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Abstract— Amblyopia is a neurodevelopmental disorder that
causes irreversible vision loss in one eye. In order to be effective,
treatment needs to start as early as possible, ideally in early
infancy. The screening for amblyopia assesses the disparity of
the child’s visual acuity (VA). In pre-verbal children, this
screening is performed using a preferential looking test. These
testing protocols rely on a subjective estimate by the test
operator of the child’s attention, and this estimate is subject to
errors. Little is understood of the quantitative impact of error
rates on screening performance. In this paper, a Monte Carlo
simulation to compare the clinical performance of three
preferential-looking test protocols for paediatric VA screening
tests for amblyopia is described. The inter-protocol differences
of “Cardiff Acuity Test” (CAT), “Keeler Acuity Cards for
Infants” (KACI) and “Teller Acuity Cards” (TAC) are assessed
by iteratively executing through a simulation loop of an
examiner testing a test subject using the three set protocols. The
measured VA from each protocol and the actual VA have been
compared using Bland-Altman statistics. It was determined that
CAT and KACI both have a systematic bias, whereby they
measure the VA at a greater logMAR value than the smallest
testing resolution. KACI bias is greater due to the greater step
size used.

Keywords— Amblyopia Screening, Monte Carlo Simulation,
Preferential-Looking test.

1. INTRODUCTION

Amblyopia, also known as ‘lazy eye’, is a visual
development disorder that occurs in early childhood. It
originates from one of the eyes seeing better than the other.
As the child grows, the eye with better vision
overcompensates for the affected eye. This weakens the
visual processing pathway to the affected eye, further
reducing the vision until it is functionally lost [1]. It is the
highest cause of childhood vision loss, with up to 5 % of
children being affected by the condition [2]. If detected early,
treatment is simple, consisting mostly of patching the eye
with better vision, to allow the child to learn to use the poorer
eye. However, due to reduction of neuroplasticity with age, if
not treated within early childhood, the vision loss becomes
irreversible. Yet, amblyopia goes easily unnoticed by
children and their families [3]. Therefore, childhood
screening, particularly before the age of seven, is of
paramount importance [2].

A screening infrastructure is set in place that
assesses the disparity of the infant’s visual acuity (VA, the
capacity to distinguish fine detail) between the eyes [3]. The
gold standard for testing someone’s VA is through an
optotype acuity test, such as the ETDR letter chart [4] or, for
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pre-scholar children, a picture-based test [5]. However, these
charts are not suitable for children too young to follow
instructions or to describe what they see [4]. Therefore, in
pre-verbal children, the screening of the infant’s VA can be
performed through a preferential-looking test [6]. This family
of tests is based on the assumption that, if the examiner shows
the infant a visual stimulus, the infant will instinctively direct
its attention towards the stimulus [6]. By detecting the
diversion of attention, it is therefore possible to detect
whether the stimulus has been seen. There are numerous
versions of this test [5], [7], the most common being “Cardiff
Acuity Test” (CAT) [8], “Keeler Acuity Cards for Infants”
(KACI) [9], and “Teller Acuity Cards” (TAC) [10]. These
major protocols use the same form of stimuli, consisting of
homogeneous grey cards containing a black and white grating
with the same average illuminance of the card’s grey
background. The examiner presents these cards to the infant
who, if they see the grating, will divert their attention towards
it, briefly looking at it. The examiner detects this attention
diversion by performing a subjective evaluation of the
infant’s looking direction. A sequence of these cards is
presented to the infant, with decreasing grating spacing.
When the grating spacing becomes too small for the infant to
see, the grating will appear grey and become
indistinguishable from the homogeneous grey background,
and the infant’s attention will no longer be diverted by the
grating. The smallest grating thickness that the infant can see
determines their VA [6].

In the test, the examiner needs to interpret the
infant’s response to these targets, which is used to determine
if the stimulus has been seen or not [4]. This interpretation is
then used to inform the examiner which grating spacing to
show the infant next. This staircasing protocol allows the
examiner to home in the infant’s VA quickly [11]. Each of
CAT, KACI, and TAC have distinct staircasing methods,
with some instructing multiple shows of the same target [8],
[12], and/or instructing to reverse the direction of the
staircasing once the infant has not seen a target [8], [9]. This
can affect the final measured VA given by each protocol.

