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Introduction 
Eye tracking has been a valuable tool in many 

fields of research during the last decades, including 
medicine, psychology and education (Gidlöf et al., 
2013; Hermens et al., 2013; McDonald et al., 2015; 

Robinski & Stein, 2013; Stigchel & Nijboer, 2011; 
Wehrmeyer, 2014). It is frequently used to study 
reading and reading development. Eye tracking has 
enabled researchers to investigate the underlying 
mechanisms of text processing (Blythe & Joseph, 
2011; Huestegge, 2010; Liversedge et al., 2013; Ong 
& Kliegl, 2008; Rayner, 1998; Traxler et al., 2012), as 
it provides a real-time measure and captures small 
variations in how the linguistic stimuli is processed in 
the brain (see review by Clifton et al., 2016; Clifton et 
al., 2007; Pynte et al., 2008; Rayner & Duffy, 1986; 
Warren et al., 2011). While a significant amount of 
eye movement research has described the reading 
process in skilled adult readers, less has been dedicat-
ed to reading and its development in children. How-
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ever, as pointed out by many researchers (Reichle et 
al., 2013) there are coherent, developmental differ-
ences between the characteristics of eye movements 
in beginning and skilled readers. As an individual’s 
reading skill develops, changes occur in the interac-
tion between cognitive, visual and oculomotor pro-
cesses (Reichle et al., 2013; Blythe & Joseph, 2011). 
These changes are consistent across the education 
systems, orthographies and languages that have been 
examined to this date (Reichle et al., 2013). The term 
fixation describes the act of fixating the fovea on a 
given spot, where the eye remains relatively still for at 
least 60-80 ms when reading. It is the minimal 
amount of time that an adult reader needs to visually 
encode a printed word, for further processing to pro-
ceed (Blythe, 2014). However, an average fixation is 
approximately 250 ms in adult readers. Fixations 
during reading are usually analysed in terms of their 
temporal duration and frequency of occurrence. Sac-
cades refer to the rapid movements of the eye that 
occur in-between fixations. Saccades during reading 
are commonly analysed in terms of their spatial length 
and frequency of occurrence. Eye movements in the 
reading direction (from left to right in alphabetical 
orthographies) are called progressive or forward sac-
cades while saccades from right to left are referred to 
as regressive saccades or regressions (Rayner, 1998).  
In adults, forward saccade amplitude is around 4-5 
degrees (Sessau & Bucci, 2013) and the probability of 
a saccade being a regression is approximately 15-20% 
during normal text reading. Aspects of the recording 
technique, the experimental approach and the eye 
movement measures of interest vary depending on the 
scope of the study and are often partly determined by 
the sample age span. In the eye movement research 
field, researchers often use a restrained study design, 
in order to limit the scope of the investigation and 
study a certain phenomenon with high precision. In 
some cases, findings may be hard to translate to the 
world outside of the lab and thus diminish the ecolog-
ical validity of the results. 

A study using a moving-window paradigm by 
Rayner (1986) exemplifies the general developmental 
changes in eye movement characteristics from child- 
to adulthood. Children of 7-8, 9-10 and 11-12 years 
and adults were compared and results demonstrated 
an increase in reading speed and saccade length with 
increasing age, while the mean fixation duration and 
number of regressions decrease. The results are con-
sistent with previous findings (Taylor, 1965), and 
have been replicated in several studies (Blythe, 2014; 

Blythe et al., 2006; 2009, McConkie et al., 1991; 
Rayner, 1998; Sessau & Bucci, 2013; Spichtig et al., 
2017). 

Some hypotheses propose that oculomotor devel-
opment and maturity act as driving mechanisms be-
hind differences in eye movement behaviour in chil-
dren. According to the visual/oculomotor view, eye 
movements are to some extent independent from 
linguistic processing. The prevailing linguis-
tic/cognitive theory attributes eye movement behav-
iour during reading to underlying lexical processing 
(Rayner, 1998). In line with this position, changes in 
eye movements during the first years of reading ac-
quisition reflect improved reading skill rather than 
oculomotor maturation (Blythe, 2009; 2014; Blythe & 
Joseph, 2011; Reichle et al., 2013; Rayner, 1977, 
1986). However, these perspectives do not have to be 
mutually exclusive, but each emphasize different 
contributions to the reading process (Yang et al., 
2010).   

