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The use of eye tracking to assess reading fluency has been proposed as a novel
and efficient screening method for identifying school children with atypical reading
development or risk of dyslexia. Currently, however, little is known about the relationship
between the predictive outcomes produced by eye tracking screening systems and
specialist cognitive assessments. Here we investigate this relationship in the context
of a neuropsychological case study involving eight subjects (9–10 years) who were
identified as being at risk of dyslexia by an eye tracking screening system. We analyze
to what extent these subjects displayed cognitive limitations when assessed with a
neuropsychological test battery, and to what extent cognitive difficulties were limited to
reading and decoding, or whether they extended to other domains as well. As a group,
the subjects performed on average significantly worse in reading and decoding than in
other cognitive domains. Five subjects performed more than 1.25 standard deviations
below the mean for age. In line with empirical evidence, co-occurring difficulties in the
attention domain were also observed in a few struggling readers. Overall, the results
support the view that eye tracking can be a useful tool to assess and monitor children’s
reading development during the early school years.

Keywords: reading difficulties, dyslexia, screening, eye tracking, eye movements, neuropsychological
assessment, cognitive assessment, machine learning

INTRODUCTION

Learning to read is one of the most important skills that children develop in school, essential for a
child’s education, intellectual growth, and sense of inclusion in society. It is well known that children
who do not learn to read often develop psychological and emotional distress, manifested by low self-
esteem, lack of motivation, and depression (Alexander-Passe, 2006; Long et al., 2007; Riddick, 2009;
Gustafsson et al., 2010). Not surprisingly, these problems tend to multiply over time and children
who struggle with reading through their adolescence often face poor educational outcomes and
limited career prospects (Snowling, 2014). Children who fail to develop reading skills at a normal
rate need careful monitoring and appropriate reading support. Signs of dyslexia, or specific reading
difficulties, are often overlooked as all beginning readers struggle with reading to some extent.
However, research shows that it may be detrimental to wait for a diagnosis of dyslexia before
attending to the difficulties (Shaywitz et al., 2004; Vaughn et al., 2010; Peterson and Pennington,
2012). Thus, screening children for reading difficulties during the early school years can play an
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important role in calling attention to children who struggle
more than their peers and who need additional support in their
reading development.

In recent years, eye tracking technology has become
increasingly more affordable, accessible, and easy to use in
different environments. Moreover, using eye tracking to measure
children’s reading patterns has been proposed as an efficient
screening method to obtain a first basic assessment of reading
skill and potential risk of dyslexia (Nilsson, 2013; Rello and
Ballesteros, 2015; Benfatto et al., 2016; Zhan et al., 2016; Florea,
2018; Ceravolo et al., 2019; Jothi Prabha and Bhargavi, 2019;
Rizwana, 2019). By using eye tracking it is possible to follow
the movements of the eyes across words and sentences without
necessarily requiring the child to produce any overt verbal or
motor response during the task (see Figure 1 for a visualization
of eye movements in reading). Thus, a potential advantage of
using eye tracking is that it enables objective measurements of
reading fluency, whether the child is reading aloud or silently.
The argument for using eye tracking in this context is not that
children with dyslexia have poor sight, vision, or other inherent
oculomotor problems that cause difficulties in reading. Although
suggestions have been made in the past that dyslexia is caused
by such problems (e.g., Pavlidis, 1981, 1985), most researchers
today agree that dyslexia is a language-based disorder primarily
involving cognitive difficulties in processing the phonological
structure of written words. This does not preclude, however, that
eye movements can be useful secondary indicators of dyslexia, as
it has long been known that eye movements during reading are
multifaceted and reflect ongoing cognitive processes in various
ways (Rayner, 1998, 2009; Clifton et al., 2007).

In addition to displaying and summarizing reading patterns,
screening methods based on eye tracking typically produce a
binary prediction indicating whether the reader is at risk of
dyslexia or not. To assess the validity of these predictions
it is important to understand how they relate to the results
of more comprehensive cognitive assessments, which are too
time-consuming to be suitable for large-scale screening of
school children in a large community, city, or country.
Here, such a comparison between eye tracking outcomes and
cognitive assessments is presented in the context of a small
neuropsychological investigation including eight participants,
9–10 years old, who were identified as being at risk of
dyslexia using an eye tracking based screening system. The
question we address is to what extent these children displayed
cognitive limitations or deficits when assessed using an extensive
neuropsychological test battery, and further, to what extent the
problems were limited to reading and decoding, or whether they
extended to other cognitive domains as well. Thus, the overall
purpose of the study is to compare eye tracking predictions to
neuropsychological assessments in order to better understand
the validity of eye tracking based screening methods. To our
knowledge, this is the first study that examines this relationship.