Interpreting the infant’s response to targets is
difficult as an infant’s attention span is short, and as infants
will prefer to look at the examiner, rather than at the targets.
So, the examiner needs to be fast, all while being hidden, e.g.,
by a board or by the card itself and viewing the child through
an aperture to avoid drawing the infant’s attention away from
the test [12]. The intrinsic subjectivity in the detection of the
diversion of attention and difficulty in the implementation of
the testing protocol can result in testing errors. Also, the



targets physically degrade over time, which affects the
accuracy of the test [13].

To address this, there has been several attempts to
digitize the test [9], [14] and, to aid the examiners’
interpretation of the test subject’s attention, automation of the
test by tracking the infant’s gaze has been proposed [15],
[16], [17], [18], [19]. Yet, gaze tracking is in itself a complex
task, especially given that an infant cannot be instructed to
perform the complex calibration required by most eye
trackers, which compounds with the fact that, in itself, gaze
direction is effectively a proxy for attention diversion.
Therefore, this inference is subject to errors, whether
performed by an examiner or by a gaze-based algorithm. In
order to design a clinically viable tool, this opens the need to
evaluate the performance of a diverse family of protocols, in
the presence of examiner errors, to determine the test
performance in terms of suitable metrics (e.g., uncertainties
in the measurement of absolute VA and inter-eye VA
difference, test duration, sensitivity to test subject
engagement) as a function of the examiner error rate.

The performance of preferential looking protocols
has been assessed in research [9], [20], [21], [22]. However,
these studies rarely directly compare protocols to each other,
and the study groups are small. Yet, given the deterministic
nature of the tests and the well-defined protocol sequence,
this assessment lends itself to simulation, at least to determine
inter-test differences. In this paper, therefore, a Monte Carlo
simulation to compare the clinical performance of three
preferential-looking test protocols for paediatric VA
screening tests for amblyopia is described.

II. MONTE CARLO MODEL

Monte Carlo (MC) Simulation is a statistical modelling
strategy that can be used to predict outcomes of a family of
processes where the process-to-process variability can be
parameterized [23]. In this paper, the MC model was
designed to simulate 3 major preferential-looking VA test
protocols. The computational experiment was completed by
iteratively executing simulations of an examiner testing a test
subject. The test subject is described by their (monocular) VA
and the examiner by their error rate.

Each simulation consisted of a screening of the VA of the
left eye. The screening involved the following steps.

1. The examiner shows the patient a target.
The examiner interprets whether the patient has seen
the target or not.

3. The examiner shows the next target which is
determined by referring to the protocol used.

4. The examiner repeats the previous steps until the
protocol dictates that the criteria for stopping the test
has been met. The measured VA is recorded.

Although the protocols follow the same basic show-
interpret-staircase structure, the staircasing strategies are
different, as can be seen by the protocol flowcharts in Fig. 1,2
and 3. For example, in the TAC protocol each target is shown
three times before decreasing the coarseness of the grating,
whereas it is twice and once in CAT and KACI respectively.
The protocols were modelled based on the instructions
provided by the commercial implementation of these tests
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Fig. 1. Flowchart of the CAT protocol.
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[8], [9], [10]. As some of these protocols can be performed at
different distances, with nuances reflected in the staircasing,
we set the testing distances to the most common ones used,
namely 38 cm for TAC and KACI, and 50 cm for CAT. Each
protocol also has its own set of targets which are listed in Fig.
1,2 and 3, both TAC and CAT have 15 targets, ranging from
1.5 to 0.1 logMAR and 2.1 to 0.0 logMAR respectively,
whereas KACI has a set of 7 targets ranging from 2.2 to 0.4
logMAR. These protocols and their unique staircasing were
integrated into the simulation.

III. METHODS

In this paper we are using this MC model to compare
the clinical performance of the three major protocols. To do
this, a simulation loop was created. Each loop created a test
subject and an examiner. The test subject’s VA was chosen
randomly, from a pool of uniform distribution to spread the
data points amongst the full range analyzed by the
comparative statistics, ranging from [0.0, 2.2] logMAR. This
range was decided based on the VA range that can nominally
be determined with the three protocols. The examiner’s
competency was set to 95 % [24], with 100 % meaning that
the examiner would interpret the test subject’s response
correctly every time. In our case, the interpretation is correct
in 95 % of cases, and the other 5 % of the interpretations were
then randomly decided between seen (45 %), unseen (45 %)
and disengaged (10 %). We note that, in the current absence
of any quantitative literature, in further studies this
assumption may need to be revised. The test subject is then
tested on each of the protocols, CAT, KACI, and TAC. At the
end of the simulation loop, the test subject’s VA, the
measured VA both of which are measured in terms of
logMAR from each of the protocols and whether each of
these measurements were valid (True/False) were recorded.

