grating was presented randomly at

one of the four locations. The spatial frequencies (1.05, 2.11 and 7.02 cyc/deg)

were randomly interleaved, with 10 trials per spatial frequency. Three different

methods were used to score the accuracy of the responses: (1) primary saccade

ends on target, (1) gaze 50% of the presentation time on target, and (3) a

combination of method 1 and 2 (i.e. primary saccade ends on target, and/or gaze

50% of the presentation time on target).

Results: The combined scoring method was most reliable to determine whether

children could resolve the gratings. Children with visual impairments had

significantly lower accuracies than children with normal vision with all three

scoring methods. In addition, saccade latencies decreased with age and were

significantly longer (62 � 15 ms) in children with visual impairments.

Conclusion: The use of eye tracking to assess grating detection with a

preferential looking task in clinical populations provides valuable additional

information, including objective detection measures and developmental delays in

saccade latencies.

Key words: case–control study – child development – orienting response – reaction times –

visual acuity
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Introduction

The most commonly used clinical
method to assess visual acuity in
infants, toddlers and non-verbal chil-
dren is the preferential looking tech-
nique (Lambert & Lyons 2016). This
method is based on the phenomenon
that infants, when simultaneously pre-
sented with a patterned target and a
blank target, have a greater tendency to
look at the pattern (Fantz 1963). The
grating with the finest stripes that
yields a consistent orienting response
provides an estimate of the child’s
visual acuity. The standard diagnostic
tool, which uses the preferential look-
ing technique to assess visual acuity, is
the Teller acuity card test (TAC)
(McDonald et al. 1985; Teller et al.
1986). The advantage of the TAC is
that it provides a fast and fairly reliable
estimate of grating visual acuity (Cour-
age & Adams 1990). However, the
outcome of the TAC relies on a
subjective assessment of whether the
patient can see the grating (Courage &
Adams 1990). This assessment is not
only based on visual judgement of
the eye and head movements; other
factors such as verbal responses, facial
expressions or pointing also influence
the examiner’s judgement. Thus, the
outcome of the TAC depends on
the experience of the clinician and on
the cooperation and attention of the
child (Lambert & Lyons 2016). Teller
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suggested already in 1983 that the
analysis of the infant’s head and eye
movements could provide valuable and
more objective information (Teller
1983). Remote eye trackers now offer
the possibility to measure gaze dur-
ing preferential looking paradigms,
thereby allowing for more objective
scoring of the evoked orienting
responses (see e.g. Pel et al. 2010; Rich-
mond & Nelson 2009). Recently, several
researchers have attempted to assess
visual acuity by combining such video-
based gaze measurements with comput-
erized preferential looking tasks. The
resulting visual acuity scores were com-
pared with the outcome of traditional
preferential looking tests, such as the
TAC and the Keeler infant acuity cards
(Hathibelagal et al. 2015; Jones et al.
2014; Sturm et al. 2011). Different mea-
sures have been adopted to quantify the
visual scanning behaviour during these
tasks and to assess whether the subject
resolves the grating. These measures are
all based on the assumption that the
grating is resolved if the target pattern is
fixated for a prolonged period of time.
Two studies used a relative fixation time
criterion by measuring the percentage of
the time that a participant fixates the
patterned target field during a trial
(Hathibelagal et al. 2015; Sturm et al.
2011). A third study used an absolute
fixation time criterion (at least 167 ms
within the target area) to assess whether
the grating was resolved (Jones et al.
2014). The visual acuity estimates based
on prolonged viewing of the target
corresponded well with the outcome of
the traditional preferential looking tests
in adults (Hathibelagal et al. 2015;
Sturm et al. 2011) and in infants (Hathi-
belagal et al. 2015; Jones et al. 2014). In
conclusion, computerized tests which
combine preferential looking paradigms
with eye tracking provide a rapid,
automated, and more objective measure
of grating acuity. In addition, it has
been shown that eye tracking can
provide additional information about
other visual functions, such as visual
field size, contrast sensitivity and colour
perception (Kooiker et al. 2016; Mur-
ray et al. 2009).

Previous studies that have used eye
tracking to evaluate preferential look-
ing behaviour in computerized TAC
tests have only assessed its potential to
estimate the visual acuity of the parti-
cipants (Hathibelagal et al. 2015; Jones
et al. 2014; Sturm et al. 2011). However,

as Teller stated: ‘. . . the quality and
intensity of the infant’s staring behaviour
on each trial contains more information
than one gets out of the single left-right
judgement imposed by the forced choice
method’ (Teller 1983). Video-based eye
tracking techniques now allow for quan-
titative assessment of this behaviour.
One of the important variables that can
be assessed is the saccade latency. Sac-
cades are the fast eye movements that
change the line of sight from one point of
fixation to another. Saccade latency is
the interval between stimulus presenta-
tion and the onset of a saccade and this
latency reflects visual processing, target
selection and motor programming
(Leigh & Kennard 2004; Leigh & Zee
2015). Furthermore, saccade latencies
are abnormal in a range of disorders in
which cortical areas associated with
vision and eye movements are affected
(Leigh & Kennard 2004; Leigh & Zee
2015). Therefore, quantifying the laten-
cies and the accuracy of saccades evoked
during computerized visual acuity tests
could provide valuable insight into the
development and integrity of the oculo-
motor and the visual system.