Eye Movements During Reading
When we read, our eyes do not move along a line of text in a
single smooth and sweeping movement, but with small, rapid,
and jerk-like movements called saccades. These movements are

only 7–9 letter spaces long on average for readers of alphabetic
writing systems and serve to move new text into the fovea,
the central part of the visual field. Between saccades, our eyes
momentarily pause to process visual input in our perceptual
span, which extends 3–4 letter spaces to the left, and 14–15 letter
spaces to the right (for left-to-right orthographies) of the point of
fixation (McConkie and Rayner, 1975, 1976; Rayner and Bertera,
1979). These brief pauses, called fixations, last on average 200–
250 ms, which means that a normal skilled adult reader makes
about 4–5 fixations per second. However, there is considerable
variability in both the length of saccades and duration of fixations,
both between and within readers. Fixation durations often range
between 50 and 500 ms, and saccade lengths between 1–20 letter
spaces, for one and the same reader reading a few pages of text.
This variability is related to the ease or difficulty with which
words and sentences are being processed. For example, it is
well known that the time spent fixating a word is related not
only to its visual properties, such as the length of the word in
number of letters, but also depends on how common the word
is in the language, as well as on how expected or predictable
the word is in the context that it occurs. Words, phrases, or
sentences which are more difficult to process take longer time
to read and this is immediately registered in the eye movement
record by prolonged fixation durations or repeated fixations
on a particular word or region of text. Furthermore, when we
experience difficulties in understanding some region of text, we
tend to make more eye movements backwards to previous words
in the text, so-called regressions, as well as shorter saccades when
moving forward through the text. Eye movements have long
been a valuable source to investigate different aspects of the
reading process. By experimentally varying different linguistic
properties of words and sentences being read and measuring the
corresponding eye movement response, research has shown that
eye movement measurements provide useful information about
how the brain processes language during reading (Rayner, 1998,
2009; Clifton et al., 2007).

Eye Tracking and Machine Learning
With the rising popularity in recent years of computational
methods that are able to learn patterns and relationships
from data and make predictions for new input based on that
knowledge, a growing number of researchers have started to
investigate how such methods, often called machine learning
methods, can be applied to eye tracking data for practical
purposes. It is in this context one should understand the recent
interest in using eye tracking as a screening method for reading
difficulties and dyslexia. Machine learning is the methodology
that enables computers to learn how dyslexic eye movements
are different from normal or typical readers’ eye movements. An
early contribution to this line of research is Rello and Ballesteros
(2015). This study involved 97 subjects between 11 and 54 years
old, 48 of which were diagnosed with dyslexia. By training
machine learning algorithms on eye tracking data recorded
while the subjects were reading short text passages, Rello and
Ballesteros showed that it was possible to predict readers with
and without dyslexia with an accuracy of 80%. Another study in
a similar vein is Benfatto et al. (2016), which focuses exclusively
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FIGURE 1 | Eye movements during reading for two persons reading the same text passage. The circles represent fixations, instances where the eyes pause to
process information (the greater the circle, the longer the duration of the fixation). The lines between fixations represent saccades, instances where the eyes rapidly
move to another point of fixation (the longer the line between two fixations, the longer the saccadic movement). The reader to the left makes longer fixations
(temporally) and shorter saccades (spatially) than the reader to the right.

on school children’s reading. This study included 185 subjects
between 9 and 10 years old. Among these subjects, 97 were high-
risk subjects and 88 low-risk subjects, as determined by their
level of word decoding skill in a sample of 2165 school children
(children who performed in the lower 5th percentile were defined
as high-risk subjects). Eye movements were recorded while the
subjects silently read a short passage of text adapted to their age
level. Classification models were trained on these recordings and
the best model achieved an accuracy of about 95% in predicting
low versus high risk of dyslexia. These results indicate that eye
movement measurements can be useful in identifying children at
risk during the early school years. Other researchers have used
eye tracking for the same purpose and reported similar results
(Zhan et al., 2016; Ceravolo et al., 2019; Rizwana, 2019; Prabha
and Bhargavi, 2020).

MATERIALS AND METHODS

Participant Selection
Participants were selected from a large sample of school children
who were enrolled in a research project on children’s reading
ability and eye movement development in primary school,
including 35 schools and 3444 screenings among school children
in grade 1–3 (age: M = 8.8 years, SD = 0.9). The overall goal of
this project was to develop a screening instrument for reading
difficulties based on eye tracking data from a large number
of school children. An ethical approval for the project was
applied for and granted by the Central Ethical Review Board of
Sweden. The same application also explicitly expressed that a
smaller subset of the study participants would be assessed by a
professional neuropsychologist as part of the project.

Importantly, the aim of the larger research project was to
develop a screening tool that could be easily applied in the
children’s natural daily environment, that is, directly in schools
rather than in research labs or specialized clinics. The number of
children who participated were approximately evenly distributed
across grade levels with about 1000 children per grade (51% were
male and 49% were female). The children performed a set of
reading-related tasks, including (1) rapid automatized naming
of letters (RAN), (2) multiple-words segmentation (also called
word-chains), and (3) single word reading (non-words and real
words). Figure 2 shows box plot summaries of the distribution of

