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Abstract
Visual impairments frequently occur in children with Down Syndrome (DS). Due to
diagnostic overshadowing and unsuitable assessment tools the root of these impairments is
left unexplored. Cerebral visual impairment (CVI) is the most prevalent visual function
impairment in children and occurs more often in children with intellectual disabilities than
neurotypical children. In this study visual search performance (VSP) was investigated in
children with DS with suspected CVI (M = 114.4 SD = 44.1) and non-suspected CVI (M =
167.6, SD = 18.7), aiming to test a novel screening tool and give a more comprehensive view
on VSP in children with DS. An eye-tracking device was used to record gaze requiring no
verbal or motor responses using a novel visual search task. Accuracy (Acc), reaction time
(RT) and gaze area (GA) were measured as outcomes for VSP. Additionally, the effects of task
type and scene complexity were explored. Overall, the suspected CVI group showed no
impaired VSP compared to the non-suspected CVI group. However, as task type difficulty
increased the suspected CVI group were observed to have impaired VSP. Furthermore, the
suspected CVI group showed impaired VSP on a noisy background. The division of groups
using a parent reported questionnaire, significant age differences and a small sample size
should be taken into consideration. This research provides an enhanced understanding of
higher order visual functions (HOVF) in children with DS and offers an alternative

assessment tool suitable for children with DS from an early age.

Keywords: Cerebral visual impairment; Down Syndrome; Visual selective attention; Search

task; Eye-tracking



Introduction

Children with Down Syndrome (DS) are at a higher risk of experiencing visual function
problems. However diagnostic overshadowing and attribution of visual function problems to
common ocular impairments may not give a comprehensive view of the cognitive profile of
children with DS (Harvey et al., 2020; Purpurra et al., 2019). Visual function impairments
such as low visual acuity, nystagmus and refractive error are a common occurrence in children
with DS (Creavin & Brown, 2009; Ugulru & Altinkurt, 2020). However, several visual
functions are unexplored, likely due to inappropriate assessments considering the cognitive
impairments for children with DS. Therefore, research must be done using suitable
assessments for children with DS, while taking the cognitive impairments associated with DS
into consideration. The current research investigates higher order visual functions (HOVF),
specifically visual search attention (VSA), in DS children with suspected Cerebral Visual
Impairment (CVI), using a non-verbal eye tracking task.

CVI is the most prevalent visual function impairment in children in high-income
countries (Kong et al., 2012; Pehere et al., 2018; Solebo et al., 2017). CVI is a brain-based
visual disorder that is commonly associated with preterm birth, cerebral anoxia (or hypoxia)
in the early stages of brain development, affecting the pathways responsible for the processing
of visual information (Fazzi et al., 2007; Sakki et al., 2018). CVI presents itself in a
heterogeneous fashion across visual functions, varying in severity and areas affected.

Visual functions can be divided into two subcategories: lower order visual functions
(LOVF) and HOVF. LOVF consist of sensory and oculomotor functions. Impairments in
these functions can be expressed through a diminished sense of visual acuity, visual field loss,
disorders in saccades and involuntary eye movements (van Genderen et al., 2012). HOVF are
responsible for the processing of the images provided by the LOVF. Impairments in the

HOVF can lead to difficulties in visual selective attention, visual memory, and object



recognition for example (Friedrichs & Friedrichs. 2022; Zuidhoek, 2020). Although CVI can
be the result of impairments in LOVF or a combination of both functions being impaired, CVI
most commonly is associated with impairments in HOVF. The fact visual function
assessments are often initiated by investigating LOVF, can lead to HOVF impairments being
left undiagnosed, as regular visual acuity has been used to rule out CVI in the past. However
regular visual acuity does not exclude the possibility of HOVF impairments (Saidkasimova et
al., 2007; Sakki et al., 2018; Stiers et al., 2002). This once more emphasises the heterogeneity
of CVI and the importance of well-balanced research into visual function impairments.

VSA is a HOVF which determines what information in the visual world is attended to
in order to filter out unwanted information. This can be controlled by personal motivations in
a top-down manner, for example while looking for a specific item. Contrarily VSA can be
abruptly drawn to a stimulus in the outside world due to reflex or automatism in a bottom-up
manner, for example due to a loud bang or flash (Hahn et al., 2006; Zuidhoek, 2020). VSA
can be divided into two distinctive processing types. Global selective attention is the process
of attending to something as a whole figure, this can be compared to a zoomed-out view.
Local selective attention is the process which is used when the details of a figure are attended
to, a zoomed in view (Forster & Dannenberg, 2010; Treisman, 2013). Global selective
attention dysfunction can be expressed through difficulty piecing together visual details
creating an overview of a visual scene, such as crossing a street in busy traffic. Local selective
attention dysfunction can be manifested through issues such as reading problems or difficulty
finding an object in a crowded area, as distinct elements in a scene cannot be separated
(Zuidhoek, 2020). VSA dysfunctions are a prevalent impairment in HOVF in children with
CVI (Phillip & Dutton, 2014; Zihl et al., 2015).

Early neural damage is often widespread and may affect an array of functions.

Neurological disorders or intellectual disabilities are therefore commonly associated with CVI



(Lueck et al., 2019). However, while they are at a higher risk of experiencing impairments
related to CVI than neurotypical children, CVI is often overlooked in children with DS.
Cognitive deficits in children with DS may cause deficits due to CVI to be attributed to
cognitive impairment. Subsequently this may lead to underestimation of cognitive functioning
in children with DS (Wilton et al., 2021).

