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BACKGROUND: New digital technologies (augmented reality headsets, eye-tracking) may potentially allow for automated
assessments of ocular misalignment. Here, we evaluate the feasibility of a novel, open-source strabismus test (“STARE”) as an
automated screening tool.
METHODS: Work progressed in 2 phases. In phase 1 (“development”), we used Fresnel prisms to elicit horizontal misalignments of
known magnitude (1–40 prism dioptres) in orthotropic controls. In phase 2 (“validation”), we applied the system to adults with an
established diagnosis of strabismus, and quantified the ability of the test to distinguish between those with horizontal
misalignment and those without. Agreement between the alternate prism cover test measurements and STARE measurements was
computed using Bland–Altman plots and product-moment correlation coefficients.
RESULTS: Seven orthotropic controls and nineteen patients with strabismus were recruited (mean age 58.7 ± 22.4 years). STARE
was able to identify the presence of horizontal strabismus with an area under the curve of 1.00 (100% sensitivity and 100%
specificity). The mean difference (bias) {95% CI} was 2.1 {−1.8, 9.9} prism dioptres, and the 95% coefficient of repeatability {95% CI}
was ±27.9 {14.8, 50.8} prism dioptres. The Pearson correlation between APCT and STARE was r24= 0.62, P < 0.001.
CONCLUSIONS: STARE shows promise as a simple, automated tool for performing a screening assessment of strabismus. It is a
rapid (60 s) test that can be performed using a consumer augmented reality headset with integrated eye-tracking, and might
conceivably be used remotely by non-specialists in future as a means of highlighting individuals needing face-to-face
specialist care.
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INTRODUCTION
The United Kingdom National Screening Committee (UKNSC)
recommends orthoptist-led screening for ‘visual defects’ at 4-5
years of age, including ‘amblyopia, refractive error and strabismus’
[1]. Currently, assessment of strabismus requires a trained
examiner [2], adept at using prisms [3], in order to obtain an
accurate diagnosis of an ocular deviation. These face-to-face
assessments are nuanced and detailed, and could not be readily
replaced by automated technologies. However, digital screening
tools might provide a helpful “triage” function: augmenting
existing services by highlighting individuals in need of specialist
orthoptic assessment, and helping to target overstretched
resources [4]. To that end, here we introduce STARE (Strabismus
screening Test using Augmented Reality and Eye-tracking): a free
open-source, test designed to mimic the alternate prism cover test
using “off the shelf” hardware, and which could conceivably be
administered by a non-specialist outside of a standard clinical
environment.
Eye-tracking has already been used previously (for example, in

combination with laptops [5, 6], video goggles [7], and virtual
reality headsets [8, 9]) to objectively quantify ocular misalignment
in prism dioptres. Eye-trackers offer many advantages, including

the ability to monitor eye movement even under occlusion, and to
quantify deviation of the eyes beyond the fixed increments
afforded by prisms in clinical use. Further, using an eye-tracker
mounted within an enclosed, head-mounted display (as in, a
virtual reality headset) obviates the need for the patient’s head to
be fixed in place, and provides complete control of ambient
illumination and the targets presented to the patient.
The novelty of the headset-based strabismus test described in

the present work is two-fold. Firstly, the work is non-profit and
open-source (under a permissive MIT license), allowing interested
parties to scrutinise, adapt, or extend its inner workings without
restriction (https://github.com/petejonze/STARE). Secondly, pre-
vious studies that have used virtual reality headsets to assess
ocular misalignment [8–10] have used artificial, simplistic stimuli
(single targets on a uniform black background). In the present
study we instead allow the patient to view their surroundings as
they are using stereoscopic pass-through cameras i.e., ‘augmented
reality’ [11], allowing the user to see the world around them,
rather than completely replacing it, as in ‘virtual reality’ [12]. A
young child, for instance, would still be able to see their parent or
the clinician during the test. From a validation perspective, the use
of pass-through cameras also enabled us to ‘simulate’ ocular
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misalignment in orthotropic controls, by placing Fresnel prisms
over the eyepieces of the headset – thereby providing a simple
and unambiguous way of quantifying the sensitivity of the system.
From a technical perspective, augmented reality also makes the
software extremely simple and lightweight. Indeed, since there is
no complex virtual environment to code, and since we used ‘off-
the-shelf’ eye-tracking and camera technology (see Methods), the
basecode for the entire data collection pipeline is only around 100
lines long, thus making it easy to distribute and providing minimal
scope for error.
The present study was intended to provide a preliminary