Individuals with reading difficulties (RD) have 
longer fixation durations, a higher number of fixations 
(and lower percentage non-fixated words) and shorter 
saccades compared to subjects with typical reading 
development. Moreover, they make a larger number 
of unexpected vertical gaze movements when reading 
multiline texts as well as fewer forward saccades than 
controls (Hindmarsh et al., 2021). All of these charac-
teristics are indicative of decoding difficulties 
(Smyrnakis et al., 2021). The eye movements of chil-
dren with RD rather resemble those of reading-level, 
i.e. younger, than age-matched controls. Similarly, 
slow readers have smaller perceptual spans compared 
to fast readers (DeLuca et al., 2002; Eden et al., 1994; 
Rayner, 1998; Rayner et al., 2010; Rello & Ballester-
os, 2015). Using machine learning and recordings of 
reading eye movements, Nilsson et al. (2016) were 
able to identify children in third grade with increased 
risk of reading difficulties with high accuracy (95.3% 
± 4.6%). Thus, eye movement measures of reading 
are interesting not only because they allow a deeper 
understanding of underlying text processing, but they 
may be of clinical predictive value as well.  

Assessment of reading ability is usually performed 
using various tests of component skills. Phonemic 
awareness, a component of phonological awareness, 
is of special importance for early decoding ability (see 
Shuele & Boudreau, 2008, for a review). Phonemic 
awareness can be described as comprehending that 
language consists of various, segmented sounds that 
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can be manipulated and combined and that the sounds 
are represented by letters in written language. It’s 
based on the alphabetic principle and has a causal 
connection to reading ability, supported by interven-
tion studies reporting improved spelling, word identi-
fication and general reading ability after specific in-
structions and practice of phonological awareness and 
letter-sound knowledge (Blachman et al., 2004; Den-
ton et al., 2006; Schuele & Boudreau, 2008; Vellutino 
et al., 2004; Torgesen et al., 2001). Phonemic aware-
ness is assessed in various manners. In reading as-
sessment, pseudo word decoding tasks can provide 
information on the strength of the connection between 
the phonological system and the printed representa-
tions (letters), without access to orthographic clues. 
According to Kamhi & Catts (2005), a satisfactory 
assessment of a child’s word recognition ability 
should, beyond phonemic decoding (e.g., pseudo 
word reading), always include tests of word reading 
accuracy and reading fluency. Fluent reading can be 
evaluated using measures of accuracy and rate (Hud-
son et al., 2005). The link between reading fluency, 
reading speed and rapid automatized naming (RAN) 
(see Wolf & Bowers, 1999, for a review) has been 
evaluated continuously since the test procedure of the 
same name was developed by Denckla and Rudel. 
They found that individuals with RD have distinctive-
ly slower naming speed in a test that requires repeti-
tive naming of objects, colours, letters and numbers in 
an automatic manner (Denckla & Rudel, 1976).  One 
of the most influential accounts of what component 
processes that influences RAN performance claims 
that phonological retrieval plays a key role (Wagner 
et al., 1993). Others accounts add visual processing 
and global processing speed as major contributors 
(Wolf & Bowers, 1999).  

Certain abilities are crucial for reading and its de-
velopment in children. How these abilities relate to 
reading eye movements is less known (Blythe & Jo-
seph, 2011). 

  With few exceptions, such as Spichtig et al.'s 
2016 study on reading comprehension and eye 
movements in North American children (n=2203), 
most studies to date have relatively small sample sizes 
due to challenges associated to recruiting under aged 
persons and conducting scientific experiments with 
very young participants. However, technical advances 
during the last decades have improved the possibili-
ties within eye movement research in children. 

The objective of the present study is to improve 
the understanding of the relationship between devel-
opmental changes in reading eye movements and 
reading skill. More specifically, the aim is to investi-
gate whether the global developmental trends of chil-
dren’s reading eye movements are present in data 
from an unrestrained and naturalistic eye tracking set-
up in a large and inclusive sample. To this end, we 
analyse three basic eye movement variables (mean 
fixation duration, forward saccade amplitude and 
average proportion of regressions) during standard 
text passage reading in a sample of Swedish elemen-
tary school children. We examine how these eye 
movement variables relate to five different test scores, 
which commonly occur in Swedish word reading 
assessments, in three different school grades. To our 
best knowledge it is the first large scale study to com-
bine eye tracking and a full word reading assessment 
in young children.  

Methods 
The data was collected during a research project 

running between 2015 and 2016. Its’ purpose was to 
develop a screening tool for reading difficulties in 
children based on eye movements and machine learn-
ing. The present study makes use of the recordings 
originating from this project. 