DS, caused by a genetic mutation, is the most prevalent intellectual disability (Coppus,
2013). DS is linked to a variety of traits and observable characteristics such as unique
physical and facial features, health problems, atypical ageing, and lower life expectancy.
(Krinsky-Mchale et al., 2014). DS is most commonly paired with immense deficits in
language and overall slower development in cognitive functions like attention, the
performance of motor actions and auditory abilities (Klein & Mervis, 1999; Malak et al.,
2013; Roberts et al., 2007). However, due to severity of these language impairments and the
overall slower development of cognitive functions, visual function impairments can often be
underdiagnosed, as these impairments are not the most prominent impairments in DS. In
addition, early comparative research has suggested visual functions are a relative strength in
DS, however this is either in comparison with the more severe impairments children with DS
endure or compared to other intellectual disabilities (Bellugi et al., 1999; Wang et al., 1995).
This can lead to the visual function impairments being left untreated in patients with DS
contrary to neurotypical children and children with other intellectual disabilities (Wan et al.,
2015).

LOVF are known to be poor in children with DS and are often reported (Postolache.,
2019; de Weger et al., 2021; Zahidi et al., 2018) However, the notion that the overall visual
function impairments in children with DS cannot only be accounted for by the LOVF, but
may also be due to impairments in the higher order visual functions is supported by various

studies into visual acuity combined with behavioural assessments (Bosch et al., 2014; Little et



al., 2007; Little et al., 2009). Clarification on the HOVF impairments in children with DS is
needed. Currently CVI assessments are routinely done by paediatric ophthalmologists more
focused on LOVF, which may not deviate from the norm, leading to no further investigation
of the visual functions (Pilling et al., 2023). Additionally, the lack of a standardised protocol
when it comes to assessing CVI interferes with the diagnostics process (Boonstra et al., 2022;
McConnell et al., 2021). Whenever HOVF are investigated the most frequently used methods
are observational and neuropsychological tests, such as visual search tasks (Muller &
Krummenacher, 2006). However, these tests require verbal instructions and verbal or motor
skills, such as pencil and paper search tasks or verbally describing a scene. Because these
skills tend to be poor in children with DS, these standard tasks may lead to CVI being
regularly underdiagnosed in children with DS. Due to the fact HOVF impairments are often
disregarded in children with DS it is of utmost importance to use suitable tests during
assessment.

In recent years novel assessment measures have been adopted which seem to avoid the
downsides of the current methods. Eye tracking measurements provide an approach in which
visual responses can be quantified without the task requiring verbal instructions, verbal,
and/or motor responses (Kooiker et al., 2015; Mooney et al., 2021). Furthermore, eye tracking
1s more suitable for younger children and seems to be appropriate for the assessment of
children with intellectual disabilities (Boot et al., 2013; Ithzak et al., 2023; Kooiker et al.,
2016a). In addition, the eye tracking research into children with CVI have illustrated search
performances which would be expected of children with CVI, showing longer reaction times,
less likelihood of finding the target and an overall larger area searched before finding the
target compared to neurotypical children (Manley et al., 2022; Zhang et al., 2022, Hokken et
al., 2024). It is important to note that thus far the eye tracking studies mentioned above did

not include children with DS.



The current study will explore the opportunities of assessing children with DS using
this innovative method, possibly applying it for screening in the future. The assessment
consists of a feature search task, in which the child will identify a target which is hidden
between foils with one common feature. In a feature task global visual search strategies are
most commonly applied, as the saliency of the target will make it stand out between the foils.
Subsequently, the child will complete a conjunction search task in which the target must be
identified hidden between distractors which have multiple common features with the target. In
a conjunction task local visual search strategies are most commonly applied as the target is
more difficult to find among the similar foils. As children with DS show a global attention
bias (Bellugi et al., 1999; Porter & Coltheart, 2006;), this may affect their ability to complete
the conjunction task to a greater extent.

Taking the cognitive impairments of children with DS into consideration (verbal,
motor, auditory disabilities), the purpose of this study is to test the possibilities of a new CVI
screening tool for children with DS while gaining a more in-depth view on their HOVF. DS
children will be compared by dividing them into two groups: The suspected CVI group and
non-suspected CVI group. This will be done by measuring VSA. The assessment will be done
using a non-verbal gaze-based search task. Visual search performance (VSP) was quantified
measuring the following aspects: reaction time, gaze accuracy and gaze area. It is
hypothesised the suspected CVI group will have more impaired VSP than the non-suspected
CVI group. Also, the increase in task demand from the feature to the conjunction task is
expected to lead to impaired VSP in the suspected CVI group as the conjunction task is
considered a more demanding VSA task (Manley et al., 2023). Finally, an increase in scene

complexity is also expected to cause impaired VSP in the suspected CVI group.



Methods

Participants

Data were collected through children recruited at the school of optometry and vision sciences
at Cardiff university. The criteria which should be met by participants were the following: a
child between the age of 3 and 18 with down syndrome. Visual acuity had to be above 0.1
decimal. The children participating in this study did not have an official CVI diagnosis. An
informed consent form was signed prior to the experiment by the parent/carer. Ethical
approval was gained through the Ethical Review Board of Social and Behavioural Sciences of
Utrecht University, under number 23-1887 and the Medische Ethische Toetsings Commissie
(METC) of the Erasmus medical centre, under code MEC-2020-0680. The study was in

accordance with the declaration of Helsinki (2013) regarding research with human subjects.

Procedure

The assessments took place at the school of optometry and vision sciences at Cardiff
university. The experiment was supervised and performed by M. Hokken. Before the
assessment started, the child was placed at roughly 60 centimetres from the screen. Parents
were requested to not aid the children during the task in order to attain valid measurements.
The child was only instructed to keep looking at the screen, no further instructions were
given. To calibrate, the infant calibration by Tobii was used (Tobii Prolab, 2019). If the
calibration were accurate, a prompt would appear. If the calibration failed on three
consecutive trials the experiment was started, regardless of the unsuccessful calibration.
Throughout the experiment the assessor kept track of general observations using an
observation form for each task. Parents were sent the visual skills questionnaire and Vineland

questionnaire after the experiment to obtain further information on the child.