This simulation loop was run 2300 times. This
number was defined in order to allow for 100 test subjects for
each acuity step within the test, 23 (0.1 increments between
0.0 to 2.2, which corresponds to the combined extrema and
best resolution of the protocols). This value was set on by

running preliminary tests on the simulation, analysing the
variation seen in the VA dataset produced. The mean and
standard deviation of test subject dataset was determined to
have negligible change from 230 to 2300 iterations. With the
simulation runtime being under 30 s on an Intel i7-10870H
processor running at 2.20 GHz, the number of iterations was
opportunistically set to 2300 to provide a safe margin to the
simple statistical considerations in the study.

The collected data is then screened to remove the
measurements invalidated by test subject disengagement or
the actual VA being outside measurable range for the specific
protocol being simulated. The raw dataset is screened for
measurement validity for each protocol separately, producing
three separate datasets for each protocol. The number of valid
tests that remained after each screening is recorded at each
screening step and can be seen in Table 1.

The VA measurements produced by each of the
protocols (logMAR) was then compared to the actual VA
(logMAR). This comparison was done by plotting the mean
of the protocol’s measured VA and the actual VA against the
difference of the measurement and the actual VA, producing
a Bland-Altman (BA) plot [25]. These plots can be seen in
Fig. 4 for CAT, Fig. 5 for KACI, and Fig. 6 for TAC.

IV. RESULTS

In Table 1, the size of the dataset after the removal of
invalid measurements is reported.

The comparison of the protocol’s measurement to the
actual VA can be seen in Fig. 4 for the CAT, Fig. 5 for the
KACI, and Fig. 6 for TAC.

In Fig. 4, the mean of the differences of CAT against
actual VA is 0.18 logMAR. Their limits of agreement (LoA)
are 0.84 logMAR and -0.48 logMAR. Most points are in the
positive difference semiplane, and their distribution creates a
triangular shape, where the greatest positive difference is for
a mean of 0.79 logMAR, difference of 1.44 logMAR, with
mean from 0.05 logMAR to 1.50 logMAR. The data points
with a negative difference show no distinguishable pattern in
their distribution. They range from the means of 0.30
logMAR to 1.80 logMAR and the greatest negative
difference is -1.75 logMAR.

In Fig. 5, the mean of differences between the
measurements of KACI and the actual VA is 0.21 logMAR.
Their LoA are 0.77 logMAR and -0.34 logMAR. Again, most
of the data points lie in the positive difference semiplane.
Their distribution shows the lowest differences are near the
extremities of the range seen at approximately 0.20 logMAR
to 2.20 logMAR. The greatest positive difference is 2.05
logMAR and can be seen at a mean of 1.20 logMAR. A

TABLE 1. THE SIZE OF THE DATASET AT EACH STAGE OF THE REMOVAL
OF INVALID MEASUREMENTS FOR EACH COMPARISON.

Size of Dataset (test results)
Protocol
Before validity After validify
screening screening
CAT 1413
KACI 2300 2239
TAC 2181
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Fig. 4. CAT measurements against actual visual acuity in a Bland Altman
Plot, with a mean difference of 0.18 logMAR and limit of agreement 0.84
to -0.48 logMAR.

Keeler, Examiner Competency = 0.95

+1.96 SD: 0.77

Y -1.96 SD: -0.34

Differences [Keeler - Actual] (logMAR)
o

0.0 05 1.0 15 2.0
Means of Keeler measurements and actual VA (logMAR)

Fig. 5. KACI measurements against the actual visual acuity in a Bland
Altman Plot, with a mean difference of 0.21 logMAR and limit of
agreement 0.77 to -0.34 logMAR.
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Fig. 6 TAC measurements against the actual visual acuity in a Bland
Altman Plot, with a mean difference of 0.17 logMAR and limit of
agreement 1.00 to -0.66 logMAR

pattern can be seen in the datapoints with a negative
difference. The points create a trend where from the mean of
1.16 logMAR, the difference reduces from -1.50 logMAR to
the negative LoA, as the mean increases to 1.67 logMAR.

In Fig. 6, the mean of differences between the measurement
produced by TAC and actual VA is 0.04 logMAR. The LoA
are 0.75 logMAR to -0.67 logMAR. Again, the majority of
the datapoints lie in the positive difference semiplane. The
distribution of all points ranges from the means of 0.00

logMAR to 2.00 logMAR. This range is smaller than the
logMAR range of the targets provided from the protocol. The
greatest difference is 1.80 logMAR which is seen at the mean
of 0.90 logMAR. The few points with a negative difference
all lie within LoA, the greatest negative difference is -0.40
logMAR which also is the highest mean at 2.00 logMAR.