Participants 
The participants of this study were elementary 

school students in Järfälla and Trosa municipalities in 
Sweden. In 2020, the median yearly income was near-
ly the same in Trosa and Järfälla and somewhat higher 
than the Swedish median. The unemployment rate 
was higher in Järfälla than Trosa but not higher than 
the Swedish median percentage (SCB, 2022). All 
municipally governed elementary schools were en-
rolled in the study. Children who attended first and 
second grade in 2015 recurred next year, thus some 
students have been recorded twice (n = 483), which 
should be taken into account when considering the 
sample as a whole (N = 2679). However, comparisons 
across grades avoid allocating recordings from the 
same individual to the same subsample. Data was 
recorded during the spring semester (January-June) 
both years. 
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The authors consulted with the principals of the 

schools and attended parent-teacher meetings to in-
form caregivers and teachers about the study. Written 
information was distributed to the caregivers. All 
children in first, second and third grade were offered 
to participate in the study, given that written parental 
consent was obtained. No formal exclusion criteria 
were applied, as the study is population-based. No IQ 
testing was performed and children with Swedish as 
second language were included. While it is estab-
lished that intellectual disability affects the ability to 
acquire new skills, the role of IQ in reading acquisi-
tion remains debated. Since reading skill level varies 
over a large span of intellectual ability, the so called 
discrepancy criteria between reading skill and intelli-
gence has been questioned in contemporary research 
(Jiménez et al., 2009). Swedish children with intellec-
tual impairment (IQ < 70) are entitled to an adjusted 
curriculum and syllabus within special needs schools; 
none were included in this sample (see table 1 for 
information about the sample). Both readers with 
Swedish as first and second language are included in 
the sample and cannot be identified or differentiated 
in the current study. However, public records testify 
that the proportion of students with Swedish as sec-
ond language was smaller than the national average in 
the Trosa schools and marginally higher than the 
average in Järfälla (see table 2). Further, the results 
from the national test results give an indication of the 
overall reading performance in the third graders of the 
sample. The national tests are nationwide obligatory 
exams which children take for the first time in third 
grade, after which they reoccur in sixth and ninth 
grade. The purpose is to support teachers’ assess-
ments of their students in certain subjects, in accord-
ance to the established goals and requirements stated 
in the curricula.  

  
Table 3 indicates results from the reading subtests in 
the municipalities involved in this study, as well as 
the national average, in order to provide an overview 
of the relative educational attainment within the sam-
ple (downloadable information in English about the 
national test is available on the Swedish National 
Agency of Education’s website. 

 
Apparatus and Procedure 
With the objective of creating a naturalistic read-

ing situation, we employed the following strategy: 1) 
the stimuli for eye movement recording were normal 
text passages; 2) data was collected in an, to the child, 
familiar environment (the respective schools) and (3) 
an unrestrained eye tracking set-up was used. The 
participants completed six tasks: Letter and Word 
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Chains (Läskedjor-2, Jacobsson, 2015), alphabetical 
RAN, words and pseudo word reading and text pas-
sage reading. The procedure started with Letter and 
Word Chains, which participants completed individu-
ally in the classroom in accordance with the instruc-
tion handbook. No eye movement recording took 
place during this assignment.  The remaining four 
tasks were presented on the eye tracking screen and 
completed individually together with an experiment 
leader in separate rooms to minimize distracting ele-
ments. Where possible, the data collected prior to 
termination was saved for analysis. The experiment 
was presented on a Tobii T120 (120 Hz; Tobii Tech-
nology AB, Danderyd, Sweden) eye tracker and run 
with the software Optoscope (version 3.0.0.19). The 
participants sat in front of the eye tracking screen at a 
distance of approximately 60 cm. A five-point cali-
bration procedure was performed. Eye movements 
were recorded during each part of the assessment 
(RAN, word and pseudo word reading and text read-
ing) but the eye movement variables used in the statis-
tical analysis are based solely on the text reading task 
(averages of both texts). Sound was recorded with an 
external USB-microphone (Samson GoMic). 

Material 
Below, the stimulus material is described in 

chronological order of the test procedure. See appen-
dices for the full assignment, with the exception of 
Läskedjor-2 which cannot be reproduced due to copy-
right conditions. 

Letter and Word Chains 

Letter Chains tests children’s visual perception 
and motor skills by asking them to recognize and 
discriminate letters. It consists of 96 ten-letter-strings 
of mixed vowels and consonants. Each string contains 
two repeated letters. The child is asked to draw a line 
where identical letters are repeated within the same 
string. Word Chains tests children’s visual word 
recognition. It requires the participant to separate 
words from each other when presented in series of 
strings (i.e. written consecutively, without blank spac-
es). The test comprises 80 three-word-strings consist-
ing of nouns, adjectives and verbs intermingled and 
the task is to mark the limits between words. The 
participants were instructed to work through as many 
strings as possible within the time limit of 2 minutes 
per sheet. Both assignments were executed in the 
class room setting and are part of a special edition of 
Läskedjor-2 (Jacobson, 2015). More information 

about Läskedjor is provided on the publisher’s web-
site.   