Instruments

The complete test battery consisted of two questionnaires, five eye tracking tasks and two
paper-pencil tasks. For this thesis project, the two questionnaires and two eye tracking tasks

were assessed and further analysed.

Vineland questionnaire

The Vineland questionnaire (Vineland-3; Sparrow, Cicchetti, & Saulnier, 2016) is a
standardized questionnaire which was used to measure the adaptive behaviour of the
participants in daily life. The domains measured were Communication, daily tasks and social
skills and relationships. The items are scaled on a 3-point Likert scale (0 = never, 1 =
sometimes, 2 = usually or most of the time). This resulted in an adaptive behaviour composite
(ABC) score. The score was based on the comparison with children the same age. ABC scores

were compared in this study to check for differences in adaptive behaviour.

Visual skills questionnaire

The visual skills questionnaire consisted of 70 questions. 15 questions regarding
demographic information and medical history, the questions regarding medical history were to
be answered using ‘yes’ or ‘no’, when the answer was yes, the parent/carer was asked to
elaborate, if possible. Additionally, the questionnaire consisted of 55 questions regarding
visual skills of the child which were to be answered on a 5-point scale with the following
options: ‘never’, ‘rarely’, ‘sometimes’, ‘often’, ‘always’ and ‘not applicable’. This
questionnaire was used to determine whether a child is part of the non-suspected CVI group
or the suspected CVI group. This study focussed on the comparison of children with DS with
a suspicion factor for CVI (suspected CVI group) and children with DS without this suspicion

factor (non-suspected CVI group), the discrepancy between the groups was determined using
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the visual skills questionnaire. The division of the participants into two groups was done via a
5-question screening tool. The screening tool consisted of 5 questions posed within the

questionnaire which had been proven to elicit positive responses mainly in children with CVI
(table 1). Furthermore, this screening tool had proven to have a high reliability and validity in

previous research (Wilton et al., 2021).

Table 1

Screening questions used to determine two groups

Screening questions

1. Does your child have difficulty walking downstairs?

2. Does your child have difficulty catching a ball?

3. Does your child have difficulty seeing something which is pointed out in the distance?

4. Does your child have difficulty locating an item of clothing in a pile of clothes?

5. Does your child find copying words or drawings time consuming and difficult?

Note: a positive response was a question answered with ‘often’ or ‘always’. The questions were administered

through the VSQ.

Animal search task

The animal search task measured visual selective attention by recording eye movements
during visual search. The task consists of four subtasks, that were presented in a fixed order:
(a) the target grey bunny was shown hidden between yellow bunnies, (b) the target grey
bunny was shown hidden between grey elephants, (c) the target grey bunny was shown hidden
between different animals, (d) the target grey bunny was shown hidden between yellow

bunnies and grey elephants. For this study only subtask A and D were analysed. Each subtask
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contained 12 trials, both fluctuating in number of distractors (5, 11, 23), presentation
(structured or unstructured) and background (calm or noisy). The trials were presented in a
fixed order. An overview of each display for both subtasks is given in the appendix A. Prior to
the start of both subtasks the children were primed towards the target grey bunny using a
cheerful sound and a flickering display of a singular grey bunny. This was followed by two
practice trials. During both tasks, each trial was preceded by a display of the target grey
bunny making a noise (figure 1). This was followed by the trial which was shown for a
maximum of 7 seconds. If fixation on the target had been observed by the assessor before the
7 seconds had passed, the trial was ended. At the end of each trial the target grey bunny

flickered within the display.

Figure 1

The feature and conjunction tasks on the animal search task

Feature Conjunction

&
=2

Note: a depiction of the procedure for both tasks showing example trials increasing in scene complexity over
time. Between each trial a singular bunny was shown for priming purposes
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Data analysis

The animal search task contained targets and distractors of 212 x 212 pixels. An area of
interest (AOI) of 408 pixels was drawn around the target bunny. Gaze within this AOI was
seen as fixation on the target. The threshold for a valid fixation on the target was set at 150 ms
corresponding with similar research into visual search (Hokken et al., 2024). Accuracy (Acc)
was measured by accumulating the number of trials a participant fixated on the target,
conveyed through a percentage of targets found across the twelve trials within a subtask.
Reaction time (RT) was quantified by analysing the amount of time in milliseconds it takes
for the child to fixate on the target area. Gaze area (GA) was be measured by drawing an
ellipse containing 85% of all gaze measurements following Kooiker et al. (2019). An example
ellipse is given in figure 2. GA was then calculated by dividing the area of the ellipse by the
resolution of the screen which was 1920 x 1080. This resulted in a percentage of the screen
searched by a participant for each trial. The eye tracking data was analysed using MATLAB
(Natick, Massachusetts: The MathWorks Inc.) Appendix B shows the script used to form the

ellipse.

Figure 2

An ellipse drawn around 85% of valuable gaze points on an example trial
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Statistical analysis

The analysis of the data was be done using SPSS version 29.0 (IBM Corporation, Armonk,
NY, USA). During data exploration only mild outliers were identified. The outliers were not
excluded from the analyses as they were not implausible data. There was one missing value
for the conjunction task as a child did not partake in it. Levene’s tests for homogeneity of
variance and Shapiro Wilk tests for normality were conducted. Independent samples t-tests
were performed to analyse participant characteristics and to explore the differences between
the groups on valuable gaze samples. Nonparametric analyses were done on eye-tracking data
as data was not normally distributed. To compare the suspected CVI group and the non-
suspected CVI group on RT, Acc and GA Mann Whitney U tests were used. Wilcoxon’s
signed rank test was used to measure the effect of task demands within groups. Effect sizes
for both tests were measured using effect size r (Fritz et al., 2012). Effect sizes were r = .1
(small), » =.3 (medium) and » = . 5 (large) (Cohen, 1988). Effects of scene complexity on
Acc, RT and GA within the two groups were analysed using a Friedman test for multiple set
sizes and a Wilcoxon signed rank’s test for structure and background. Wilcoxon’s signed rank
test was used as a post hoc test for Friedman’s test if significance was reached, Bonferroni
corrections were then applied for multiple comparisons with an adjusted alpha level of a =

.017. All other statistical significance levels were set at p <.05.