Saccade latencies can be influenced
by a wide range of factors, such as the
contrast and luminance of the target,
the amplitude and direction of the
saccade and the nature of the task
(for an extensive overview, see Leigh &
Zee 2015). Furthermore, the spatial
frequency of the target influences sac-
cade latency as well (Ludwig et al.
2004). This is relevant when assessing
the latencies of orienting responses
evoked during preferential looking
tests, as the spatial frequency of the
gratings is systematically varied in
these tests. In addition, several studies
in participants with normal vision have
demonstrated that saccade latencies are
longer in children than in adults, and
that the latencies decrease with age
through childhood, until adult levels
are reached at approximately 10 to
12 years of age (Fukushima et al. 2000;
Munoz et al. 1998; Salman et al. 2006;
Yang et al. 2002). Therefore, reference
values for saccade latencies during
preferential looking paradigms have
to be age- and target-specific.

Although preferential looking tests
are often used in children with visual
impairment to assess visual acuity, pre-
vious studies which combined compu-
terized TAC tests with eye tracking only
tested adults and infants with normal

vision but have not addressed ophthal-
mological abnormalities (Hathibelagal
et al. 2015; Jones et al. 2014; Sturm
et al. 2011). Video-based eye tracking in
participants with ophthalmological
problems can be challenging because
certain eyes are difficult to track, for
instance due to the presence of nystag-
mus, or abnormal anatomical properties
of the eyes (Huurneman & Boonstra
2016). Nonetheless, saccade latencies in
participants with visual impairments
have been assessed in other tasks.
Recently, it has been shown that chil-
dren (Huurneman et al. 2016) and
adults (Dunn et al. 2015) with infantile
nystagmus have longer saccade laten-
cies, and that children with cerebral
visual impairment (CVI) have delayed
orienting responses towards cartoons
(Kooiker et al. 2014; Pel et al. 2011).
However, in these studies only one
spatial frequency or one stimulus size
was presented. Assessment of saccade
latencies and saccade metrics in prefer-
ential looking tests providesmeasures of
both speed and accuracy of the visual
system for different spatial frequencies.
It has been argued that such measures
are key to better quantify visual impair-
ment (Farzin & Norcia 2011).

The aim of the present study is to
determine the latencies of orienting
responses during a preferential looking
task in children with normal vision and
in children with visual impairments
between 6 and 12 years old, and to
assess the feasibility of scoring grating
detection in these populations with
video-based eye tracking. Towards that
end, we compared different detection
scoring methods and identified factors
which could reduce the chance of
successful eye tracking. We also com-
pared the latencies of stimulus-evoked
primary saccades for the two popula-
tions to determine whether the onset of
the orienting responses was delayed in
the children with visual impairments.

Materials and Methods

Participants

The current study was part of a larger
project in which we assessed visual
processing speed in children with
normal vision (Barsingerhorn et al.
2018a) and in children with visual
impairments (Barsingerhorn et al.
2018b). The children who partici-
pated in the present study also partici-
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pated in those previous studies.
Eighty-eight children (9.6 � 1.8 years)
with normal vision (NV), 15 children
(9.0 � 1.6 years) with cerebral visual
impairment (CVI) and 19 children
(9.0 � 2.4 years) with visual impair-
ment due to congenital or acquired
disorders of the eye without additional
impairments (mental or neurological)
(VIo) participated. The children with
VIo and CVI were recruited through
Bartim�eus, a specialised Dutch institute
for visually impaired people. The chil-
dren with NV were recruited from
primary schools in the surrounding
region. For the children with NV and
VIo, the following inclusion criteria
were applied: age 6 to 12 years old,
birth at term, normal birth weight, no
perinatal complications and normal
development. In addition, children
with NV had to have a crowded visual
acuity of 0.1 logMAR or better. Addi-
tional criteria for children with VIo
were as follows: a crowded distant

visual acuity (DVA) between 0.2 and
1.3 logMAR and a congenital or
acquired ocular abnormality without
mental or neurological impairment.
For the children with CVI, inclusion
criteria were as follows: being diag-
nosed with CVI by experienced paedi-
atric ophthalmologists at the institute
for the visually impaired based on a
thorough ophthalmological examina-
tion and detailed patient history, age
6 to 12 years, and having a crowded
distance visual acuity of 1.3 LogMAR
or better. All children performed the
Freiburg visual acuity test (FrACT,
Bach 1996) to verify whether they met
the acuity inclusion criterion. Children
who did not have the mental and
motor skills to understand and execute
the tasks were excluded. Clinical char-
acteristics and visual acuities of the
children with VIo and CVI are pre-
sented in Table S1.