results for these tests across grade levels. Based on the test results,
a composite standardized measure of average word reading
and decoding ability, i.e., a z-score, was calculated for each
participant, and a cut-off score was set at the 10th percentile,
such that children who fell below the 10th percentile of his or her
grade level were operationally defined as being at risk of dyslexia.
The same children also performed a whole-passage reading task
(with words read in context) while their eye movements were
being recorded using a Tobii screen-based eye tracker with
120 Hz sampling frequency. All tests and recordings took place
in school, typically in a smaller room adjacent to or nearby
the children’s classroom. The session lasted about 5–10 min per
child. Classroom teaching continued more or less as normal while
the children took turn in performing the tests. Using the eye
tracking data from the whole-passage reading task, a number of
eye movement parameters, or features, were computed, such as
the duration of fixations, the length of saccades, and proportion
of regressions, to name a few. These data were then given as
input to a supervised learning algorithm to learn an optimal
mapping between the input eye movement features and the
output variable to predict (i.e., at risk/not at risk). All data
analysis was performed in R (R Core Team, 2020) using the Caret
(Kuhn, 2008) package for model training and evaluation. The
best result was obtained using support vector machines (SVM)
with a polynomial kernel function. The predictive performance
was evaluated using cross-validation techniques which means
that data for parameter estimation and model evaluation were
kept strictly apart and the predictive performance was based
only on out-of-sample subjects. The results showed that the best
models were able to predict the risk of dyslexia with an average
accuracy of 86.2% in grade 1–3 (n = 2726). The average sensitivity
(i.e., the percentage of children operationally defined as at risk
who were correctly identified as such) across grade levels was
84.5%, and the average specificity (i.e., the percentage of children
operationally defined as not at risk who were correctly identified
as such) was 87.9%. The average positive predicted value (i.e.,
the probability of being at risk given a positive screening result)
across grade levels was 43.4% and the negative predicted value
(i.e., the probability of not being at risk given a negative screening
result) was 98.1%. The difference between positive and negative
predictive value, despite similar sensitivity and specificity, is due
to the negative outcome being one order of magnitude larger
than the positive as a result of prevalence. Although performance
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FIGURE 2 | Box plots of results on tests of reading and decoding for approximately 3000 children in grade 1–3 who participated in the larger screening project.
Tests: RAN (letters per minute), Word chains (word chains per minute), Real word reading (words per minute), and Non-word-reading (words per minute).

metrics such as sensitivity, specificity, and positive and negative
predicted value give a general idea of the overall quality of
the eye tracking based screening, it is important to be aware
of the limitations of these metrics when being applied in the
context of disorders like dyslexia which is not an all-or-nothing
phenomenon but occurs in varying degrees of severity (Siegel,
2006). The performance metrics are calculated from binary
outcomes which means that when using them in this context we
make the simplifying assumption that either a child is dyslexic
or it is not. In reality, however, reading ability is a skill that falls
along a continuum and dyslexia is best considered a difficulty at
the low end of the continuum with no clear-cut or absolute limit
between dyslexia and non-dyslexia (Shaywitz et al., 1992).

The children to be further assessed with a full
neuropsychological assessment were selected among
participating children in second grade. Out of a total of
910 children in second grade, 92 (10.1%) were predicted to be at
risk of dyslexia by the eye tracking screener. From this sample, 10
children (10.9%) were randomly selected, their families contacted
and asked for willingness to participate in the study.

Participant Description
One of the children who were contacted chose not to participate
in the study via his or her guardians. Another child, interestingly,
had been diagnosed with both dyslexia and attention deficit
hyperactivity disorder (ADHD) less than 6 months before, and
had thus already been exposed to extensive neuropsychological
testing. For ethical reasons, as well as for concerns about potential

retest effects during the neuropsychological testing, this child
was not included in the study. Thus, eight subjects in total
participated in the neuropsychological assessment. The age of
these participants ranged from 9:1–10:2 years with a mean age
of 9:7 years. Five participants were female and three were male.
Six participants had Swedish as their native language and two
were bilingual (Swedish/Moroccan Arabic and Swedish/Syriac-
Aramaic, respectively). While in contact with the participating
children’s parents or guardians, information was received that
three of the participants had previously been assessed for different
neurodevelopmental disorders by health care professionals. One
of them had been referred for an autism assessment 4 years
prior to this investigation and received a diagnosis of autism
spectrum disorder. Another had been referred to a speech and
language therapist 3 years prior to this investigation and received
a diagnosis of speech and language disorder. The third had been
assessed for dyslexia by a speech and language therapist 1 year
prior to this investigation but did not meet the diagnostic criteria.
Since none of these three participants had been referred for a full
neuropsychological assessment, at least not during their school
years, and because the testing that they had been exposed to had
taken place more than a year earlier, the decision was made to
include all three participants in the study.

