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ARTICLE INFO ABSTRACT

Keywords: Our understanding about the developmental similarities and differences between oral and silent reading and
Eye movements their relations to reading proficiency (word reading and reading comprehension) in beginning readers is limited.
Reading To fill this gap, we investigated 368 first graders’ oral and silent reading using eye-tracking technology at the
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beginning and end of the school year. Oral reading took a longer time (greater rereading times and refixations)
than silent reading, but showed greater development (greater reduction in rereading times and fixations) from
the beginning to the end of the year. The relation of eye-movement behaviors to reading proficiency was such
that, for example, less rereading time was positively related to reading proficiency, and the relation was stronger
in oral reading than in silent reading. Moreover, the nature of relations between eye movements and reading
skill varied as a function of the child’s reading proficiency such that the relations were weaker for poor readers,
particularly at the beginning of the year. The relations between eye movements and reading proficiency sta-
bilized in the spring for children whose reading skill was 0.30 quantile and above, but weaker relations remained
for readers below 0.30 quantile. These findings suggest the importance of examining eye-movement behaviors in
both oral and silent reading modes and their developmental relations to reading proficiency.

1. Introduction

Reading involves complex processes. As such, it has been studied in
multiple fields including cognitive psychology, developmental psy-
chology, and education to name a few. Cognitive psychology as a field
has provided in-depth information about single-word recognition
(McClelland & Rumelhart, 1981; Norris, 2013) as well as online word
processing during sentence and passage reading using eye-tracking
technology (e.g., Inhoff & Radach, 1998; Rayner, 1998, 2009; Reichle,
2015). The developmental psychology and education fields have typi-
cally focused on individual differences in reading, oral language, and
cognition and revealed important precursors to reading development
(e.g., see Adams, 1990; National Center for Family Literacy, 2009;
National Institute of Child Health and Human Development [NICHD],
2000). Overall, different foci and traditions in these various fields have
been extremely informative and insightful about complex processes in-
volved in reading from multiple perspectives. One downside, however, is
that integration of perspectives across fields does not readily occur. The

present study is an effort to bridge and integrate techniques and per-
spectives from these multiple disciplines to advance our understanding
about reading processes’ for beginning readers. Specifically, we (a) ex-
amined online reading processes during oral and silent reading using eye-
tracking technology and (b) investigated the relations of eye-movement
behaviors to reading proficiency, using longitudinal data from children
in Grade 1 (from the beginning to end of the school year).

2. Eye movements during reading
2.1. Eye movements during reading

Eye movements provide a useful, sensitive window into cognitive
processing and, therefore, are ideal for examining developmental
changes and processes (Blythe, 2014). In cognitive psychology, reading is
regarded as a special case of complex information processing, and eye
movements are used to reveal the underlying processes and their co-
ordination (see e.g., Radach & Kennedy, 2013; Rayner, 1998, 2009;
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Reichle, 2015). Understanding eye-movement behavior in reading is
related to two critical decisions that are made repeatedly during reading,
namely (1) when to execute a movement and (2) where to move the eyes
next (Findlay & Walker, 1999; Radach & Kennedy, 2004; Rayner &
McConkie, 1976). In an effort to understand what influences these de-
cisions, various computational reading models have been developed,
which combine known mechanisms of oculomotor control and linguistic
processing (see the E-Z Reader model by Reichle, Rayner, & Pollatsek,
2003; SWIFT by Engbert, Longtin, & Kliegl, 2002; Glenmore model by
Reilly & Radach, 2006; and Oculomotor-based model by Yang, 2006).
Although specific details differ, a basic assumption across these models is
that certain eye-movement behaviors are associated with specific un-
derlying cognitive processes. For instance, the amount of time spent on a
word at first fixation (first fixation duration) is hypothesized to capture
initial decoding processes. The amount of time spent refixating a word
after initial fixation (refixation time; i.e., immediately making another
fixation on the same word as that of the preceding fixation) is believed to
capture lexical access (Inhoff, 1984; Inhoff & Radach, 1998; Rayner &
Pollatsek, 1987), and further rereading of a word (rereading time; i.e.,
coming back to the word after having read one or multiple other words)
is believed to be an indicator of higher order syntactic integration pro-
cesses (Frazier & Rayner, 1982; Radach, Huestegge, & Reilly, 2008;
Radach & Kennedy, 2004; Rayner, Chace, Slattery, & Ashby, 2006; but
see Kliegl & Laubrock, 2017, for a dynamic view).