Rapid automatized naming 

The alphabetical, serial format rapid naming task 
was based on the Comprehensive Test of Phonologi-
cal Processing (CTOPP-II) (Wagner et al., 2013), 
which includes subtests with naming of objects, col-
ours, numbers and letters. Due to time restrictions, 
only a letter naming task was included in the present 
study. The characters s, a, n, c, k and t (lower-case) 
were presented in four rows consisting of nine items 
each (total of 36 items). The full set of letters is pro-
vided in appendices. 

Word and pseudo word reading 

The word and pseudo word reading task was de-
veloped by Gustaf Öqvist Seimyr in 2015 and is part-
ly based on Test of Word Reading Efficiency (TOW-
RE; Torgesen et al., 2012). 64 words ranging from 
two to nine letters were presented in rows of 8 x 8, 
ordered by increasing length and decreasing frequen-
cy. The pseudo words were presented in the same 
manner, ordered by increasing length and complexity. 
The pseudo words were constructed from the real 
words by replacing the phonemes with similar sounds 
according to manner and place of articulation ren-
dered by a transposing system developed by the au-
thors of this article. The voiced consonants n, l and m 
were transposed to l, m and n, respectively. Back 
vowels were replaced by other back vowels (a->o, o-
>å, å->u, u->a), and front vowels were replaced by 
other front vowels (e->i, i->y, y->ö, ö ->ä, ä->e), with 
the purpose of creating pseudo words comparable to 
the real words in terms of phonetic complexity. The 
procedure was repeated if a word was still semantical-
ly coherent after the first transposition. 

The participants were instructed to read aloud as 
many words/pseudo words as possible within the total 
reading time limit of 30 seconds per sheet.  

Text reading  

The participants read two short fictional texts in 
Swedish and were informed that a question about the 
content would follow, to encourage attentive reading. 
They read silently when possible, but oral reading was 
allowed when requested by the child. In order to cor-
respond to the varying age and reading ability of the 
participants, six different texts were prepared (a set of 
two for each grade). The texts consisted of between 
20 and 60 words and were developed in collaboration 
with a special educations teacher. Text predictability 
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has not been assessed in this study. See table 4 for 
further details about the texts.  

Analysis 
The eye movement analysis was performed using 

data from the text reading task. Prior to analysis the 
raw data from the eye movement recordings was 
exported to the software Optosphere (Version 2.1). 
The software provides an output consisting of eye 
movements classified as events, depending on their 
properties. A fixation is defined as the event of the 
eye remaining within an area corresponding to the 
fovea for at least 50 ms. Saccades are classified ac-
cording to whether they occur within or outside the 
perceptual span and are identified as progressive (45-
224 degrees) or regressive (224-45 degrees) depend-
ing on their directional angle. In the statistical investi-
gation, saccades were analysed in terms of directional 
angle, amplitude and proportion of regressive sac-
cades (Nilsson Benfatto et al., 2016).  

 
The data was filtered according to two criteria. 

First, extreme values were identified using Tukey’s 
interquartile range approach. Outliers were defined as 
values outside of the 1.5*IQR and were excluded 
from further analysis. Second, subjects were excluded 
if the difference in reading speed (WPM) between the 
two text conditions exceeded the outlier threshold 
values (n = 136). Analysis indicated technical issues 
accounted for discrepancies above this limit. After 
filtration, 2679 participants remained in total. Letter 
and Word Chains were excluded shortly after starting 
data collection in 2016, due to time restrictions. In 
total, 1448 participants completed Letter Chains and 
1445 completed Word Chains.   

Shapiro-Wilk’s W test was used to test the as-
sumption of normality. The result rejects the null 
hypothesis of a normal distribution within all eye 
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movement parameters and reading assessment 
measures (p < .05). However, W was close to 1 in all 
cases, indicating that deviations from normality were 
very limited. The sample size bias associated with 
Shapiro-Wilk test means that large sample sizes tend 
to result in a rejection of the null hypothesis, even 
though the deviation from normality may be trivial 
(Shapiro & Wilk, 1965; Ghasemi & Zahediasl, 2012). 
Given the sample size and high W values in the cur-
rent analysis, further parametric testing was deemed 
applicable.  