Neuropsychological Assessment
The neuropsychological assessments were carried out by
one and the same professional neuropsychologist who had
more than 10 years of training and experience in conducting
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neuropsychological assessments of school children and providing
counsel on cognitive remediation. A neuropsychological
test battery was designed to provide a comprehensive
understanding of each participant’s cognitive profile. Nine
cognitive domains were assessed: (1) Reading and Decoding,
(2) General Intelligence, (3) Verbal Working Memory, (4)
Visual Working Memory, (5) Verbal Executive Functions, (6)
Non-verbal Executive Functions, (7) Attention, (8) RAN, and (9)
Psychomotor speed. For each domain, participants completed
a set of tests varying in length and complexity. The tests that
were included in the battery are presented in Table 1 (for a more
thorough description of the various tests, see Supplementary
Appendix A). To make it possible to compare results across
different neuropsychological tests and cognitive domains, the
raw scores were first converted into scaled scores in accordance
with the guidelines in the respective test manuals. These results
were then transformed into a common standard scale or Z-scale,
having zero mean and unit variance. The average Z-score over the
subtests in each cognitive domain were then taken to represent
the subject’s overall cognitive ability in that domain. With respect
to reading and decoding, the subtest results also included those
results that were used as reference data in building the machine
learning model as described in section “Participant selection.”
Importantly, however, the predictions made were based only on
out-of-sample subjects whom the model had not seen during
the training phase.

At the time of the neuropsychological assessment, all subjects
attended third grade. A pilot participant was first assessed on
a single occasion during the autumn term. The remaining
participants were assessed on two occasions during an interval
of 12 weeks in the spring term, approximately 1 year after the eye
tracking testing. The time between the two test occasions varied
somewhat due to practical circumstances. Six of the participants
were tested within an interval of 8 days, one participant within
14 days, and one participant within 30 days. Each test occasion
lasted 1.5 h on average.

With respect to reading ability, two different sets of tests
were analyzed in the neuropsychological assessment. The first
set included results from the original reading ability tests
performed in conjunction with the larger research project in
grade 2 (non-word, real word, and text reading). The second set
included results from LäSt, a standard Swedish reading ability
test, administered in conjunction with the neuropsychological
assessment in grade 3. All results were normalized and scaled
for age at time of testing. Thus, the overall assessment gave
an indication of the subjects’ reading ability both at the time
of the eye tracking testing, as well as at the time of the
neuropsychological assessment.

RESULTS

First, we present group level results to show the common
characteristics and overall cognitive profile of the children
predicted to be at risk by the eye tracking screener. Next, we
summarize the results of the neuropsychological assessment on
an individual basis to reveal differences and similarities within

the group. Finally, we look at the strength of association in
performance between different cognitive domains.

Group Level
Given the small sample size of eight subjects, one must be
very careful in drawing general conclusions about the overall
cognitive profile of the participant group. Nevertheless, some
common tendencies can be identified and supported by statistical
analysis. The average performance across all cognitive domains
was 0.47 standard deviations below the mean for the age group,
indicating lower-than-average overall performance in the group.
Table 2 shows the mean standard score and standard deviation
for each individual cognitive domain, along with p-values for
the Shapiro–Wilk normality test, as well as minimum and
maximum standard scores among the participants. These results
are further summarized in Figure 3 showing mean performance
per domain with errors bars indicating 95% confidence intervals.
In order, from the most to the least adversely affected cognitive
domain we find (1) reading and decoding (−1.5 Z, 0.41 SD);
(2) verbal working memory (−0.83 Z, 0.91 SD); (3) RAN
(−0.53 Z, 0.24 SD); (4) attention (−0.47 Z, 0.72 SD); (5)
psychomotor speed (−0.45 Z, 0.5 SD); (6) verbal executive
functions (−0.39 Z, 0.43 SD); (7) general intelligence (GI; −0.36
Z, 0.48 SD); (8) visual working memory (−0.08 Z, 0.88 SD);
and (9) non−verbal executive functions (0.31 Z, 0.47 SD).
Notably, the average performance is below the mean for the
age group in all assessed cognitive domains, with exception
only for non-verbal executive functions. The three domains for
which performance was the weakest (RAN, VEWM, and RD) are
related to reading skill. Previous studies have shown, for example,
that children who struggle with RAN also often have significant
problems in learning to read and that poor performance on
RAN may be an early predictor of dyslexia (Denckla and Rudel
1976a,b; Wolf et al., 1986; Vellutino et al., 1996). The average
performance on reading and decoding across the group was
1.5 standard deviations below the mean. This is in line with
what would be expected from a screening method whose aim
is to identify children at risk of dyslexia. The most common
operational definitions of dyslexia set the cutoff for reading
deficiency either at 1.25 or 1.5 standard deviations below the
mean for age or grade level, thus identifying 10 or 7% of the
population as dyslexic, respectively (Peterson and Pennington,
2012; Landerl et al., 2013).

To understand whether there were any statistically significant
differences in performance between cognitive domains, a
one-way repeated measures (RM) ANOVA was performed,
using cognitive domain as the RM factor with nine levels
corresponding to each of the cognitive domains. Given that
the average result for each individual domain was below the
population mean (except for non-verbal executive functions),
we were particularly interested in whether the performance
on reading and decoding was significantly lower compared
to the performance in other cognitive domains. The RM
ANOVA assumption of sphericity was checked. Mauchly’s test
of sphericity was non-significant, indicating that there were no
significant differences between the variances of the differences
in performance, and thus that the sphericity assumption was
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TABLE 1 | Neuropsychological test battery.

Cognitive domain Neuropsychological test

Reading and decoding LäSt (Elwér et al., 2013): Non-word decoding, word decoding Börje (see Supplementary Appendix A): Non-word reading, word
reading, text reading (The tests from Börje were administered in grade 2.)