The study was conducted according
to the principles of the Declaration of

Helsinki and was approved by the local
ethics committee (CMO Arnhem-Nij-
megen, The Netherlands). All parents
or legal guardians provided informed
consent in writing before the start of
the study.

Procedure

The children were seated unrestrained
at approximately 65 cm from a 23-inch
LCD screen (Dell U2412M, 1920 9

1200 pixels, pixel pitch 0.27 mm) and
were instructed to keep their back
against the back of the chair to keep
the distance to the screen constant
during the experiment. This was
checked during the experiment and
the instruction was repeated if children
leaned towards the screen. Similar to
Sturm et al. (2011), each stimulus con-
sisted of four fields on a black back-
ground, arranged in a 2 9 2 grid
(Fig. 1). One field contained a black-
and-white square wave grating while
the other three were uniform grey
fields. The grating was presented ran-
domly at one of the four locations. A
four alternative choice design was used
to decrease the possibility of false
positives, that is, that the children did
not actually perceive the location of the
target, but looked at the target location
by chance (see e.g. Sturm et al. 2011;
Teller 1979 for similar approaches).
Each field subtended 9.6 9 9.6 deg
and the centre of each field was posi-
tioned 10.2 deg from the centre of the
screen. Three different spatial frequen-
cies were used: 1.05, 2.11 and 7.02 cyc/
deg. This corresponds to 1.45, 1.15 and
0.63 LogMAR. The luminance of the
background and the black stripes was
2 cd/m2 and the luminance of the white
stripes was 236 cd/m2, as measured
with a luminance metre (Minolta LS-
100; Minolta Co. Ltd., Osaka, Japan).
The mean luminance of the grey fields
(~118 cd/m2) was matched to the
space-average luminance of the grating
to prevent that the participants could
detect the position of the grating based
on differences in luminance. In contrast
to the previous studies that have used
eye tracking during a preferential look-
ing task (Hathibelagal et al. 2015;
Jones et al. 2014; Sturm et al. 2011),
we added a high-contrast fixation dot
(98.2% Michelson) at the centre of the
screen before each trial. The fixation
dot was presented for a random dura-
tion of 320–640 ms, after which the

Fig. 1. Stimuli of the preferential looking task. Each trial started with a central fixation dot which

was presented for a random duration between 320 and 640 ms. As soon as the fixation spot

disappeared, the stimulus array appeared for a duration of 3000 ms. The children were instructed

to fixate the fixation dot at the start of each trial and to look at the square wave grating target as

soon as the fixation dot disappeared. The target (three different spatial frequencies) appeared

randomly at one of the four positions, the other fields were grey.
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fixation dot disappeared and the stim-
ulus was presented for 3 s (Fig. 1). The
three spatial frequencies were pre-
sented in pseudo-random order with
10 trials per frequency, resulting in a
total of 30 trials. The children were
instructed to fixate the fixation dot at
the start of each trial and to look at the
target as soon as the fixation dot
disappeared.

Custom MATLAB SOFTWARE (version
2013b; MathWorks, Inc., Natick, MA,
USA) with the Psychophysics Toolbox
(version 3.0.12) was used to generate
the stimuli. The software was executed
on a laptop (Dell M3800; Dell Inc.,
Round Rock, TX, USA) equipped with
an OpenGL graphics card (Nvidia
Quadro K1100M; Santa Clara, CA,
USA).

Eye tracker

We used a stereoscopic eye tracking
system with two USB 3.0 cameras and
two infrared light sources in a fully
calibrated configuration with respect
to the stimulus screen (Barsingerhorn
et al. 2018c). In this way, we could
obtain calibrated measures of the two-
dimensional (2D) orientation the opti-
cal axes of the two eyes and their
three-dimensional (3D) location in
space. During data collection, each
camera tracked both eyes with an
average frame rate of ~300 Hz. The
image coordinate of the pupils and the
image coordinates of the reflections of
the infrared light sources were
extracted online and stored on disk
for offline reconstruction of gaze
(Barsingerhorn et al. 2018c; Chen
et al. 2008; Guestrin & Eizenman
2006; Zhu & Ji 2005). After combin-
ing the asynchronously sampled data
from the two cameras, the final gaze
position signals had an average
refresh rate of ~500 Hz. The spatial
accuracy of these signals was ~0.7
degrees in both directions (Barsinger-
horn et al. 2018c). The advantage
of this stereoscopic system is that a
one-point calibration procedure is
enough to obtain calibrated measures
of gaze under head-free conditions.
Only the subject-specific angles
between the optical and visual axes
must be determined for a given par-
ticipant. This one-point calibration
can even be performed under head-
free conditions, because the orienta-
tion of the visual axes can be

computed from the known 3D loca-
tion of the calibration target being
fixated and the measured 3D position
of the eyes. In the current study, we
used the gaze position data when
participants where fixating the central
fixation dot during the preferential
looking task as the one-point calibra-
tion. Fixation periods were identified
by the experimenter by using a mouse
tool which marked the beginning and
end of stable fixation of the fixation
dot. Therefore, there was no separate
calibration necessary before the start
of the test.