evaluation of feasibility, and proceeded in two phases. In phase 1
(“development”), we used Fresnel prisms to elicit horizontal
misalignments of known magnitude (1–40 prism dioptres) in 7
orthotropic controls. By using prisms of varying strength, we were
able to calibrate the system to determine how changes in gaze
position in millimetres, mapped to rotation of the eye, in
equivalent prism dioptres. We were also able to determine the
smallest detectable misalignment, as an indication of the
sensitivity of the system. In phase 2 (“validation”), we further
applied the system to 19 adults with established diagnosis of
strabismus, and quantified the ability (sensitivity/specificity) of the
test to distinguish between those with horizontal misalignment
and those without (orthotropic controls and patients with only
vertical deviations).

METHODS
Participants
Participants were 19 adults with ocular misalignment and 7 orthotropic
controls.
Patients were opportunistically sampled from Oculomotility Clinic at

Norfolk and Norwich University Hospitals NHS Foundation Trust between
February 2022 and June 2022. The only inclusion criterion was a diagnosed
disturbance of oculomotility. People aged under 18 or unable to perform
the alternate prism cover test due to poor visual acuity were excluded. The
orthotropic controls were staff at the Eye clinic. The study was approved by
an NHS Research Ethics Committee (19/NE/0305), and carried out in
accordance with the tenets of the Declaration of Helsinki. Written informed
consent was obtained from all patients prior to testing.

Reference measure
Each patient recruited to the study underwent full orthoptic assessment,
including alternate prism cover testing at 6 m distance fixation. The
orthoptists performing the former were masked to the results of the STARE
test, which was performed subsequently on the same day in a
different room.

The novel ‘STARE’ (Strabismus screening Test using
Augmented Reality and Eye-tracking) procedure
The STARE (Strabismus screening Test using Augmented Reality and Eye-
tracking) procedure required each participant to wear the Tobii Pro HTC

Vive virtual reality headset with integrated eye-tracking (HTC Corporation,
Taoyuan, Taiwan). Participants wore their habitual optical (distance)
correction, as required, and during the test were asked to fixate a target
6 m away in the room. After initial binocular viewing, each eye was
alternately occluded for 1 s (Fig. 1) for the duration of the test (60 s), whilst
eye position was recorded continuously by the eye-tracker integrated
within the headset (accuracy 0.5°–1.1° and sampling frequency of 120 Hz
[13]. An attached computer displayed both the patient’s view and their
gaze position during the test, so an operator was able to monitor
performance in real time. The computer program was written in Unity 3D,
and is available online (https://github.com/petejonze/STARE), along with
the associated MATLAB analysis code (see next).
Analysis of eye position data was performed in MATLAB, and involved

fitting of a sine wave to the raw gaze data for each eye, as shown in Fig. 2.

Fig. 1 Augmented reality headset worn by participants, and schematic illustrating the alternate occlusion of each eye during the 60-s
test. See Fig. 2 for example data trace.

Fig. 2 Horizontal gaze position for a single eye recorded by
STARE in a control participant. Gaze position is plotted over time in
a control participant with simulated horizontal strabismus of varying
magnitudes (d0= 0 prism dioptres).
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The period of the sine wave was fixed at two seconds, given the one-
second alternate occlusion of the eyes, and the magnitude was a free
parameter, thus allowed to vary depending on size of deviation.