V. DISCUSSION

As seen in Table 1, the greatest number of invalid
measurements was found in the CAT protocol. As the
examiner’s compliance was set to an “almost perfect”
compliance of 95 %, then these invalid measurements were
due to the shorter VA range within CAT’s targets. Any test
subject above 1.50 logMAR would have produced an invalid
measurement. Since the ranges on the other two protocols
reach a higher logMAR value, the number of invalid
measurements was drastically smaller.

In all three BA plots (Fig. 4 — 6) the pattern seen within
the distributions can be determined to be related to the targets
available. Each of the repeating slants represents a target, as
can be determined by cross referencing them to the slant’s x-
intercepts. The number of slants is equal to the number of
targets provided in the CAT and KACI, 15 and 7 respectively.
However, only 13 slants can be seen in the BA plot for TAC,
the two targets that are not represented are the 2.00 logMAR
and the 2.10 logMAR, which are the highest value targets.
The reason they are represented is that within the protocol,
they are never used. The protocol instructs the test should
start on the third highest target and there is no reversal
staircasing. The question is then, why have them? The
assumption is that, even though it is not described in the
formal instruction documents provided with the commercial
implementation of TAC, if the test subjects does not see the
third greatest target (1.80 logMAR), then these will be used,
albeit opportunistically and with no explicit protocol
provided. If the test subject does not see these targets, then
the examiner is instructed to drop the testing distance down
to the next one listed, in this case that would be 19 cm [12].
This situation is not common as at 2.10 logMAR as, were this
to occur, the VA would be so low as to be easily noticed by
the infant and/or family, and the test subject would therefore
in any case be considered for the classification of “severely
sight impaired” [26].

We note that CAT and KACI have a systematic bias,
whereby the mean of differences has a value greater than the
smallest resolution of 0.1 logMAR that is used in the
protocols. Since both of their mean of differences are
positive, with CAT being 0.18 logMAR and KACI being 0.21
logMAR, the bias will systematically overestimate the
logMAR value. This means that these protocols estimate the
test subject’s vision to be worse than it is. The main
difference between these two protocols and TAC is that the
CAT and KACI protocols include an element of reversal of
the staircasing direction (moving from narrow to wide
gratings). Additionally, in CAT this reverse staircasing
follows rules that are asymmetrical with respect to those
followed when narrowing the grating spacing. When
screening for amblyopia, indeed we wish to measure an inter-
eye VA difference, rather than the VA of a single eye, as in
this simulation. However, assuming one eye is emmetropic,
“perfect vision”, at the testing distance, or close to being so,
from Fig. 4-6 all tests report a very small bias for a VA close



to 0.00 logMAR and, indeed, the single-eye VA bias is
indicative of the inter-eye difference bias. Whether a large
bias corresponds to a worse or better test ultimately depends
on the reason for testing. If, indeed, testing is directed
towards screening, avoiding false negatives takes priority
over providing accurate results and, therefore, tests with
higher bias may arguably be preferrable.

The KACI protocol has the greatest bias amongst those
examined. While we do not have a statistical model for this,
we note that this is reasonable due to two aspects. The first is
that the step size used in KACI is 0.3 logMAR, unlike CAT
which uses targets with a step size of 0.1 logMAR, and
therefore, when a target reversal occurs, the test target up for
KACI has a greater increase. The other aspect is that unlike
KACI, CAT not only presents reversals in the staircasing, but
also these reversals appear multiple times during the protocol.

An important limitation in the study so far is represented
by modelling the examiner as having competency close to
perfect, and assuming arbitrary values for the effect of
examiner errors. Fatigue of the test subjects has not been
accounted for. The behaviour described for the three test
protocols may change as these issues are considered, and our
future work will therefore need to address them.

VI. CONCLUSION

To conclude, a Monte Carlo simulation to compare
the clinical performance of three preferential-looking test
protocols for paediatric VA screening tests for amblyopia was
created. From this simulation, it was determined that CAT
and KACI protocols both have a systematic bias, whereby
they measure the VA at a greater logMAR value than the
smallest testing resolution. KACI has a greater bias which is
due to the larger step size used in the protocol and it only uses
one reversal in its staircasing. Future work will address the
relative behaviour between protocols in the presence of
varying examiner errors.
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