Data processing

The data were analysed in Matlab. The
sampling rate of the gaze position
signals was variable because the two
cameras of the stereo eye tracker ran
asynchronously (Barsingerhorn et al.
2018c). Therefore, the data of the
stereo eye tracker were resampled to a
fixed sampling rate of 500 Hz using
linear interpolation to facilitate the
saccade detection based on velocity
and acceleration thresholds. Saccades
were detected with a velocity threshold
criterion of 25°/s and an acceleration
threshold criterion of 3000°/s2 for sac-
cade onsets and offsets. All saccade
markings were visually checked and
corrected if necessary. Subsequently,
saccade latency was determined as the
difference between stimulus onset and
the onset of the saccade. Primary
saccades had to start within 80 to
900 ms after stimulus onset. Partici-
pants were excluded from the analysis
if no saccades were found in more than
one third of the trials.

The median latency of the primary
saccades was determined for each par-
ticipant and for each spatial frequency.
Subsequently, primary saccades were
categorized into correct, goal-directed
saccades and incorrect saccades. Only
trials in which the starting position of
the primary saccade fell within a square
window of 2.75 9 2.75 deg centred at
the fixation dot were included in this
analysis. This excluded trials in which
children already fixated the location of
the target pattern by chance before the
stimulus onset. Correct saccades were
those primary saccades that had an
amplitude of >1.5 deg and landed on
the target, or within 1.4 deg from the
target boundary. Incorrect saccades
were saccades of >1.5 deg which

landed outside this target window. We
determined the median saccade laten-
cies for the correct and the incorrect
saccades separately.

The accuracy of the responses was
assessed with different scoring methods
to account for the variance in response
patterns observed during the experi-
ment. Figure 2 illustrates the variabil-
ity in response patterns by showing
four trials of a child with normal vision
(Fig. 2A) and four trials of a child with
visual impairment due to albinism and
with a nystagmus (Fig. 2B). We com-
pared three methods to establish which
method is most reliable in discriminat-
ing whether the children could resolve
the gratings. In the first method, we
scored the accuracy based on the end-
point of the primary saccades. For
each participant and for each spatial
frequency, we calculated the percent-
age of correct primary saccades, that
is, trials in which the primary saccade
landed on target or within 1.4 deg
from the target boundary (Figs 2A1
& 2B1). This analysis provides insight
in the accuracy of the first orienting
response. However, if the primary
saccade was in the wrong direction,
this did not necessarily mean that the
participant could not resolve the grat-
ing. In a large number of these trials,
the participants seemed to have
guessed the potential location of the
grating but corrected their initial error
by making a second, goal-directed
saccade to fixate the grating
(Fig. 2A2). In addition, the children
did not always fixate the fixation dot at
the time the stimulus appeared, but
their first saccade was directed towards
the grating (Figs 2A4 & 2B2–B4). It
also happed that the participant’s gaze
was already at the location of the
grating at the time the stimulus
appeared, after which the subject con-
tinued to fixate this target. To account
for these behaviours, we used a second
method to assess whether participants
successfully located the target position.
In this second method, accuracy scores
are based on prolonged viewing of the
target (Hathibelagal et al. 2015; Sturm
et al. 2011). Only trials in which the
gaze position was available for at least
2 out of 3 seconds were included in the
analysis. The gaze position was con-
sidered to be on target if it fell within
the target area (see Fig. 2), that is, on
target or within 1.4 degrees from the
target boundary. We calculated the
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percentage of presentation time in
which the gaze position fell within the
target area. To limit the possibility of
false positives, we considered that the
participant could resolve the grating if
the relative fixation time (RTF)
exceeded 50%, that is, if the gaze of
the participant was on target during
50% of its presentation time. Subse-
quently, for each participant and each
spatial frequency, we calculated the
proportion of trials in which the par-
ticipant resolved the grating according
to this RTF criterion. The examples
presented in Fig. 2A are all responses
in which the child correctly located the
grating. However, the trials in Fig 2A2

and Fig. 2A4 would be considered
inaccurate with the first method and
accurate with the second method,
while the trial in Fig. 2A3 (goal-
directed saccade after which the gaze
returned to the centre of the screen)
would be considered inaccurate with
the second method and accurate with
the first method. Therefore, we com-
bined the two previous methods for the
third method. In this case, a response
was considered correct if (i) the pri-
mary saccade was goal-directed, or if
(ii) the RTF exceeded 50%. As a
result, all examples in Figure 2A
would be correctly scored as accurate
responses with the third method.

Since the gratings were randomly
presented at four different positions on
the screen, we considered that the
participant could resolve the grating if
he or she correctly looked at the
grating in more than 62.5% of the
trials (i.e. halfway between 25% chance
level performance and 100% correct
performance).