Phase 1: Technical development & preliminary validation in
controls
In order to establish the relationship between gaze position, as measured in
millimetres by the Tobii eye tracker, and deviation of the eyes measured in
prism dioptres, a validation protocol was performed on seven control
participants. These control participants underwent multiple runs of STARE,
each with a different strength of base-out Fresnel prism (0, 1, 2, 3, 5, 6, 12, 15,
30, 40 prism dioptres for each participant) placed over the right eyepiece in
the virtual reality headset, inducing a horizontal strabismus of known
magnitude. The runs were performed in succession on the same day, and eye
position was recorded as described above. Figure 2 illustrates the raw gaze
position data of one such participant, upon which sine waves were fitted.

Phase 2: Assessing the ability (sensitivity/specificity) of STARE
to detect horizontal deviations in patients and controls
Agreement between the alternate prism cover test measurements and
STARE measurements was computed using Bland–Altman plots and
product-moment correlation coefficients. The performance of STARE in
identifying presence of horizontal strabismus was assessed using its
diagnostic parameters, including accuracy, sensitivity, specificity and area
under the receiver operating curve (AUROC). In general, P values <0.05
were considered statistically significant, and non-parametric bootstrapping
(N= 20,000) was used to generate 95% confidence intervals.

RESULTS
Phase 1: Technical development & preliminary validation in
controls
In all control participants, the amplitude of horizontal re-fixation
movement in millimetres increased as the strength of simulated
horizontal deviation increased (Fig. 3). The mean amplitude of the
horizontal re-fixation movement was plotted against strength of
simulated deviation, and the relationship fitted in order to
estimate prism dioptre deviations in patients undergoing the
STARE procedure.

Phase 2: Assessing the ability (sensitivity/specificity) of STARE
to detect horizontal deviations in patients and controls
Nineteen patients were recruited, with a mean age of 58.7 ± 22.4
years. They included 8 patients with an esodeviation, 7 with an

exodeviation, and 10 with a vertical deviation (2 of whom had no
accompanying horizontal deviation).
Figure 4 shows Bland–Altman and scatter plots comparing

measurements of horizontal deviation, in prism dioptres, made
using the standard alternate prism cover test (APCT) method, and
the novel STAREmethod. Themean difference (bias) {95% CI} was 2.1
{−1.8, 9.9} prism dioptres, and the 95% coefficient of repeatability
{95%CI} was ±27.9 {14.8, 50.8} prism dioptres, decreasing to ±17.3
{12.0, 26.4} prism dioptres when, as shown in Fig. 4A, one outlying
point was removed. As shown in Fig. 4B, the Pearson correlation
between APCT and STARE was r24= 0.62, P < 0.001.
As shown in Fig. 5 (blue line), the ability of STARE to identify

presence of horizontal strabismus, irrespective of magnitude,
appeared high, with an Area Under the Curve (AUC) of 1.00 (i.e.,
100% sensitivity, 100% specificity). However, close inspection of
Fig. 4B suggests that this result may be misleadingly optimistic,
with only a very marginal separation (in terms of STARE scores)
between some individuals with/without true horizontal deviations.
Therefore, to provide a more nuanced estimate of sensitivity and
specificity, we simulated additional ROC curves after introducing a
small degree of noise into the data (by slightly jittering each
STARE estimated deviation value by a random amount, drawn
from a Gaussian distribution with standard deviation equal to the
standard deviation observed between the 7 healthy controls).
When this was done (Fig. 5A, red dashed line), the mean AUC
reduced to 0.98, with a sensitivity of 87% when specificity was
fixed at 100% (Fig. 4: red dashed line).
To establish the necessary duration of the STARE protocol, and

to determine in particular whether the same screening accuracy
could be achieved with a shorter test, the ROC analysis described
previously (and illustrated graphically in Fig. 5A, blue line), was
repeated, using only the first N seconds of eye-tracking data. The
main finding is given in Fig. 5B, which shows that AUC values
improved progressively as more data were used, not reaching an
asymptote before the full 60 s. This indicates that a test duration
shorter than 60 s would diminish the accuracy of the test
substantively, and implies that a test duration longer than 60 s
might be beneficial.