Letter and Word Chains were scored in accord-
ance with the instruction manual. The scores consti-
tute all correctly marked strings of letters and words. 
RAN was measured in letters per minute (LPM) and 
total naming time in seconds. Word and pseudo word 
reading were calculated by subtracting the number of 
misread words from the total amount of read words. 
Self-corrections were not marked as errors. The num-
ber of read words per minute (WPM) for text A and B 
was combined and averaged in the analysis of reading 
speed.  A MANOVA was applied to examine the 
variance in the distribution and the effect of grade on 
eye movement and reading assessment variables. 
Pearson’s R was used to investigate all correlations. 
All statistical calculations were performed in R Studio 
(version 1.0.143). Mixed effects models were built to 
address the multilevel structure of the data. Models 
were set up separately for each test of the word read-
ing assessment and the eye movement variables were 
inserted as fixed variables. 

Results 
The descriptive data and analyses of variance for 

reading eye movements and reading assessment test 
results are reported separately, followed by the results 
of mixed effects modelling. 

Eye movements during text reading 

Descriptive data for the eye movement parameters 
fixation duration (ms), forward saccade amplitude (°) 
and proportion of regressions is presented in table 5.  

 
Values for each grade are listed separately. A 

MANOVA revealed a significant effect of grade on 
all three eye movement measures, Pillai’s Trace = .50, 
F(1,2663) = 870, p < .001. The average increase in 
fixation duration between the groups was 102 
milliseconds, however the difference was almost 100 
milliseconds larger between grade 1 and 2 (147 ms), 
as compared to between 2 and 3 (56 ms). Forward 
saccade amplitude increased with 0.18 degrees 
between the groups. The difference between grade 2 
and 3 was slightly larger (0.21°) than between grade 1 
and 2 (0.15°).  Proportion of regressions decreased 
between grade 1 and 2 (14 %) while the difference 
between grade 2 and 3 was less noticeable (1 %). 
However, the direction of change between grade 2 
and 3 was unexpected as regressions usually decrease 
with age. The average age of students in third grade is 
9.75, which is slightly below the age of when values 
associated with skilled, adult reading typically are 
reached (Rayner, 1986, 1998; Blythe, 2014; Blythe & 
Joseph, 2011).  

 
All intercorrelations were significant (p < .001) 

except the associations between fixation duration and 
proportion of regressions and forward saccade 
amplitude and proportion of regressions, respectively, 
in grade 2 (see table 6). The strongest associations 
were yielded between mean fixation duration and 
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forward saccade amplitude in second and third grade 
(r = .46 and r = .45, respectively). 

For the sake of graphical comparison and 
visualization of the distribution within the sample, eye 
movement parameters are plotted in figure 1, 2 and 3. 

 

 
Reading assessment 

Descriptive data and intercorrelations from the 
analysis of reading assessment measures are presented 
in table 7, 8, 9 and 10.  

 
A MANOVA revealed significant effect of grade 

on all reading assessment scores, Pillai’s Trace = .40, 
F(1, 1388) = 128.4  p < .001, showing that results 
improved significantly with rising grade. The 
development of reading skill was particularly evident 
regarding reading speed during text passage reading; 
the participants in second grade read more than 
double the amount of words per minute than the first 
graders. The intercorrelations between reading 
assessment measures were overall moderate to strong 
(see table 8). Letter Chains was weakly correlated to 
the all other tests except Word Chains, to which the 
association was moderate.  
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Correlation analysis of eye movement parameters 
and reading assessment measures 

Correlations between eye movement measures and 
reading assessment results are presented in table 9, 10 
and 11.  All measures were entered in the correlation 
analysis. The analysis yielded predominantly 
significant results (α = .05). Several correlations were 
significant on the .01 and .001-level. The correlation 
between mean fixation duration and all word-based 
measures (word decoding, word reading and reading 
speed) was moderate to strong in all three groups and 
increased with rising grade. The strongest association 
was found between mean fixation duration and 
reading speed in grade 3. The strength of association 
between forward saccade amplitude and all reading 
assessment variables increased across groups, with the 
greatest difference between grade 1 and 2. Proportion 
of regressions had mostly weak correlations to the 
reading assessment measures. There was an 
observable increase in the strength of correlations 
between proportion of regressions and reading 
assessment outcomes in grade 2, although they were 
overall weak. 