Statistical analysis

We assessed whether the latencies of
the primary saccades change with age,
whether the latencies depend on the
spatial frequency of the grating, and
whether the developmental effects are
equal for the three spatial frequencies
for children with normal vision. A
repeated measures ANOVA with age
and spatial frequency as independent
variables and the saccade latency of the
primary saccade as dependent variable
was performed. We also applied the
repeated measures ANOVA separately for
the saccade latencies of the correct and
incorrect primary saccades. For all
repeated measures ANOVAS age was
centred on the age of 9, the middle of
the inclusion range. Children were only
included in the repeated measures
ANOVAS if latencies were available for
all three grating frequencies. Subse-
quently, we used the multiple linear
regression models from the repeated
measures ANOVAS to determine the
upper 95th percentile in the data from
the children with normal vision. The
onset of the saccades of an individual
child with visual impairments was
considered to be delayed if the median
latency exceeded the upper 95th per-
centile of the normative data. Alpha
(type 1 error) was set on 0.05 for all
statistical group comparisons.

Results

The flow chart in Fig. 3 shows the
number of children who participated,
the number of children from whom we
could collect eye tracking data, and the
number of children in whom the qual-
ity of this data was deemed sufficient
for analysis. For participants in whom
eye tracking was not possible, we
reported the main reason why the eye
tracking failed. For 71/88 children with
normal vision and 15/34 children with
visual impairments (nine children with
VI and six children with CVI), we
collected eye tracking recordings. For

Fig. 2. Illustration of observed response patterns and scoring criteria. (A) Four trials of a child

with normal vision (B) four trials of a child with visual impairment due to albinism and with a

nystagmus. The target window is indicated with the blue dashed lines, the central fixation window

is indicated with the yellow dashed lines, the gaze coordinates are plotted as red lines and the

primary saccade is plotted in green.
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56/88 children with normal vision and
13/34 of the children with visual
impairments (seven children with VI
and six children with CVI), the quality
of the eye movement data was sufficient
for the analyses (Fig. 3). In supplemen-
tal Table S1, we indicated for all
children with visual impairments
whether we were able to record their
eye movements. The main reason why
eye tracking failed was the presence of
eyeglasses. This was particularly prob-
lematic in the children with visual
impairments, as most of these children
wore prescription glasses. However, the
presence of eyeglasses did not neces-
sarily mean that eye tracking was
impossible. Eight of the thirteen chil-
dren with visual impairments in whom
we were able to collect valid eye track-
ing data wore glasses. In addition, in
five children with normal vision and
prescription glasses we could collect
eye tracking data as well. Factors that
influenced the success of eye tracking in
children with eyeglasses were related to
the size and colour of the frame, and
thickness of the glasses. Smaller
frames, black frames and thick glasses
made detection of the eyes and/or
extraction of the relevant image fea-
tures difficult.

Accuracy

The grating-detection accuracy of the
children with normal vision is pre-
sented in Fig. 4A for each of the three
different scoring methods. Because the
spatial frequencies of the gratings were
at least 0.6 LogMAR above their visual
acuity (as measured with the Freiburg
acuity test), the children with normal
vision should have been able to resolve
gratings of all three spatial frequencies.
Therefore, children with normal vision
were expected to look correctly at the
grating in more than 62.5% of the
trials. The accuracy of the responses
was determined with three different
methods, to establish which method is
most reliable in discriminating whether
the children could resolve the gratings.
To that end, we determined the number
of children who did not reach the
62.5% threshold.

First, we scored the grating-detec-
tion accuracy as the percentage of
correct primary saccades, that is, trials
in which the primary saccade landed
on target or within 1.4 deg from the
target boundary. With this method, 10/

56 participants with normal vision did
not reach 62.5% correct for the finest
grating, 3/56 did not reach 62.5%
correct for the middle grating, and 1/
56 did not reach 62.5% correct on the
coarsest grating. The median per cent
correct was 85%, 89% and 89%,
respectively. With the second scoring
method, we considered that the partic-
ipant could resolve the grating if the
relative fixation time (RTF) exceeded
50%, that is, if the gaze of the partic-
ipant was on target during 50% of its
presentation time. This method
resulted in a total of 6/56 children on
the finest grating, 3/56 children on the
middle grating and 4/56 children on
the coarsest grating who did not reach
beyond 62.5% correct. The median
accuracy with this method was 100%
for all three spatial frequencies. The
third scoring method combines the two
other methods, that is, a response was
considered correct if the primary sac-
cade was goal-directed, or if the RTF
exceeded 50%. This third method was
most reliable to determine whether
children with normal vision could
resolve the gratings; only one child
did not reach beyond the 62.5%
threshold on the middle grating. Fur-
thermore, the median accuracy was
100% for all spatial frequencies as
well.