General intelligence WISC-IV (Wechsler, 2003): Intelligence Quotient (IQ), General Ability Index (GAI). Analyses according to Kaufman’s and Flanagan’s
method (Flanagan and Kaufman, 2004).

Verbal working memory WISC-IV (Wechsler, 2003): Working Memory Index (WMI), Digit Span Forward (DsF), Digit Span Backward, (DsB), Letter-Number
Sequencing (LnS)

Visual working memory WISC-IV Integrated (Wechsler, 2004): Visual Digit Span (ViDS), Spatial Span Forward (SSF), Spatial Span Backward (SSB)

Verbal executive functions D-KEFS (Delis et al., 2001a,b): Letter Fluency (LF), Category Fluency (CF), Category Switching (CSwCr/CswSA)

Non-verbal executive functions Wisconsin Card Sorting Test (Computer edition version 4) (WCST; Heaton et al., 1993) Tower Test (D-KEFS)

Attention D-KEFS (Delis et al., 2001a,b): TMT 4 Number-Letter Switching (LNS), Color Word Inhibition (I), Color Word Inhibition/Switching (IS)

Psychomotor speed WISC-IV (Wechsler, 2003): Coding B (Co), Symbol Search B (SS) D-KEFS (Delis et al., 2001a,b): TMT 1 Visual Scanning (VS), TMT
2 Number Sequencing (NS), TMT 3 Letter Sequencing (LS), TMT 4 Number Letter Switching (LNS), TMT 5 Motor Speed (MS).
Läskedjor (Jacobsson, 2014): Letter Chains (LC)

Rapid automatized naming D-KEFS (Delis et al., 2001a,b): Color Naming (CN), Word Reading (WR) CTOPP-2 (Wagner et al., 2013): Rapid Letter Naming

TABLE 2 | Average performance per cognitive domain (N = 8).

Performance

ATT GI NVEF PMS RAN RD VEF VEWM VIWM

Mean −0.47 −0.36 0.31 −0.45 −0.53 −1.46 −0.39 −0.83 −0.08

Std. deviation 0.72 0.48 0.47 0.50 0.24 0.41 0.43 0.91 0.88

Shapiro–Wilk (p) 0.33 0.48 0.58 0.76 0.34 0.48 0.81 0.52 0.24

Minimum −1.44 −0.93 −0.34 −1.20 −0.79 −2.11 −1.20 −1.89 −1.00

Maximum 0.44 0.37 1.03 0.23 −0.03 −0.99 0.27 0.89 1.55

Mean (in standard scores), standard deviation, p-value of Shapiro–Wilk normality test, minimum, and maximum standard score. Abbreviations: ATT, Attention; GI, General
Intelligence; NVEF, Non-Verbal Executive Functions; PMS, Psychomotor Speed; RAN, Rapid Automatized Naming; RD, Reading and Decoding; VEF, Verbal Executive
Functions; VEWM, Verbal Working Memory; and VIWM, Visual Working Memory.

FIGURE 3 | Mean performance per cognitive domain with 95% confidence intervals (N = 8). Abbreviations: ATT, Attention; GI, General Intelligence; NVEF, Non-Verbal
Executive Functions; PMS, Psychomotor Speed; RAN, Rapid Automatized Naming; RD, Reading and Decoding; VEF, Verbal Executive Functions; VEWM, Verbal
Working Memory; and VIWM, Visual Working Memory.

not violated (p = 0.35). Furthermore, the Shapiro–Wilk test
of normality indicated no deviation from normality in any
cognitive domain, as shown in Table 2. A significant difference
in performance in different cognitive domains was found,

F(8,56) = 7.36, p < 0.001, and ω2 = 0.33. Overall, 33% of
the variance in performance could be attributed to cognitive
domain. Post hoc testing with Holm corrections for multiple
comparisons revealed that the performance on reading and
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decoding (M = −1.46, SD = 0.41) was significantly worse
than the performance on any of the other cognitive tasks
(p < 0.05), except for verbal working memory. Using the more
conservative Bonferroni correction did not change the results.
The only other significant difference observed was between verbal
working memory (M = −0.83, SD = 0.91) and non-verbal
executive function (M = 0.31, SD = 0.47). Again, this difference
was statistically significant under both Holm and Bonferroni
corrections (p = 0.001).

The fact that the average performance on verbal working
memory tasks did not differ significantly from the performance
on reading and decoding tasks is interesting, but not entirely
surprising on the assumption that learning to read involves
the ability to mentally maintain and manipulate sequential
visual information based on one’s phonological knowledge and
auditory system. Given the sequential nature of linguistic input,
it might be expected that children with reading and decoding
difficulties also struggle with other tasks involving sequential
processing and conscious mental manipulation of symbols, such
as letters and numbers.