 

 

 
Mixed effects analysis 

Given the structure of the data (students nested in 
grades) we considered it suitable to build the model 
by inserting the fixed factors mean fixation duration, 
forward saccade amplitude and proportion of 
regressions as well as a random factor on the level of 
the grade (first, second or third) that the participant 
attended (see table 14). The marginal r2 was calculated 
based on the method described by Nakagawa and 
Shielzeth (2013), where the variance of the fixed 
effects is divided by the total variability (the sum of 
the variance of the fixed effects, the variance of the 
random effect and the variance of model residuals). 
The model estimates for the fixed variables were 
larger than their associated errors in all models, 
meaning their effect is distinguishable from zero. 

The models reach statistical significance in regard 
to each test investigated. The analyses yielded similar 
results, in terms of the direction of the effect 
associated to the fixed variables, irrespective of the 
outcome variable. In each model, an increase in 
fixation duration and regression probability was 
associated to a decrease in the outcome variable. In 
parallel, an increase in forward saccade length was 
associated to an increase in the outcome variable. 
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Eye movements and Letter Chains 

The fixed variables accounted for 2.7 % of the 
variance in Letter Chains test result when controlling 
for grade. Grade accounted for 30 % of variance. 
Increased mean fixation duration and proportion of 
regressions were associated to a lower test score, 
while increased saccade length also was associated to 
a higher result. 

Eye movements and Word Chains 

The fixed variables accounted for 32 % of 
variance when controlling for grade, which in itself 
accounts for 33 % of variance. Increased mean 
fixation duration and proportion of regressions were 
associated to a lower test score, while increased 
saccade length was associated to a higher result.  

Eye movements and letters per minute  

The fixed variables accounted for 25 % of the 
variance in the RAN measure letters per minute, when 
controlling for grade. Approximately 8.5 % of the 
variation was associated to the random effect. 
Increased mean fixation duration and proportion of 
regressions were associated to fewer letters named per 
minute, while increased saccade length was associated 
to a higher test result.  

Eye movements and total naming time  

The fixed variables accounted for 29 % of the 
variance in the RAN measure total naming time, when 
controlling for grade. Approximately 2.9 % of the 
variation was associated to the random effect. 
Increased mean fixation duration and proportion of 
regressions were associated to longer naming time, 
while increased saccade length was associated to 
shorter naming time.  

 

Eye movements and word reading 

The fixed variables accounted for 56 % of the 
variance in word reading. Approximately 12 % of the 
variation was associated to grade. Increased mean 
fixation duration and proportion of regressions were 
associated to a lower test score, while increased 
saccade length was associated to a higher result.  

Eye movements and pseudo word reading 

The fixed variables accounted for 45 % of the 
variance in pseudo word reading. Approximately 2.5 
% of the variation was associated to grade. Increased 
mean fixation duration and proportion of regressions 
were associated to a lower test score, while increased 
saccade length was associated to a higher result.  

Eye movements and text reading  

The fixed variables accounted for 55 % of the 
variance in text reading (words per minute). 
Approximately 26 % of the variation was associated 
to grade. Increased mean fixation duration and 
proportion of regressions were associated to fewer 
words read per minute, while increased saccade 
length was associated to a higher result. 

Discussion 
The purpose of this eye tracking study was to in-

vestigate the association between three basic eye 
movement variables and the outcomes of a multipart 
reading assessment on the basis of the data we have 
collected. We recorded eye movements during normal 
text reading in sample of Swedish school children in 
first to third grade. Mean fixation duration, forward 
saccade amplitude and proportion of regressions were 
extracted for analysis. The reading assessment includ-
ed alphabetical rapid naming, decoding of letters and 
words, word and pseudo word reading, and reading 
speed.  

In summary, results showed a significant decrease 
in mean fixation duration in parallel with a significant 
increase in mean forward saccade amplitude with 
higher grade. Proportion of regressions decreased 
between first and second grade, and increased slightly 
between second and third grade (1 %). Performance 
on all reading assessment tests improved significantly 
with rising grade.  Fixation duration was robustly 
correlated to word-based reading assessment out-
comes (Word Chains, word reading, reading speed) in 
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all grades. The strength of association between for-
ward saccade amplitude and word-based measures of 
reading ability grew across the grades. The results of 
linear mixed effects models showed that eye move-
ments account for variability in reading assessment 
outcomes to a varying degree depending on the test in 
question. Grade accounted for a greater part of vari-
ance in test outcomes when the test content is differ-
ent per grade, with the exception of alphabetical RAN 
which might be due to ceiling effects.  