The accuracy of the responses of the
children with visual impairments is
presented in Fig. 4B. For only one of
these children, the finest grating and
the middle grating fell below its visual
acuity (see Table S1). The coarsest
grating was above visual acuity for all
children, and therefore, they should
have been able to resolve these grat-
ings. However, for the finest and mid-
dle grating, 10/13 children with visual
impairments did not reach the 62.5%
correct threshold if the response accu-
racy was determined from the end-
points of the primary saccades alone.
For the coarsest grating, the accuracy
of the primary saccade fell below
62.5% correct in 9/13 children. The
median accuracy of the first orienting
response was only 33%, 28% and 50%,
respectively. Mann–Whitney U-tests
revealed that the accuracy of the chil-
dren with visual impairments was sig-
nificantly lower than the accuracy of
the children with normal vision for
all three grating frequencies as scored
by the end-point of the primary
saccades (z = 3.75, p < 0.001, z = 4.40,

p < 0.001, and z = 4.27, p < 0.001,
respectively). Similar to the results in
the children with normal vision, the
accuracy scores were higher if the
scoring was based on sustained viewing
of the target pattern (RTF). In this
case, the number of children who did
not score above the 62.5% correct
threshold was 4/13 for the finest grat-
ing, 3/13 for the middle grating and 5/
13 for the coarsest grating. The median
accuracy based on prolonged viewing
of the target pattern was 67%, 85%
and 67%, respectively. Even though
the accuracies of the children with
visual impairments were higher with
this method compared to the first
method, the accuracies as scored with
the second method were significantly
lower than the accuracies of the chil-
dren with normal vision (z = 3.44,
p < 0.001, z = 2.62, p = 0.008, and
z = 3.10, p = 0.002, respectively). As
for the children with normal vision, the
third scoring method yielded the best
accuracies, with median scores of 78%
for the finest, 87% for the middle
grating and 83% for the coarsest grat-
ing. However, still 5/13 children with
visual impairment did not reach the
62.5% correct threshold for the finest
grating, and this number was 3/13 on
the middle and coarsest grating. Fur-
thermore, even with this method, the
accuracies of the children with visual
impairments were significantly lower
than the accuracies of the children with
normal vision (z = 4.02, p < 0.001,
z = 3.82, p < 0.001, and z = 3.66,
p < 0.001, respectively).

Saccade latencies

The saccade latencies of children with
normal vision are presented in Fig. 5.
The data are stratified by spatial fre-
quency (colours) and plotted as a
function of age. First, we analysed the
latencies of all primary saccades, inde-
pendent of whether they were directed
towards the grating or not (Fig. 5A). A
repeated measures ANOVA (n = 56)
revealed that the saccade latencies sig-
nificantly decreased with age (main
effect: F(1, 54) = 9.59, p = 0.003) and
that this developmental effect did not
differ significantly between the three
spatial frequencies (interaction spatial
frequency 9 age: F(2, 108) = 0.81,
p = 0.45). However, a significant dif-
ference between the three spatial fre-
quencies was found (main effect: F(2,
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108) = 16.85, p < 0.001). Post hoc t-
tests showed that the saccade latencies
were on average longer for the finest
grating compared to the middle (differ-
ence 30 � 6 ms, p < 0.001) and the
coarsest grating (difference 31 � 7 ms,
p < 0.001). The average difference
between the latencies for the middle
and coarsest grating was not statisti-
cally significant (difference: 0.4 � 5 ms,
p = 0.99).

The results of the ANOVA on the
reaction times of only the goal-directed
primary saccades (Fig. 5B) were very
similar. Seven children had to be
excluded from this ANOVA because they
did not make correct saccades towards
all spatial frequencies. As a result, 49
out 56 children with normal vision
were included in this analysis. The
latencies of the correct saccades
decreased significantly with age (main

effect: F(1, 47) = 5.06, p = 0.03) and
this developmental effect did not differ
significantly between the gratings (in-
teraction: F(2, 94) = 0.17, p = 0.85).
Furthermore, a significant main effect
of spatial frequencies was found (F(2,
94) = 13.56, p < 0.001): saccadic laten-
cies were on average longer for the
finest grating compared to the middle
(difference 28 � 6 ms, p < 0.001) and
the coarsest grating (difference
35 � 8 ms, p < 0.001). The difference
between the middle and coarsest grat-
ing was not statistically significant
(difference: 7 � 5 ms, p = 0.39).

The saccade latencies of the incor-
rect primary saccades are presented in
Fig. 5C. Only 18 children made sac-
cades in the incorrect direction for all
the spatial frequencies. Due to this
low number of children, especially the
low number of older children (two 10-
year-olds, one 11-year-old and one 12-
year-old), interpretation of age effects
and effects of grating acuity could be
spurious. Therefore, we did not per-
form a repeated measures ANOVA on
this data. Instead, we only compared
the latencies of correct saccades to the
latencies of all primary saccades. This
repeated measures ANOVA with the
type of latency measure as an addi-
tional within-subject factor showed
that the latencies of correct saccades
were on average 4 � 2 ms faster than
the latencies of all primary saccades (F
(1, 47) = 5.7, p = 0.02), while the
effects of age and spatial frequency
were not significantly different

Total controls (n = 88)

Performed task (n = 71)