DISCUSSION
This study describes a novel, automated method for screening of
strabismus (“Strabismus screening Test using Augmented Reality

Fig. 3 Response amplitude plotted against strength of simulated horizontal deviation in each control participant. Mean response
amplitude of all control participants is indicated at bottom right, along with the fitted calibration function (used in Phase 2 to map response
amplitude, in mm, to horizontal misalignment, in equivalent prism dioptres).
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and Eye-tracking”: STARE). STARE combines free, open source
software with a commercially available headset with integrated
eye-tracking (HTC Vive Pro Eye – though several other similar
headsets are also available) to perform an automated alternate
cover test. The patients’ task was simply to fixate a physical target
in the Eye clinic for 60 s.
It was encouraging to note that STARE was able to detect

moderate and severe cases of horizontal strabismus with reason-
able (87%) sensitivity and 100% specificity. Given our intended use
of STARE as a screening tool, its 100% specificity is particularly
important – indeed an estimated prevalence of strabismus of
1.93% [14] means that a specificity lower than 98% would result in
more false positive referrals than true positives. The test was
reasonably quick (60 s once the patient was wearing the headset
and instructed to look at a target) and tolerable (100% completion
rate amongst control participants and patients), so might
conceivably be used remotely by non-specialists in future as a
means of highlighting those needing face-to-face specialist care.
We were keen to determine whether STARE, in its current

iteration, could also quantify horizontal deviations, as would be
expected in a specialist setting. Of note, our technical validation
procedure based upon seven control participants with simulated

deviations highlighted large variation in response amplitude,
particularly at higher magnitude deviations. This individual
variability may account for the wider limits of agreement in our
Bland–Altman analysis compared to previous virtual reality tests
(95% limit of agreement 27.9 prism dioptres, compared to 11.3 [8]
and 3.1 [9]). One extreme outlier can be identified in our patient
data – an 83 year-old myopic patient with an alternating esotropia
measuring 25 prism dioptres on APCT and 82 prism dioptres on
STARE. The incorporated eye trackers within the virtual reality
headset rely on pupil tracking under infra-red illumination to
determine eye movement in millimetres [13], and extremes of
axial length or vertex distance would lead to errors in the
conversion of this into a prism dioptre deviation. This may well
explain the gross overestimation of deviation of our myopic
patient mentioned above.

Comparisons to previous research
Previous authors have attempted to automate strabismus assess-
ment using photographs [15–17] and binocular OCT [18]. The
former in particular has significant potential for large-scale
strabismus screening, but fails to capture the nuances of the
alternate prism cover test, including identification of phorias and

Fig. 5 Ability of STARE to identify (i.e., screen for) patients with horizontal strabismus. A Mean receiver operating characteristics (ROCs).
The blue line corresponds to the original raw data shown previously in Fig. 4B. The red line shows the mean ROC from simulations in which a
realistic amount of random noise (“jitter”) was introduced into the STARE measurements (see body text for details). B AUC values as a function
of test duration (i.e., when deviation values were computed only using the first N seconds of eye-tracking data; see Fig. 2 for example raw data
traces).

Fig. 4 Agreement between measurements of horizontal deviation made using the standard alternate prism cover test (APCT), performed
by an orthoptist, and the novel STARE method. A Bland–Altman plot showing mean agreement (black line), and 95% limits of agreement
(red lines), both with ±95% confidence intervals. Note that the top right point was not included when computing the limits of agreement
shown, but statistics with and without this point included are given in the main text. B Scatter plot, including unity line and Pearson
correlation statistics.
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abnormal retinal correspondence. The assessments are also
limited by room lighting, image quality and spectacle correction.
Commercially available virtual reality headsets overcome