Results

Division into two groups
Two groups were formed using the 5- question screening tool corresponding with previous
research by Wilton et al. (2021). Table 2 displays the results of the VSQ. A child was assigned

to the suspected CVI group if three or more screening questions had been answered positively.
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This method found eight children who had three or more positive answers and eight children

with less than three positive responses (Table 2).

Table 2

Overview of the 5- question screening tool and Visual Skills Questionnaire results

Participant number Screening questions Positive responses Group
responses (%)
801 1 12,2 Non-suspected CVI
802 3 31,7 Suspected CVI
803 3 32,5 Suspected CVI
804 5 76,5 Suspected CVI
805 2 19,2 Non-suspected CVI
806 1 18,7 Non-suspected CVI
807 4 60,2 Suspected CVI
808 1 8,4 Non-suspected CVI
809 2 20,5 Non-suspected CVI
810 0 7,3 Non-suspected CVI
811 0 16,9 Non-suspected CVI
812 5 38,8 Suspected CVI
813 3 32,9 Suspected CVI
814 3 14,5 Suspected CVI
815 3 33,9 Suspected CVI
816 0 13,8 Non-suspected CVI

Note: Screening question responses are the amount of screening questions of the five answered positively. Positive responses

are the percentages of all questions answered with ‘often’ or ‘always’.
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Participant characteristics

Table 3 portrays the characteristics of the participants per group. No significant differences
were found between the groups on sex (p = .619) or on the ABC (p =.332). The groups did
significantly differ in chronological age as children in the non-suspected CVI group were
significantly older than children in the suspected CVI group (z (9.430) =3.144, p = .011,d =

1.57).

Table 3

Characteristics of the participants in the non-suspected CVI and the suspected CVI group

Non-suspected CVI Suspected CVI t-test value P-value Cohen’s D
(n=28) (n=29) @
Age in months 167.6 (18.7) 114.4 (44.1) 3.144 (14) 011%* 1.57
(M (SD))
Sex (boys, n (%)) 5 (62.5%) 6 (75%) 509 (14) .619 .26
Adaptive behaviour 68.75 (7.25) 63.17 (13.32) 1.011 (12) 332 .55

compound (ABC) (n=6)

Note: statistical significance levels were set at * p < 0.05

Visual search performance

No significant differences were found between the non-suspected CVI group (M = 56.8, SD =
12.1) and the suspected CVI group (M = 42.9, SD = 15.0) on valuable gaze samples, ¢ (13) =
1.996, p = .067.

Figure 3 shows the distribution of the suspected CVI group and the non-suspected
CVI group on VSP for the feature and the conjunction task. The suspected CVI group did not

show overall impaired VSP in comparison to the non-suspected CVI group. With Acc (U =
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24.50, Z=-.406, p = .685), RT (U= 11.00, Z=-1.121, p = .262) and GA (U = 5.00, Z=-1.826,
p =.068). Similarly no significant task specific differences were found between the Non-
suspected CVI group and the suspected CVI group for the feature task on Acc (U =31.50, Z=
-.053, p=.958), RT (U = 14.00, Z=-1.291, p = .197) and GA (U = 16.00, Z=-1.033, p =
.302) and the conjunction task there were also no significant differences found between the
suspected CVI and the non-suspected CVI group on Acc (U =23.50, Z=-.528, p =.597), RT

(U=12.00, Z=-1.549, p = .121) and GA (U =11.00, Z=-.053, p = .958)

Figure 3

The distribution of the data for both groups for: (A)Accuracy, (B) Reaction Time and (C)

Gaze Area for the feature and conjunction task
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Note : Significance is depicted using (*) for p <0.05

The non-suspected CVI group showed a significantly larger GA on the conjunction
task than on the feature task (Z=-2.201, p = .028, r = .899). No differences were found on
Acc (Z=.851,p=.395) and RT (Z =-.943, p = .345) The suspected CVI group showed
overall impaired VSP on the conjunction task compared to the feature task. The suspected

CVI group showed less Acc (Z=-2.201, p =.028, r = .832), had longer RT (Z=-1.992, p =
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.046, r = .813) and had a larger GA (Z=-2.023, p =.043, r = .905) (figure 3). All effect sizes
were large. Full data on the task type effects can be found in appendix C.

Due to increase in scene complexity the suspected CVI group showed a larger RT on
the feature task with a noisy background (Z=-2.100, p = .036, r = .742) and a larger GA on
the conjunction task with a noisy background (Z= -2.023, p =.043, r = .905) showing large
effect sizes (figure 4). No effects were found for Acc and GA on the feature task or Acc and
RT on the conjunction task due to background for the suspected CVI group. The suspected
CVI group showed no effects of increased scene complexity on VSP for set size and structure
on the feature and the conjunction task. No effects of set size, structure or background were
found for the non-suspected CVI group on VSP on the feature task or the conjunction task.
Both groups did initially show significant differences on Acc and RT on the conjunction task,
however after post hoc tests significance was no longer met. Appendix D shows full statistics

for effects of scene complexity.
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Figure 4

Significant effects for scene complexity. (A) RT on the feature task for background, (B) GA on

the conjunction task for background
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Discussion

In this study a non-verbal eye-tracking based visual search task was used to investigate the
differences in VSP between two groups of children with DS: the suspected CVI group and the
non-suspected CVI group. The aim of the study was to see whether a discrepancy could be
made between the two groups regarding visual search parameters: accuracy, reaction time and
gaze area. These parameters were measured on a feature and a conjunction task. Despite DS
children being at a higher risk for CVI related impairments than neurotypical children, CVI is
often overlooked in children with DS. Due to unsuitable screening methods considering
cognitive impairments such as verbal and motor deficits, this study explores the possibilities
of a novel screening tool for children with DS and gaining a better understanding of visual

impairment in DS.