Eye tracking not possible:
Technical problems (3)
Problematic glasses (4)
Could not sit still enough (3)
Long dark eyelashes (2)
Difficulties detecting eyes (5)

Quality data sufficient (n = 56)

No saccades in >1/3 of the 
trials (15)

Total participants 
with VI and CVI (n = 34)

Performed task (n = 15)

Eye tracking not possible:
Technical problems (2)
Problematic glasses (13)
Could not sit still enough (1)
Aniridia (1)
Long dark eyelashes (2)

Quality data sufficient (n = 13)

No saccades in >1/3 of the 
trials (2)

(A) (B)

Fig. 3. Flow chart showing the total number participants, the number of children in which we could collect eye tracking data, and the number of

children in which the quality of the eye tracking data was deemed sufficient for analysis for (A) children with normal vision, and (B) children with

visual impairments. In case eye tracking was not possible, the main reason why the eye tracking failed is listed.

Fig. 4. Boxplots of the accuracy of the responses determined with three different scoring methods:

1. Primary saccade ends on the target area (PrimSac), 2. Relative fixation time (RTF) >50%, that

is, if the gaze of the participant was on target during 50% of its presentation time, and 3. Primary

saccade ends on the grating) or RTF exceeds 50% (Combined). (A) grating-detection accuracy of

the children with normal vision, and (B) grating-detection accuracy of the children with visual

impairments. The colours indicate the spatial frequency of the grating.
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between these two measures (p-values
>0.2).

The children with visual impair-
ments had on average more trials in
which they did not correctly fixate the
fixation dot. Therefore, we only ana-
lysed the latencies of all primary sac-
cades in the children with visual
impairments. The saccade latencies of
the children with visual impairments
are presented in Fig. 6. In total, 8 out
of 13 children with visual impairments
scored ≥95th percentile of the saccade
latencies of the children with normal
vision for at least one of the spatial
frequencies. Three children had longer
latencies (≥95th percentile) on all spa-
tial frequencies, one child on the finest
and the middle grating, one child only
on the finest grating, and three children
only on the coarsest grating. To test
whether on average the children with
visual impairments had longer saccade
latencies, we performed a repeated
measures ANOVA with age, spatial fre-
quency and group (normal vision ver-
sus visual impairment) as the
independent variables and the latency
of the primary saccade as the depen-
dent variable. The results revealed a

significant effect of group (F(1,
65) = 16.26, p < 0.001): the saccade
latencies of the children with visual
impairment were on average 62 � 15
ms longer.

Discussion

The aim of the present study was to
determine the latencies of saccadic eye
movements evoked during a preferential
looking task in children with normal
vision and in children with visual
impairments between 6 and 12 years,
and to assess the feasibility of scoring
grating acuity in these populations with
video-based eye tracking. In line with
previous research (Fukushima et al.
2000; Munoz et al. 1998; Salman et al.
2006; Yang et al. 2002), the saccade
latencies of the children with normal
vision decreased with age. This devel-
opmental effect was similar for all spa-
tial frequencies. Furthermore, both the
latencies of all primary saccades and the
latencies of the correct saccades were
longer for the finest grating of 7 cyc/deg,
even though this grating was still well
above the children’s visual acuity (at
least 0.6 LogMAR). A similar effect of

spatial frequency on saccade latencies
has been found in adults; in adults
latencies increased for higher spatial
frequencies (Ludwig et al. 2004).

To determine whether the onset of
the saccades of children with visual
impairments was delayed, we com-
pared their saccade latencies with the
data from controls. In 8/13 children
with visual impairments, the saccadic
latencies were abnormally long (> 95th
percentile of children with normal
vision) for at least one of the spatial
frequencies and on average the children
with visual impairments were 62 �
15 ms slower than children with nor-
mal vision. This corresponds well to
previous studies, which revealed longer
saccade latencies in children and adults
with infantile nystagmus (Dunn et al.
2015; Huurneman et al. 2016), and in
children with cerebral visual impair-
ment (Pel et al. 2011). Apart from
longer saccade latencies, children with
visual impairments also have longer
search times (Geldof et al. 2015;
Huurneman et al. 2014; Tadin et al.
2012), lower reading speeds (Douglas
et al. 2002; Gompel et al. 2004), and
they need more time for the discrimi-
nation of optotypes (Barsingerhorn
et al. 2018b) compared to children with
normal vision.

Previously, it has been argued that
eye tracking in participants with oph-
thalmological problems can be chal-
lenging, because their eyes can be more
difficult to track (Huurneman & Boon-
stra 2016). This is in line with our
experience. For 19/34 of children with
visual impairments, we could not
obtain reliable eye tracking data. The
limited number of children with a
certain diagnosis makes it difficult to
draw conclusions on whether certain
diagnoses or clinical characteristics
(e.g. nystagmus, astigmatism and high
hyperopia) result in difficulties with eye
tracking. The problems with eye track-
ing in clinical populations could largely
differ between different eye trackers.
Commercially available eye trackers
might use different algorithms to detect
the eyes, which might be more robust
against anatomical abnormalities and/
or eyeglasses. However, in a recent
study on oculomotor behaviour of
children with infantile nystagmus, eye
tracking with an Eyelink 1000 plus was
only successful in 47–72% of the par-
ticipants (Huurneman et al. 2016).
Thus, also commercial eye trackers

Fig. 5. Median saccade latencies for the children with normal vision as a function of age and

spatial frequency for: (A) all primary saccades. (B) the goal-directed primary saccades, and (C) the

incorrect primary saccades. The lines are the results of the repeated measures ANOVA for the three

different gratings.
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appear to have problems with tracking
the eyes of clinical populations.