In order to adequately describe eye-movement behaviors during
reading, a number of measures are widely used. These include temporal
measures (e.g., amount of time spent looking at a word), count/pro-
portion measures (e.g., number of fixations and gazes, proportions of
refixations and regressions), and spatial measures (e.g., how far the eyes
move in a saccade and initial landing position within a word). With re-
gard to temporal measures, on average, proficient adult readers in silent
reading spend approximately 200-250 ms during first fixation on a word,
independent of whether the word will receive any other fixations or not;
an additional 100-120 ms when refixating on the same word; and ap-
proximately 200-220 ms when rereading the same word (Radach et al.,
2008; Rayner, 1998). Furthermore, about 15% of saccades are regres-
sions, which means that one to two out of 10 saccades move the eyes
against the reading direction, back to material already read (Rayner,
1998). Finally, spatial measures provide information about where in-
formation is extracted during reading (Rayner, 1998). For proficient
adult readers, saccades in silent reading are six to eight letters and the
initial landing position is about halfway between the beginning and the
middle of a word (McConkie, Kerr, Reddix, & Zola, 1988; McConkie,
Kerr, Reddix, Zola, & Jacobs, 1989; O'Regan, 1981; Radach & Kempe,
1993; Rayner, Fischer, & Pollatsek, 1998). Models of eye movements in
reading as mentioned above (e.g., E-Z reader) can adequately reproduce
reading behavior found in proficient adult readers, replicating well es-
tablished effects such that familiar words, shorter words, and frequently
occurring words are fixated for a shorter time (e.g., Clifton, Staub, &
Rayner, 2007; Inhoff, 1984; Inhoff & Rayner, 1986; Rayner & Dulffy,
1986; Reichle et al., 2003) and are skipped more often (e.g., Brysbaert,
Drieghe, & Vitu, 2005; White, 2007). A good example that different
temporal eye movement measures can indeed represent different online
processes is Radach, Schmitten, Glover, and Huestegge (2008) study,
showing specific effects of word length, reading mode (oral vs. silent),
and language on refixation and rereading times.

2.2. Eye movements for beginning readers

Previous work on eye movements has revealed rich information about
cognitive processes involved in the complex mental task of reading in
proficient adult readers. In the present study, we focus on children’s eye
movements and their relations to reading proficiency. Although research
on children’s eye movements has gained some momentum over the last
decade (Blythe & Joseph, 2011; Blythe, 2014; Henry, Van Dyke, &
Kuperman, 2018; Pan, Yan, Laubrock, Shu, & Kliegl, 2013; Sperlich,
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Meixner, & Laubrock, 2016; Sperlich, Schad, & Laubrock, 2015; Vorstius,
Radach, Mayer, & Lonigan, 2013; Vorstius, Radach, & Lonigan, 2014; Yan,
Pan, Laubrock, Kliegl, & Shu, 2013), our understanding of eye movements
for developing readers is still highly limited. This is a critical gap in the
literature because data from developing readers can reveal developmental
changes associated with reading acquisition. For example, although lim-
ited, there is some evidence of similarities and differences between adult
readers and developing readers. Like adult proficient readers, developing
readers fixate high frequency words for a shorter duration than low fre-
quency words. Compared to adult readers, however, children’s perceptual
span is smaller, particularly for beginning and poor readers, which results
in extraction of less information from the parafovea, at least until the age
of 11 to 12 years (Haikio, Bertram, & Hyond, 2010; Rayner, 1986). Similar
findings were also reported with cross-sectional and longitudinal data on
German beginning readers (2016; Sperlich et al., 2015). Combining cog-
nitive-process measures (eye tracking) with individual-difference assess-
ments (off-line assessments of reading performance), Sperlich et al. con-
cluded that the efficient use of parafoveal information presupposes that
basic processes of reading have been mastered, which happens around
second grade in the German sample. Other studies showed that time spent
fixating on words (first fixation duration and refixation time) and pro-
portion of rereading words decreased across Grades 1 to 5. Prolonged
reading time was particularly the case for those with weaker reading
comprehension skills (Vorstius et al., 2014).