many of these limitations, by offering complete control of
targets and illumination, and are a natural choice of device to
digitise the alternate prism cover test. Yeh et al. (2021) [8]
compare the performance of a virtual reality headset-based test
with the APCT in a cohort of 38 patients and show good
agreement for both horizontal and vertical deviations. However,
their test requires a skilled operator, able to assess presence of
eye movement during the test and change target position
accordingly. Instead, as in the present study, Miao et al. [9]
report an automated virtual reality headset-based test, requiring
a non-skilled operator. They find good agreement with the
alternate prism cover test in the assessment of horizontal
deviation in 17 patients. However, all patients were required to
have their interpupillary distance and axial length measured in
addition to performing the test, in order for an angle of
deviation to be estimated.
The aforementioned studies used single fixation targets on a

uniform black background, reported to be at 6 m distance within a
‘virtual environment’. Nevertheless, both note uncertainties
around the patient’s perceived fixation distance, and indeed Yeh
et al. (2021) [8] find a tendency to esotropia with their virtual
reality test, suggesting accommodation and significant conver-
gence to the target. In our study, instead of depriving the patient
of their usual surroundings and distance cues, we allow the
patient to view a faithful stereoscopic representation of the room
they are in. There is thus complete flexibility over choice of
fixation target – a young child could, for instance, be asked to look
at their parent’s face for 60 s, whilst the STARE protocol is
performed.

Test limitations
In order for pupil tracking to be accurate, the virtual reality
headset must be fitted correctly on the patient’s head. The
headset used in this study would be too big for use in young
children, but was selected as it is relatively inexpensive and readily
commercially available. In future, we expect smaller and cheaper
virtual reality headsets to become widespread. The eye trackers
used in this study were unable to measure torsion, and STARE
cannot be used in those with nystagmus. STARE requires the
patient to be able to fixate on a target throughout the test, the
optimum duration of which appears to be a full 60 s (Fig. 5B). The
protocol used in the present study does not differentiate between
manifest and latent deviations.

Study limitations and future work
There are several limitations to this feasibility study of STARE.
External validity is limited by our small sample of patients. Only
horizontal deviations were considered in comparisons of size of
deviation between APCT and STARE, and no intra- or inter-
observer data was recorded. Ocular deviation was also only
measured in primary position with STARE.
This study forms the preparatory work for future iterations of

the test, where we aim to use computer-generated augmented
reality overlays of fixation targets within our real-world environ-
ment, in order to eliminate the effect of head movement and
more readily determine size of deviation for both near and
distance. By introducing a cover-uncover test into the protocol, we
aim to also differentiate manifest from latent deviations.

CONCLUSIONS
In summary, this pilot study indicates STARE shows promise as a
simple, automated tool for performing a screening assessment of
strabismus. It is a rapid, tolerable test that can be performed using
an unmodified, commercial-grade virtual reality headset. Although

the data in this study were collected in a hospital eye clinic, such a
test may in future be used by those unable to reach a traditional
healthcare setting. Future work aims to identify and quantify both
manifest and latent deviations, and to supplement the data from
this real-world three-dimensional test using augmented reality
overlays.

SUMMARY

What was known before

Previous authors have attempted to automate strabismus
assessment using photographs and binocular OCT, but these
fail to capture the nuances of the alternate prism cover test.
Commercially available virtual reality headsets overcome many
of these limitations, by offering complete control of targets and
illumination, and are a natural choice of device to digitise the
alternate prism cover test.

What this study adds

This study describes a novel, open-source, automated method
for screening of strabismus (“Strabismus screening Test using
Augmented Reality and Eye-tracking”: STARE).In our study,
instead of depriving the patient of their usual surroundings and
distance cues, we allow the patient to view a faithful
stereoscopic representation of the room they are in, using
augmented reality. STARE is a rapid, tolerable screening test of
strabismus that may in future be used by those unable to reach
a traditional healthcare setting.

DATA AVAILABILITY
The data that support the findings of this study are not openly available due to
reasons of sensitivity and are available from the corresponding author upon
reasonable request.
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