Because our goal was to assess the
feasibility of including saccade laten-
cies as an outcome measure of a
preferential looking task in children
with visual impairments, we only used
three spatial frequencies. As a result,
we could not assess grating acuity of
the children. Based on previous
research, it is expected that children
will exhibit more search behaviour if
the gratings approach the discrimina-
tion threshold (Sturm et al. 2011).
Furthermore, only high-contrast grat-
ings were used. The advantage of
computerized preferential looking
tasks is that it is possible to adjust the
contrast of the gratings. It is likely that
decreased contrast levels will result in
longer saccade latencies (Ludwig et al.
2004). We could not assess whether the
saccade latencies would increase for
gratings with lower contrast levels, or
for finer gratings towards the discrim-
ination threshold. Recent studies on
the time children need to discriminate
optotypes revealed that the button-
press reaction times increased as the
optotypes approached the discrimina-
tion threshold in children with normal

vision and in children with visual
impairments (Barsingerhorn et al.
2018a,b). In addition, because in these
studies the optotypes ranged from
below visual acuity to well above
threshold, the reaction times could be
corrected for reduced visual acuity.
The results revealed that 40% of
the children with visual impairments
needed more time to discern optotypes
(Barsingerhorn et al. 2018b) than one
might expect from their reduced visual
acuity alone.

The accuracy of the grating-discri-
mination responses depended on the
method used to assess whether the
children could resolve the grating.
Because the gratings were all well
above threshold in the children with
normal vision, we expected that these
children could easily resolve the grat-
ing. However, it turned out that the
primary saccade was not always in the
correct direction. For about 18% of the
children with normal vision, their
visual acuity would have been pro-
foundly underestimated if this criterion
would have been used to determine the
visual acuity. The use of a 2 9 2 grid
with three grey fields and one target
field instead of a uniform grey

background with one grating as used
in the original Teller Acuity Cards
could have attributed to the relatively
high number of primary saccades in the
wrong direction. However, similar
results have been found in traditional
preferential looking tests. If only the
direction of infants’ first fixation was
used to determine response accuracy,
their visual acuity appeared consis-
tently lower compared to scores based
on prolonged target fixation (Atkinson
et al. 1977). In the current study, the
accuracy scores based on prolonged
target fixation also appeared to be
more reliable to detect whether a child
did successfully locate the target grat-
ing. However, some children appeared
to make goal-directed saccades, after
which they redirected their gaze
towards the centre of the screen to
prepare for the next trial, fixating only
briefly on the grating. In those cases,
the relative fixation time on target does
not adequately score the subject’s
visual acuity. The most representative
accuracy scores were obtained with a
novel scoring method, which combines
the two previous scoring criteria. For
the children with visual impairments,
the highest accuracies were also
obtained with this combined method.
However, their accuracies were signif-
icantly lower than the accuracies of the
children with normal vision, even
though the gratings were in general
above visual acuity for both groups.
This could indicate that in children
with visual impairments other criteria
are needed to reliably estimate their
visual acuity based on eye tracking
data in computerized preferential look-
ing tasks. An alternative could be to
use a less strict criterion for detection
than 62.5% correct, or to add an expert
human observer for these children.
Similar recommendations have been
made to assess grating detection in
infants. Given their low guess rates and
high lapse rates the ideal threshold is
often <50% correct (Jones et al. 2015).
Studies with more children with visual
impairments and a wider range of
grating frequencies are necessary to
estimate the best criteria for this
population.

The low success rates of eye track-
ing in children with visual impair-
ments and the low accuracies of their
orienting responses are limiting factors
for the use of eye tracking during
preferential looking tasks in clinical

Fig. 6. Median saccade latencies for the children with visual impairments (numbers correspond

with individual participants, a circle indicates a child with CVI, Table S1) for (A) gratings of 0.63

LogMAR, (B) gratings of 1.15 LogMAR and (C) 1.45 LogMAR. The solid lines are the result of

the repeated measures ANOVA for the children with normal vision, the dashed black lines indicate

the 95th percentile in children with normal vision. Latency data were pooled across correct and

incorrect trials.
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settings. However, although it might
not be possible to solely rely on eye
tracking to assess visual acuity with a
preferential looking task for all par-
ticipants, if eye tracking is possible, it
does provide valuable additional
information, such as saccade latencies.
The present study revealed that most
children with visual impairments had
longer saccade latencies than children
with normal vision.
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