VSP differences in children with DS

Whilst worse VSP was observed in children with suspected CVI, these differences were not
significant. This indicates the suspected CVI group did not find less targets, require more time
to find the targets or cover a larger search area to find the targets in comparison to the non-
suspected CVI group. These results were discordant with research suggesting a reduced VSP
in children with suspected CVI (Manley et al., 2022; Zihl et al., 2024, Hokken et al., 2024).
Interestingly, the suspected CVI group did show significantly more difficulty on the
conjunction task compared to the feature task, which was not the case for the non-suspected
CVI group. Thus, the suspected CVI group found less targets, took longer to find the target,
and searched a larger area on the screen in order to find the target when the target stood out
less. An increase in task demands has been associated with impaired search performance in

children with CVI (Manley et al., 2023). For the non-suspected CVI group a significant
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difference was found on gaze area meaning the area searched was larger for the conjunction
task than for the feature task. Earlier studies suggest that DS children often show a global
attention bias (Bellugi et al., 1999; Porter & Coltheart., 2003). This search tactic would be
more suited for the feature task as the target is salient. For the conjunction task however a
local search tactic would be best suited to find the target which could explain the significantly
larger gaze area for the non-suspected CVI group on the conjunction task.

Additionally, in contrast to the non-suspected CVI group, we found notable findings
effects of scene complexity on VSP for the suspected CVI group. The suspected CVI group
took longer finding the target on the feature task when the background was noisy, this is in
alignment with previous research suggesting children with CVI have difficulty finding
relevant information when a visual scene becomes more complex (Dutton et al., 2004; Lam et
al., 2010; Zhang et al., 2022; Hokken et al., 2024). This is also coherent with descriptions of
certain daily life issues children with CVI experience, such as finding toys on a colourful
carpet or a stuffed toy on bed sheets with a pattern. Recommendations to reduce these
problems therefore would be to stick to plain interior (Dutton., 2009). Another explanation
could be the children were distracted by the background as they simply, found it more
interesting. The background contained cars and rainbows which may have caught their
attention due to these being objects they are fond of. Furthermore, the suspected CVI group
had to search a larger portion of the screen on the conjunction task when the target was
presented on a noisy background. This is in concordance with expectations as recent research
suggests an increase in complexity and background interference in a scene leads to children
with CVI having difficulty finding the target and therefore needing the search a larger
proportion of the screen to single out this target (Manley et al., 2022; Walter et al., 2024;
Zhang et al., 2022). However, reaction time did not significantly differ due to increase in

scene complexity, this could be due to the fact initial reaction times on the feature task were
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high for the suspected CVI group. Moreover, it is important to note that reaction time was
only accounted for if the target was found. If the target had not been found within seven
seconds the next trial was started. Longer trials may have led to more targets being found,

increasing the targets found and the average reaction time.

VSP differences between the suspected CVI and non-suspected CVI group

Possible explanations were explored as to why no differences were found between the groups,
as this was discordant with previous research (Manley et al., 2022; Zihl et al., 2024, Hokken
et al., 2024. One possible explanation for this outcome is that in previous studies the CVI
group was generally compared to a typically developing control group, highlighting the
differences between neurotypical participants and participants with CVL. In turn, the current
study does contribute to knowledge on differences between DS children by comparing two
groups with DS, indicating the subtle differences between DS children with and without
suspected CVI. This could explain the differences within the groups on task type while no

differences between the groups were found.

Strengths, limitations, and future directions

Given the lack of research into CVI and HOVF impairments in children with DS and scarcity
of suitable diagnostic tools for DS children, the current research introduces a novel paradigm
requiring no verbal or motor responses, enabling research into VSP in children with DS while
considering deficits which could interfere with assessment. Additionally, no differences were
found on valuable gaze samples between the groups, meaning this was of no influence on the
findings. However, some limitations need to be addressed. The main limitation in this
research was the division of the children into two groups. The five-question screening tool

used was derived from previous research using questions which were more likely to elicit
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positive responses from children with CVI. However as seen in the responses in table 1, a
positive response to a screening question is not exclusive to children with suspected CVI. This
means children could have been assigned to the non-suspected CVI group while experiencing
behavioural symptoms associated with CVI. Considering the current study was specifically
researching children with DS the question could be posed whether some questions garnered a
positive response due to potential CVI or due to cognitive impairment which can be attributed
to DS. (Wilton et al., 2021). Clarity on the official diagnosis for the children participating in
the current research would have led to more conclusive findings. However, this emphasises
the importance of the current research as it could facilitate in differentiating between DS
children with and without CVI.

Second, the non-suspected CVI group was significantly older than the suspected CVI
group when looking at chronological age, increasing the expectations and likelihood of
finding significant differences between the groups. ABC scores were taken into consideration
using the Vineland questionnaire. The ABC scores between the groups did not differ
significantly, suggesting development did not influence the results. However, these scores are
based on an age matched norm group making the comparison arbitrary across a sample of
children with different ages. Therefore, age differences should still be taken into consideration
while interpreting the results, as the younger suspected CVI group may have been more
affected by the increase in difficulty than the older non-suspected CVI group, leading to the
significant findings. In future research age matched groups should be considered, preferably
with the addition of a neurotypical group matched for developmental age. Employing this
method may give a more complete view of the differences between children with DS with and
without CVI, while gaining an overarching understanding of the discrepancies between
neurotypical children and children with DS regarding VSP.