It is also interesting to note that the difference in performance
between reading/decoding and RAN was statistically significant.
Previous research has suggested that RAN is a predictor of
reading skill independent of other factors, such as phonological
awareness. Thus, one might possibly have expected that the
participants would perform on a par with reading/decoding on
RAN, and therefore, that the difference in performance would
not be significant. However, it is also well-established that the
influence of rapid naming performance on reading skill decreases
rapidly with age and that RAN is primarily useful as a predictor
of reading skill in the early stages of reading instruction, often
in first and second grade. Later, the relationship is considerably
weaker. Torgesen et al. (1997), for example, show that from
third grade, RAN performance does not predict any unique
variance in reading measures, whereas phonological awareness
continues to do so. The children in our study were attending
third grade by the time of the neuropsychological assessment,
which may explain why they perform significantly better on RAN
than on reading/decoding. At this age, they may have automized
the naming of letters in the alphabet, for example, but still be
struggling with word decoding and reading.

Even though the average performance of the participant group
is generally below the mean for age, only average reading and
decoding ability deviates to an extent that would normally be
considered indicative of a reading deficit in a clinical diagnostic
setting. Importantly, however, this does not mean that all eight
participants assessed with the neuropsychological test battery
would be eligible for a dyslexia diagnosis. While all participants
performed below the population mean in reading and decoding,
there is a considerable variability in the results. The subject who
had the strongest result on reading and decoding performed
approximately one standard deviation below the mean, and the
subject who had the weakest result performed approximately two
standard deviations below the mean. Thus, there is a range of
approximately one standard deviation in reading and decoding
ability among the participants. Which of them who would meet
the criteria for dyslexia ultimately depends on a number of

factors, including the selection of a critical cut-off score relative
to the norm (e.g., 10th percentile).

To conclude we summarize the three most important findings,
relating the results of the neuropsychological assessment to the
screening system that originally identified the study participants
as being at risk of dyslexia.

Children who were predicted to be at risk of dyslexia by the
eye tracking screener:

1. Performed on average below the mean for age
in all cognitive domains, except for non-verbal
executive functions.

2. Performed on average significantly worse in reading and
decoding than in all other cognitive domains, except
verbal working memory.

3. Did not perform significantly differently in cognitive
domains other than reading and decoding (except that
performance in verbal working memory was significantly
lower than in non-verbal executive functions).

Individual Level
The group level analysis in section “Group level” was helpful
to understand the common characteristics and overall cognitive
profile of the participant group. However, the eye tracking
screener is first and foremost intended for use at the individual
level. From a practitioner’s point of view (e.g., a special needs
teacher who is planning to use the screener in school) it is the
predictions produced at this level that are of primary interest.
The results of the neuropsychological assessment are summarized
on a case-by-case basis in Figure 4. Performance that is 1.25
standard deviations or more below the mean (i.e., approximately
the 10th percentile) for age in any domain is considered a
deviation from the norm that may be indicative of a potential
deficit. Along with each subject’s median performance across
domains, the interquartile range (IQR), or the difference between
the 75th percentile and the 25th percentile (i.e., the middle half of
the data), is also reported as a measure of spread and variability.

Subject 1 has a median performance of −1.04 (IQR = 0.58)
across all cognitive domains and performs below the mean for
age in all domains except NVEF. The subject performs at or
below cut-off in four domains, VEF (−1.2), PMS (−1.2), ATT
(−1.22), and VEWM (−1.67). In RD, the subject’s performance is
−1.04. Subject 2 has a median performance of −1.00 (IQR = 0.78)
across cognitive domains and performs below the mean for age
in all domains except NVEF. The subject performs below cut-off
in two domains, VEWM (−1.44) and RD (−2.1). Subject 3 has
a median performance of −0.47 (IQR = 0.71) across cognitive
domains and performs below the mean for age in all domains
except GI, VIWM, and NVEF. The subject performs below cut-
off in two domains, ATT (−1.44) and RD (−1.56). Subject 4 has
a median performance of −0.03 (IQR = 0.9) across cognitive
domains and performs below the mean for age in five domains,
GI, VEWM, VEF, RAN, and RD. Performance is below cut-off in
one domain, RD (−1.34). Subject 5 has a median performance
of −0.56 across domains (IQR = 0.69) and performs below
the mean for age in all domains except VIWM and ATT. The
subject does not perform below cut-off in any domain, but the
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FIGURE 4 | (A) Bar plots of individual performance (x) by cognitive domain (y). (B) Box plots of performance (y) by cognitive domain (x). Subjects are numbered 1–8.
Dashed lines represent 1.25 SD below mean for age. Abbreviations: ATT, Attention; GI, General Intelligence; NVEF, Non- Verbal Executive Functions; PMS,
Psychomotor Speed; RAN, Rapid Automatized Naming; RD, Reading and Decoding; VEF, Verbal Executive Functions; VEWM, Verbal Working Memory; and VIWM,
Visual Working Memory.

weakest performance is observed in RD (−1.1) and VEWM
(−1.22). Subject 6 has a median performance of +0.27 across
cognitive domains (IQR = 0.64) and performs below the mean
for age in three domains, PMS, RAN, and RD. Performance is
not below cut-off in any domain, but the weakest performance
is observed in RD (−0.99). Subject 7 has a median performance
of −0.33 across cognitive domains (IQR = 0.76) and performs
below the mean for age in all domains except ATT and PMS.
The subject performs below cut-off in one domain, RD (−1.63).
Subject 8 has a median performance of −0.67 across cognitive

domains (IQR = 0.66) and performs below the mean for age in all
domains. Performance is below cut-off in two domains, VEWM
(−1.89) and RD (−1.90).