Eye movements during reading 

By and large, the developmental trends in reading 
eye movements showed similar patterns as previous 
research (Rayner, 1986; Blythe et al., 2006; Blythe & 
Joseph, 2011).  However, mean fixation duration is 
longer in all grades than in several earlier studies, as 
is the range (ms) between grades (Rayner, 1986). This 
tendency may be related to the naturalistic experi-
mental set-up, affecting the precision of eye move-
ment measures, and to sample characteristics. Chil-
dren in first grade with a very basic reading skill as 
well as children with Swedish as a second language 
participated in this study, which might account for the 
distribution.  Previous studies have found that long, 
ambiguous and infrequent words yield longer fixation 
times (Huzler & Wimmer, 2004; Rayner & Duffy, 
1986), reflecting the processing difficulty experienced 
by the reader (Blythe, 2014). Although the linguistic 
aspects of the text passages are not further analysed, 
beginning readers likely experienced greater difficulty 
processing the text than the readers with longer expo-
sure to reading instruction and/or to Swedish. Moreo-
ver, previous studies vary with regards to stimuli and 
experimental design, which complicate comparisons. 
Variation in stimuli, for instance using word lists vs. 
paragraphs or tasks with unlimited time vs. time-
limited, likely has effects on eye movement outcomes.  

In light of the findings reported by Spichtig et al. 
(2016), the comparison of our results and those re-
ported in several previous studies is interesting. Nota-
bly, when comparing two large samples of children 
recorded in 1960 and 2011, Spichtig et al. found that 
present-day elementary school students assume what 
appears to be a sub-lexical processing strategy for a 
longer time than the students who participated in 
1960. The present day students had significantly low-
er reading rates over grades, made more frequent 
fixations and decoded less text per fixation than their 
1960 counterpart. Their findings suggest a decline in 
word recognition automaticity, evident both in the 

reported reading rates and eye movements. A com-
parative, longitudinal investigation of children’s read-
ing and reading eye movements could uncover wheth-
er a similar development is actually present in young 
Swedish readers. 

Nevertheless, the developmental changes demon-
strated in the present study share many similarities 
with those reported in previous experiments, irrespec-
tive of task type and difficulty (Huzler & Wimmer, 
2004, Blythe et al., 2006; Blythe et al., 2009; Sessau 
& Bucci, 2013).  Saccade length typically increases 
gradually with age (Rayner, 1998; Tiffin-Richards & 
Schroeder, 2018), as was the case in this study. This 
has been accounted for by the development of the 
perceptual span, interrelated to improved lexical skill 
and shorter fixation duration (Rayner, 1986). The 
decrease in proportion of regressions between first 
and second grade is another reflection of improved 
reading accuracy, as it means the second graders re-
read less than the first graders (Blythe & Joseph, 
2011). The decrease subsides between grade 2 and 3 
which could be explained by at least two factors. The 
stability of proportion of regressions between second 
and third grade may reflect the rapprochement of 
adult levels in reading eye movement behaviour, 
which is normally reached at approximately 11 years 
of age (Blythe & Joseph, 2011). Alternatively, the text 
passages may have caused greater challenge to the 
participants in third grade. Further analysis of the 
texts’ linguistic attributes will be of interest to shed 
light to this matter. It is of importance to take into 
account that each grade was assigned different texts, 
which compromises the possibility of comparisons 
between groups. On the other hand, letting all partici-
pants read the same texts, irrespective of grade, would 
cause disproportionate difficulty for the youngest 
readers or ceiling effects among the older readers, 
depending on the text difficulty. Further data analysis 
using word-based eye movement parameters could 
indicate the level of reader processing difficulty asso-
ciated to the unique texts. 

Reading assessment 

The results from the reading assessment reflect 
improved reading skill, with significantly higher 
scores on all measurements, with rising grade. The 
increase in reading speed between first and second 
grade is likely the result of a generally improved word 
reading, which other test results corroborate. It points 
to an important developmental period regarding word 
reading ability between the first and second year of 
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formal education.  Letter Chains was only weakly 
correlated to the other assessment test scores, apart 
from Word Chains. Letter Chains largely assesses 
other abilities than the remaining tests, but poses 
similar demands on visual and motor skills as Word 
Chains which might account for their associations. 
However, Word Chains require word-level decoding 
skills while Letter Chains does not require the child to 
decode but rather to recognize similar characters. The 
remaining tests only requested verbal answers, and 
are thus less dependent on psychomotor skills. How-
ever, Word Chains results generally had strong corre-
lations to the word based measures (word reading and 
reading speed), and slightly weaker to pseudo word 
reading. Rapid naming was a robust correlate to other 
measures of reading skill, especially to word reading, 
pseudo word reading and reading speed. Moreover, 
analysing the performance in terms of letters per mi-
nute had stronger correlations to these, than total 
naming time, which could be of clinical interest. Alt-
hough, it should be noted that total naming time was a 
stable correlate to other test outcomes as well, with 
only slightly lower r-square values than letters per 
minute.  