Furthermore, a complete overview into the medical and ocular information of each
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participant including refractive error and visual acuity could have given a better
understanding of possible factors which may influence VSP. Refractive error has shown to
indicate an increased probability of behaviours associated with CVI (Wilton et al., 2021). As
for visual acuity there was a minimal threshold of 0.1 for visual acuity to ensure the
participants were able to see the target. Furthermore, no children reported not being able to
see the target. However, the variance could have also provided some insight into the
differences as low visual acuity has shown to elicit slower reaction times and less accurate
search (Barsingerhorn et al., 2018). On the contrary, a near normal visual acuity combined
with poor visual functioning strongly indicates issues with HOVF, which are in turn
suggestive of CVI (Chandna et al., 2021). This emphasizes the importance of having a
comprehensive view of ocular information prior to assessment. This should be taken into
consideration in future research, potentially matching participants with the same visual acuity
to control for these influences.

The small sample size of just 16 children makes it difficult to generalise the findings
of this research. The children were divided into two groups of eight children which led to
some analyses being made with effectively less than eight children per group. This was due to
the fact the target was not found on all trials by all children. Future research should therefore
aim to increase the sample.

Final explorative adjustments in future studies would be to change the order of the
assessment to control for mental fatigue as the most conjunction task always follows the
feature task in the current study, potentially influencing the performance. This can be

controlled by potentially randomizing the trial or to separate testing moments.
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Conclusion

To conclude, the results showed no significant difference on visual search performance
between the suspected CVI group and the non-suspected CVI group, yet this result could
indicate the subtlety of differences between DS children. However, the suspected CVI group
showed impaired VSP due to task demands. Furthermore, the suspected CVI group needed
more time to find the target on the feature task and searched a larger area of the screen to find
the target if the stimuli were presented on a noisy background. Several factors could have led
to these results such as the small sample size, age differences or the subtlety in differences
between the suspected CVI group and the non-suspected CVI group, shown in the common
behavioural features in the five-question screening tool. Nevertheless, although this is a
preliminary study, it is a good starting point, possibly leading to the use of an eye-tracking
screening tool in clinical practice, as it has proven to be suitable in the assessment of VSP in
children with DS. Additionally, the current study has highlighted the extent to which DS
children endure HOVF impairment, something which was previously rarely explored. Taking
this into consideration, a comprehensive understanding of the visual functions in each
individual is essential. This can lead to earlier diagnosis and subsequently more suited
education tailored to the needs of DS children. The importance of early diagnosis and suitable
treatment is highlighted in several studies, concluding this increases quality of life and

prognosis (Fazzi et al., 2021; Idil et al., 2021; Ortibus et al., 2011).
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Appendix A

All trials of the feature and conjunction animal search task

Feature task
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Note: a depiction of all different trials within each task showing different set sizes, structures and backgrounds
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Appendix B
function CorrectScriptEllipse
close all;

% Define the x and y coordinates of the points
data = readtable("");

X
y

data.X;
data.yv;

% Calculate the ellipse parameters
ellipseData = fit_ellipse(x, y);

% Extract the ellipse parameters

xCenter = ellipseData.Xo; % x-coordinate of the ellipse center
yCenter = ellipseData.Yo; % y-coordinate of the ellipse center
semiMajorAxis = ellipseData.long _axis/2; % semi-major axis
semiMinorAxis = ellipseData.short_axis/2; % semi-minor axis
rotationAngle = ellipseData.phi; % rotation angle in radians

area = pi * semiMajorAxis * semiMinorAxis; % area

% Print the ellipse parameters

fprintf('Center: (%f, %f)\n', xCenter, yCenter);
fprintf('Semi-major axis: %f\n', semiMajorAxis);
fprintf('Semi-minor axis: %f\n', semiMinorAxis);
fprintf('Rotation angle: %f radians\n', rotationAngle);
fprintf('Area: %f\n)', area);

function ellipse_t = fit_ellipse( x,y,~ )

%

% fit_ellipse - finds the best fit to an ellipse for the given set of points.
%

% Format: ellipse_t = fit_ellipse( x,y,axis_handle )

%

% Input: X,y - a set of points in 2 column vectors. AT LEAST 5 points
are needed !

% axis_handle - optional. a handle to an axis, at which the estimated
ellipse

% will be drawn along with it's axes

%
% Output: ellipse_t - structure that defines the best fit to an ellipse

% a - sub axis (radius) of the X axis of the non-
tilt ellipse

% b - sub axis (radius) of the Y axis of the non-
tilt ellipse

% phi - orientation in radians of the ellipse (tilt)
% X0 - center at the X axis of the non-tilt ellipse
% Yo - center at the Y axis of the non-tilt ellipse
% X0 _in - center at the X axis of the tilted ellipse

% YO _in - center at the Y axis of the tilted ellipse

% long_axis - size of the long axis of the ellipse

% short_axis - size of the short axis of the ellipse

% status - status of detection of an ellipse

%

% Note: if an ellipse was not detected (but a parabola or hyperbola), then
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% an empty structure is returned

% We will try to fit the best ellipse to the given measurements. the mathematical
% representation of use will be the CONIC Equation of the Ellipse which is:
%
% Ellipse = a*x"2 + b*x*y + c*y”2 + d*x + e*y + f = 0@
%
% The fit-estimation method of use is the Least Squares method (without any
weights)
% The estimator is extracted from the following equations:
%
% g(x,y;A) = a*x"2 + b*x*y + c*y”2 + d*x + e*y = f
00
where:
A - is the vector of parameters to be estimated (a,b,c,d,e)
X,y - 1is a single measurement