None of the participants performed below cut-off in General
Intelligence, Non-verbal Executive Functions, Psychomotor
speed, Verbal Executive Functions, RAN, or Visual Working
Memory, indicating that these cognitive domains were generally
not impaired, although performance was frequently below the
mean for the age group. The cognitive domains that were found
to be below the deficiency cut-off in one or more individuals were
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Attention, Verbal Working Memory, and Reading/Decoding. Six
out of eight participants performed below cut-off in at least one of
these three cognitive domains. Five participants performed below
the deficiency cut-off in Reading/Decoding. Among these five
participants, two performed below cut-off in Reading/Decoding
only, two performed below cut-off in both Reading/Decoding
and Verbal Working Memory, and one performed below cut-
off in both Reading/Decoding and Attention. One participant
performed below cut-off in Verbal Working Memory only.
Notably, Reading/Decoding was the only domain for which the
median performance across the group was below the deficiency
cut-off threshold, which further reinforces the conclusion that
Reading/Decoding was the most adversely affected cognitive
domain among the participants. It is also interesting to note that
two participants performed at or below the 1.25 threshold in the
attention domain, which suggests that children who are predicted
to be at risk of dyslexia by the eye tracking screener may in
some instances also have an associated attention-related deficit.
The variability within subjects across cognitive domains ranged
between 0.58–0.9 (M = 0.72). The largest variability between
subjects was observed in Visual Working Memory (IQR = 1.25),
and the smallest variability in RAN (IQR = 0.22). Reading and
decoding had an IQR of 0.61, which was slightly less than the
mean variability across all domains (IQR = 0.72).

Correlation Between Domains
In our final analysis, we look at the strength of association
in performance between different cognitive domains. Pearson’s
correlation coefficient (r) for all pairwise correlations are shown
in the matrix in Figure 5. Significant correlations were found
between Verbal Working Memory and Visual Working Memory
(r = 0.89, p < 0.01), between Attention and Visual Working
Memory (r = 0.71, p < 0.05), and between Visual Working
Memory and Verbal Executive Functions (r = 0.73, p < 0.05).
Given the small sample size (n = 8), one must interpret the
correlation coefficients with caution, since an association may
appear to be present even though none exists. Reading/Decoding
was moderately but not significantly correlated with Verbal
Working Memory (r = 0.4), Visual Working Memory (r = 0.64),
Attention (r = 0.42), and RAN (r = 0.36). General Intelligence,
Verbal and Non-Verbal Executive Functions, and Psychomotor
speed did not correlate with Reading/Decoding performance.
Overall, these results were in line with the relationships that our
previous analyses have identified.

DISCUSSION

The purpose of this study was to assess the validity of predictions
of risk for dyslexia made by an eye tracking screening system by
comparing the predictions against the results of a comprehensive
neuropsychological assessment of cognitive ability. Overall, we
found a good agreement between the eye tracking predictions
and the cognitive assessments. However, our study has a number
of limitations which make the generalization of results difficult.
The most obvious limitation is the small number of participants
included. In hindsight, it might have been preferable to reduce

the extent of the neuropsychological battery to make room
for assessing more participants, which would have provided
more robust and reliable statistical results. On the other hand,
we wanted to change as little as possible in the cognitive
assessment to ensure that the test battery was comparable to
a standard clinical assessment of children’s cognitive abilities.
A further limitation is the absence of a matched control group.
Ideally, another set of aged-matched subjects who were not
at risk of dyslexia according to the eye tracking screening
method should have been included. Assuming the cognitive
assessment represents the gold standard, we are currently only
able to assess the sensitivity (true positive rate) of the eye
tracking screener, not its specificity (true negative rate). In
other words, our analysis does not say anything about the
extent of agreement between children who were predicted to
be at no risk and their performance in a neuropsychological
assessment. Nevertheless, analyzing the sensitivity of the eye
tracking predictions is an important first step in understanding
how the results of eye tracking based screening relate to
the results of comprehensive cognitive assessments. Another
potential limitation is the fact that some of the reading
and decoding tests that were used in the neuropsychological
assessments had also previously been used in the development
of the eye tracking based machine learning model. In hindsight,
it might have been better to use a completely different set
of reading and decoding tests in the cognitive assessment to
ensure complete independence from the eye tracking testing. On
the other hand, most reading and decoding tests for dyslexia
are similar and purport to measure the same construct or
ability, so it is not clear that it would have had any particular
effect on the outcome.