Correlation between eye movement variables and 
reading assessment 

The word-based reading assessment measures 
stand out regarding their relationship to eye move-
ments, especially to mean fixation duration. Shorter 
fixations during text reading was associated with 
increased reading speed (in the same text reading 
task) and with higher results on other word reading 
tasks, including pseudo word reading. These correla-
tions increased in strength across the grades. Together 
with the decrease in mean fixation time across grades, 
they may reflect the lessened cognitive load that is 
associated with improved reading skill (Rayner, 1998; 
Häikiö et al., 2009). Letter Chains and RAN overall 
had weaker correlations to eye movement parameters, 
possibly because of their format. Previous studies 
have found that word reading and RAN is a reliable 
predictor of eye movements during reading (Kuper-
man & van Dyke, 2011) and further inferential analy-
sis could provide more information on the connection 
between rapid naming and eye movement outcomes in 
our sample.  

A common decoding strategy among beginning 
readers involves decoding each letter sequentially 
(phonological decoding), with the goal of later au-
tomatization and orthographic sight reading. Conse-

quently, the beginning reader’s forward saccades are 
shorter than the skilled readers’ and may leap between 
virtually each letter (Blythe & Joseph, 2011), a pat-
tern that is similar to that of the saccades in individu-
als with RD (De Luca et al., 2002). Both beginning 
readers and individuals with RD tend to allocate their 
cognitive resources to the fixated word and their per-
ceptual span is consequently smaller (Häikiö et al., 
2009). This induces shorter forward saccades and the 
first graders in this sample likely decoded letter by 
letter to a higher extent than second graders, whether 
they had RD or not. Efficient decoding and lexical 
processing of text are of growing importance with 
age, as the level of difficulty increases.  

Mixed effects analysis 

The fixed variables accounted for a relatively 
large degree of the variance in most of the reading 
assessment tests, in particular in those assessing 
word-level decoding skill (word-chains, pseudo-
words, real-words, and words per minute during text 
reading). The largest association was found for the 
real-word reading assessment, where the eye move-
ment measures explained 56% of the variance in the 
outcome scores. Eye movements only explained a 
small part of the variance in letter chain results. Letter 
chains is a visual perceptive fine motor skill test ra-
ther than decoding test, and eye movements reflecting 
the reading process should therefore only be weakly 
associated to it.  

In tests which contained differing test protocols 
depending on grade a larger part of variance was 
accounted for by grade, which had been entered as a 
random variable in our models. This pattern can be 
considered self-explanatory, as the discrepancy in test 
contents should produce some detectable variation in 
the results. 

Conclusions 

In contrast to most previous studies on children’s 
reading, we attempted to scale up the number of par-
ticipants included to get a large, diverse, and ecologi-
cally valid sample of eye movement data. However, 
this attempt in scaling has a number of implications 
that need to be taken into account when considering 
the results. First, this study examined eye movements 
in a situation that was, as far as possible, adapted to 
imitate a normal reading situation rather than an ex-
perimental situation. For example, eye movements 
were recorded in the children’s normal daily envi-
ronment, i.e., in school rather than in an eye tracking 
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lab. To enable a high-throughput of students, simplici-
ty was a high priority. Thus, for example, eye move-
ments were recorded without interfering with the 
natural behaviour of the participants (e.g. children 
were free to move their heads).  Consequently, eco-
logical validity is increased at the cost of precision 
and a greater margin of error than what is commonly 
seen in eye tracking research on reading.  

In the present study, we have described the associ-
ation between eye movements during reading and 
word reading ability, over a time period which is of 
great importance for children’s reading development. 
Our results provide additional evidence that there is a 
robust association between word reading ability and 
eye movements in children (Blythe & Joseph, 2011; 
Blythe, 2014; Reichle et al., 2013). Likely, the chang-
es in eye movement measures reflect the underlying 
development of skills that are vital for successful 
reading. To understand their individual importance, 
future research might further investigate the contribu-
tions of these skills to variations in eye movement 
measures and over-all reading ability. Moreover, 
longitudinal studies are of interest to make predictions 
about reading skill based on earlier eye movement 
recordings in children. Finally, word-based eye 
movement measures are vital to the analysis for a 
more in-depth understanding of the development of 
children’s eye movement characteristics during read-
ing.  
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