We will define the cost function to be:

Cost(A) := (g_c(x_c,y_c;A)-f c)'"*(g_c(x_c,y c;A)-f c)
= (X*A+f_c) "*(X*A+f_c)
= AUEXUEXKA 4+ 2%F_CUEXRA + NFFA2

where:

g c(x_c,y _c;A) - vector function of ALL the measurements
Each element of g _c() is g(x,y;A)
X - a matrix of the form: [x_c.”2, x c.*y c, y c.”2, x ¢, y C

f c is actually defined as ones(length(f),1)*f

SR 3R 31— 3R 3R 3R 3R 3% 3% 3R 3R 3R 3° 3 R :}® X

Derivation of the Cost function with respect to the vector of parameters "A"
ields:

o,

A'*¥X'*X = -f _c"*X = -f*ones(1,length(f_c))*X = -f*sum(X)

Which yields the estimator:

32 3 3% 3¢ 3¢ 3R <

| A_least squares = -f*sum(X)/(X'*X) ->(normalize by -f) = sum(X)/(X'*X)

3R — 3¢

%

% (We will normalize the variables by (-f) since "f" is unknown and can be
accounted for later on)

o,

%

% NOW, all that is left to do is to extract the parameters from the Conic
Equation.

% We will deal the vector A into the variables: (A,B,C,D,E) and assume F = -1;
0,

%

% Recall the conic representation of an ellipse:
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%

% A*x"2 + B*x*y + C*y”2 + D*x + E¥y + F = 0@

%

% We will check if the ellipse has a tilt (=orientation). The orientation is
present

% if the coefficient of the term "x*y" is not zero. If so, we first need to remove
the

% tilt of the ellipse.

%

% If the parameter "B" is not equal to zero, then we have an orientation (tilt) to
the ellipse.

% we will remove the tilt of the ellipse so as to remain with a conic
representation of an

6 ellipse without a tilt, for which the math is more simple:

3R 3R X

o

Non tilt conic rep.: A *x"2 + C*y?2 + D'*x + E'*y + F° =0

We will remove the orientation using the following substitution:
Replace x with cx+sy and y with -sx+cy such that the conic representation is:
A(cx+sy)”2 + B(cx+sy) (-sx+cy) + C(-sx+cy)”?2 + D(cx+sy) + E(-sx+cy) + F = 0@
where: ¢ = cos(phi) , s = sin(phi)
and simplify...

x"2(A*c”2 - Bcs + Cs™2) + xy(2A*cs +(c”2-s”2)B -2Ccs) + ...
y~2(As”?2 + Bcs + Cc”2) + x(Dc-Es) + y(Ds+Ec) + F = @

3R 3% 3R 3% 3R 3R 3° 3R 3R 3R R 3 R ¥ X

The orientation is easily found by the condition of (B_new=0) which results

=]

2A*cs +(c”2-s”2)B -2Ccs = © ==> phi = 1/2 * atan( b/(c-a) )

Now the constants c=cos(phi) and s=sin(phi) can be found, and from them
all the other constants A°,C ,D ,E° can be found.

A" = A*c”2 - B*c*s + C*s”2 D° = D*c-E*s
B® = 2*A*c*s +(c”"2-s"2)*B -2*C*c*s = 0@ E° = D*s+E*c
C’ = A*s”2 + B*c*s + C*c”2

Next, we want the representation of the non-tilted ellipse to be as:
Ellipse = ( (X-X@)/a )*2 + ( (Y-Y@)/b )*2 =1

where: (XO@,Y0) is the center of the ellipse
a,b are the ellipse "radiuses" (or sub-axis)

Using a square completion method we will define:
F*° = -F 4+ (D "2)/(4*A™) + (E"~2)/(4*C")

Such that: a *(X-Xe)~2
c *(Y-Y0)"2

A" (XA2 + X*D /A" + (D /(2*A7))"2 )
C (Y 2 + YXE'/C + (E /(2%C))™2 )

which yields the transformations:

3R 3R 3R 3% 3R 3R 3R 3R 3% 3% 3% 3R 3% 3R 3% 3% 3% 2R 3% R 3% 3R R X X ¥ B



% X0 = -D/(2*A")

% Yo = -E /(2*C)
% a = sqrt( abs( F"° /A" ) )
% b = sqrt( abs( F°/C ) )

% And finally we can define the remaining parameters:

% long _axis = 2 * max(
% short_axis = 2 * min(
%  Orientation = phi
%
%
% initialize
orientation_tolerance = le-3;
% empty warning stack
lastwarn( "' );
% prepare vectors, must be column vectors
x = x(:); X data = x;
y = y(:); Y_data = y;
% remove bias of the ellipse - to make matrix inversion more accurate. (will be
added later on).
mean_x = mean(x);
mean_y = mean(y);
X = X-mean_Xx;
y = y-mean_y;
% the estimation for the conic equation of the ellipse
X = [x.72, x.*y, y.72, X, ¥ ];
a = sum(X)/(X"*X);
4 check for warnings
if ~isempty( lastwarn )
disp( 'stopped because of a warning regarding matrix inversion' );
ellipse t = [];
return

xR

end

% extract parameters from the conic equation
[a,b,c,d,e] = deal( a(1),a(2),a(3),a(4),a(5) );

% remove the orientation from the ellipse

if ( min(abs(b/a),abs(b/c)) > orientation_tolerance )

orientation_rad = 1/2 * atan( b/(c-a) );
cos_phi = cos( orientation_rad );
sin_phi = sin( orientation_rad );
[a,~,c,d,e] = deal(...
a*cos_phi”~2 - b*cos_phi*sin_phi + c*sin_phi~2,...
0,...
a*sin_phi”2 + b*cos_phi*sin_phi + c*cos_phi~2,...
d*cos_phi - e*sin_phi,...
d*sin_phi + e*cos_phi );
[mean_x,mean_y] = deal( ...
cos_phi*mean_x - sin_phi*mean_y,...
sin_phi*mean_x + cos_phi*mean_y );
else
orientation_rad = 0;
cos_phi = cos( orientation_rad );
sin_phi = sin( orientation_rad );
end
% check if conic equation represents an ellipse
test = a*c;
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% switch (1)