Based on the results of our analysis it is not possible to
conclude that the eye tracking screener is able to identify children
who only experience difficulties in reading. An associated
co-occurring deficit in the domain of attention was observed in
two study participants. Research shows that it is not unusual
for dyslexia to co-occur with attention-related disorders such
as ADHD and it is estimated that approximately 15–20% of
children and adolescents with dyslexia also have ADHD (Handler
and Fierson, 2011). Thus, it is not surprising that some of the
children who were predicted to be at risk of dyslexia showed
strong traits of attention deficits. On the contrary, it is expected
and in line with empirical evidence. More generally, given
the known comorbidities and associations with other learning
disorders (see, for example, Carroll et al., 2004; Willcutt et al.,
2010; Margari et al., 2013), many children with dyslexia can be
expected to struggle broadly in school and experience problems
not only in reading but in other areas as well (Peterson and
Pennington, 2012). Overall, the results from this study are in
line with this prediction. This is indicated, for example, by the
fact that six out of eight children predicted to be at risk of
dyslexia performed below the mean for age in the majority of
the cognitive domains investigated. Nevertheless, performance
in reading and decoding was the only cognitive domain for
which the median performance across the group was more than
1.25 standard deviations below the mean for age, indicating the
presence of a primary reading deficit in at least half of the study
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FIGURE 5 | Correlation matrix with Pearson’s product-moment correlation coefficient (r) between the performance in all cognitive domains, ∗p < 0.05, ∗∗p < 0.01.
Abbreviations: ATT, Attention; GI, General Intelligence; NVEF, Non-Verbal Executive Functions; PMS, Psychomotor Speed; RAN, Rapid Automatized Naming; RD,
Reading and Decoding; VEF, Verbal Executive Functions; VEWM, Verbal Working Memory; VIWM, Visual Working Memory.

participants. For the practitioner or special needs teacher who is
working with struggling readers, it is important to be aware of co-
occurring difficulties that may affect learning and development.
These difficulties may not be directly related to problems in
reading and decoding, but they may still have a negative impact
on reading development (Handler and Fierson, 2011). The extent
and nature of co-occurring difficulties, however, are unlikely to
be evident from eye tracking based screening alone. Therefore,
a follow-up of screening results indicating risk of dyslexia is
necessary to gather a more comprehensive understanding of an
individual’s whole cognitive profile. Such an understanding is
likely to facilitate the development of coordinated interventions
tuned to individual needs. It is worth noting, however, that
the same reasoning applies with respect to the outcome of
all traditional screening instruments that assess reading skill
and risk of dyslexia, it is not unique to eye tracking based
screening systems.

Considering that the majority of children who participated
in the cognitive assessment appeared to have some learning
difficulty, one may wonder whether these problems persisted
over time, or whether they were of a more temporary
nature and decreased as the children got older. While we
cannot provide a definitive answer to this question, we
conducted a minor follow-up interview with the special
educational needs teachers of most of the children in 5th
grade, approximately 2 years after the assessment, to get
a general idea of the children’s developmental status. From
these interviews it is clear that a number of children either
already had been or were presently being referred to the health
services with concerns about their learning development. Three
children had been diagnosed with dyslexia and a fourth were
currently under investigation for dyslexia. Among those four
children, two had also been diagnosed with ADHD and a
third were under investigation for ADHD. One child, who
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previously had a diagnosis of autism spectrum disorder, had
now also received an ADHD diagnosis. This child also had
difficulties with reading and had been investigated for dyslexia,
but the disorder could not be established. Another child struggled
a lot with reading, according to the special needs teacher, but
reached the necessary requirements and had thus not been
investigated for dyslexia. Finally, one of the children had had a
positive development with respect to reading and was not under
consideration for referral or further evaluation.

A long line of research on eye movements during reading
in cognitive psychology has shown that language processes have
an essentially immediate influence on eye movements and gaze
behavior (see, for example, Huey, 1908; Just and Carpenter,
1980; Rayner et al., 2012). Therefore, it is not surprising that
eye movement analysis can be useful in assessing reading skill
and risk of dyslexia. Even though atypical eye movements are
only a secondary consequence of dyslexia, eye tracking is an
effective method to assess the extent of cognitive processing
demands that children experience during reading. Interestingly,
similar methods using eye tracking and machine learning have
been applied in recent years to develop predictive and automated
screening tools to identify various other neurological diseases
and conditions, for example, Parkinson’s disease (Tseng et al.,
2013), schizophrenia (Benson et al., 2012), and autism spectrum
disorders (Carette et al., 2019).

CONCLUSION

Eye tracking has been proposed as an objective, efficient and
accurate screening method that can be used to obtain a basic
assessment of children’s reading skill and potential risk of
dyslexia. Overall, our results lend further support to this view.
The eye tracking screening system managed to accurately identify
children who had significant difficulties in learning to read
relative to their age. Thus, our findings indicate that eye tracking
can be useful for identifying children with an atypical reading
development (which could be caused by dyslexia) and who
need additional support. However, it is important to be aware
that children who are identified as at risk by an eye tracking
screening system may have additional cognitive difficulties
that extend beyond just reading and decoding, most likely
problems relating to attention. Based on the neuropsychological
assessment, however, it is fair to say that all participants in
this study were in need of further support in their reading
development, and identifying such children is exactly the purpose
of the screening system. From this perspective, there is no
disagreement between the eye tracking based predictions and the
results of the neuropsychological assessment.
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