% case (test>@), status "

% case (test==0), status "Parabola found'; warning( 'fit_ellipse: Did not
locate an ellipse' );

% case (test<®), status = 'Hyperbola found'; warning( 'fit_ellipse: Did not
locate an ellipse' );

% end

% if we found an ellipse return it's data

%if (test>0)

% make sure coefficients are positive as required
if (a<e@), [a,c,d,e] = deal( -a,-c,-d,-e ); end

% final ellipse parameters
X0 = mean_x - d/2/a;

Yo = mean_y - e/2/c;

F =1 + (d*2)/(4*a) + (e”2)/(4*c);

[a,b] = deal( sqrt( F/a ),sqrt( F/c ) );

long_axis = 2*max(a,b);

short_axis = 2*min(a,b);

% rotate the axes backwards to find the center point of the original TILTED
ellipse

R = [ cos_phi sin_phi; -sin_phi cos_phi ];

P_in = R * [Xo;Y0];

Xe_in = P_in(1);

YO_in = P_in(2);

% pack ellipse into a structure
ellipse_t = struct( ...
‘a',a,...
'b',b,...
'phi',orientation_rad,...
'Xe',Xo,...
'Ye',veo,...
'X0_in',X@_in,...
'Yo_in',Y@_in,...
"long_axis',long_axis,...
"short_axis',short_axis,...
"status’',"'" );

% else

% % report an empty structure
% ellipse_t = struct( ...
% a', [1,...

% 'b',[],...

% "phi', [1,...

% 'Xe',[1,-..

% ‘Yo', [1,...

% 'Xe_in',[1,...

% 'Yo_in',[1,...

% "long_axis',[],...
% 'short_axis',[],...
% "status’',status );
% end

% check if we need to plot an ellipse with it's axes.
%if (nargin>2) & ~isempty( axis_handle ) & (test>®@)

% rotation matrix to rotate the axes with respect to an angle phi
R = [ cos_phi sin_phi; -sin_phi cos_phi ];



% the axes

ver_line = [ [X0 X0]; Ye+b*[-1 1] ];
horz_line = [ Xe+a*[-1 1]; [Ye Ye] 1;
new_ver_line = R*ver_line;
new_horz_line = R*horz_line;

% the ellipse

theta_r = linspace(0,2*pi);
ellipse_x_r = X0 + a*cos( theta_r );
ellipse y r = Y0 + b*sin( theta_r );
rotated_ellipse = R * [ellipse_x_r;ellipse_y r];
% draw

% hold_state = get( axis_handle, 'NextPlot' );

% set( axis_handle, 'NextPlot','add' );

plot(X_data,Y_data, 'o'); hold on;
plot( new_ver_line(1,:),new_ver_line(2,:),'r" );
plot( new_horz_line(1,:),new_horz_line(2,:),'r" );
plot( rotated _ellipse(1,:),rotated_ellipse(2,:),'r" );
axis([© 1920 o 1080]);
% set( axis_handle, "NextPlot',hold state );
%end
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Appendix C
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Wilcoxon's Signed Rank test for reaction time, gaze accuracy and gaze area within groups for

the feature vs the conjunction task

Group Variable Feature Conjunction V4 P-value r
Mdn I0R Mdn IOR

Non-suspected CVI
Acc (%) 66.65 97.93 41.70 43.80 .851 395 301
RT (ms) 869.42  858.07 1635.53  734.79 -.943 .345 385
GA (%) 16.67 3.04 25.62 8.03 -2.201 .028* .899

Suspected CVI
Acc (%) 54.20 58.38 41.70 33.33 2.201 .028* .832
RT (ms) 1287.75 800.84 2081.13  1179.07 -1.992 .046* .813
GA (%) 20.98 8.47 31.70 9.97 -2.023 .043* .905

Note: Significance levels for Wilcoxon’s signed rank test were set at * p <0.05



Appendix D

Friedman’s test and Wilcoxon s signed rank's test to measure VSP differences between set size, background and structureon the feature and the conjunction
task

Set size Structure Background

Group Task ¥*(2) p-value Kendall’s W Z p-value r Z p-value r
Non-Suspected CVI  Feature Acc (%) 1.000  .607 .063 -1.000 317 354 -.447 .655 158
RT (ms) 400 .819 .040 -.944 345 422 -.135 .893 .060
GAr (%) 2.800 .247 .280 -1.483 138 .663 -1.483 138 .663
Conjunction  Acc (%) 7.280  .026 455 -.333 739 118 -.108 914 .038
RT (ms) 6.500 .039 813 -1.183 237 447 -1.352 176 S11
GAr (%) 4.500 .105 .563 -.676 499 256 -1.183 237 447
Suspected CVI Feature Acc (%) 3391 183 212 -.378 .705 133 -.966 334 341
RT (ms) 1.000 .607 .083 -.338 735 128 -2.100 .036* 742
GAr (%) 5333 .069 444 -1.521 128 575 -.700 484 247
Conjunction  Acc (%) 6.700  .035 479 -.707 480 267 -1.633 102 730
RT (ms) 6.500 .039 813 -.944 .345 422 -.135 .893 .060
GAr (%) 3.000 .223 223 -.674 .600 301 -2.023 .043* 904

Note: Friedman’s test adjusted significance level using a Bonferroni correction was set at * p <0.17. Significance levels for Wilcoxon’s signed rank test were set at * p < 0.05