These findings are overall in line with developmental models of word
reading. According to the developmental theories of word recognition,
children undergo a certain sequence in word reading development (Ehri,
2005; LaBerge & Samuels, 1974; Perfetti, 1992, 2007; Seymour &
Duncan, 2001) such that decoding or word reading develops from slow
and laborious small-unit based reading (e.g., letter-by-letter reading), as
children establish connections among orthography, phonology, and se-
mantics, to automatized, unitary, and fully specified representation of
individual words. As beginning readers are actively establishing con-
nections among orthography, phonology, and semantics, decoding pro-
cesses act as a bottleneck to a large extent, particularly during the be-
ginning phase of reading development. Therefore, there is a critical
difference between proficient reading and developmental reading in the
extent to which decoding processes constrain cognitive processes.

2.3. Oral versus silent reading for children

Silent reading is the primary mode of reading for proficient readers,
and proficient readers typically read faster in silent than oral mode
(Rayner, 1998). During the acquisition of reading, though, children start
with oral reading before transitioning to silent reading (Hiebert &
Reutzel, 2010). Oral reading involves more ongoing processes than si-
lent reading does, as overt language production (sounding out words,
intonation, etc.) has to be integrated with ongoing language perception.
The need for coordination of the receptive and productive processing
streams is evident in the eye-voice span (Inhoff, Solomon, Radach, &
Seymour, 2011; Laubrock & Kliegl, 2015; Pan et al., 2013; Yan et al.,
2013), which is larger when dealing with easy text compared to more
difficult text. When it comes to the relation of reading mode to reading
comprehension, conflicting views are found in the literature: Some
studies found that oral reading enhances comprehension (Fuchs &
Maxwell, 1988; Kragler, 1995; Miller & Smith, 1990; Prior & Welling,
2001; Swalm, 1973) due to benefits from the additional auditory input
whereas other studies indicated that oral reading has disruptive effects
due to the devotion of extra resources to pronunciation, intonation, and
monitoring (Jones & Lockhart, 1919). Alternatively, Juel and Holmes
(1981) suggested that the effect of reading mode on comprehension
depends on the phase of reading development. Whereas beginning and
struggling readers show better comprehension during oral reading,
readers in higher grades (3rd and 4th) show no difference in compre-
hension between reading modes, and skilled (adult) readers exhibit
better comprehension during silent reading.
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Although these previous studies are informative, there are several
critical questions that remain largely underexplored, including the extent
to which oral and silent reading compare, how they change over time,
and how eye movements during oral and silent reading relate to reading
proficiency for beginning readers. Ongoing, online processes during si-
lent reading have been a challenge to measure. However, with the ad-
vancement of eye-tracking technology, we can now precisely examine
moment-to-moment, online cognitive processes during both oral and si-
lent reading and compare these processes between the reading modes. In
fact, a recent cross-sectional study with elementary grade children
showed that eye-movement behaviors differed as a function of oral
versus silent reading such that children had more frequent and prolonged
fixations and fewer interword regressions in oral reading than in silent
reading (Ashby, Yang, Evans, & Rayner, 2012; Vorstius et al., 2014). In
the present study, we extend our understanding of oral and silent reading
for beginning readers in a couple of important ways. First, we examined
eye-movement behaviors during oral and silent reading and their
changes in Grade 1 children from the beginning to end of the school year,
using longitudinal data, which provide true developmental information.
Second, we systematically examined the relations of eye movements
during oral reading and silent reading to reading proficiency (as mea-
sured by widely used off-line word reading and reading comprehension
tasks), again using longitudinal data. Prior work with adults suggested
that processes during oral versus silent reading might essentially be the
same (e.g., Anderson & Swanson, 1937; Ashby et al., 2012). However,
eye movements during silent reading were weakly to moderately related
to reading speed and errors during oral reading for sixth graders in
Norway (SQvik, Arntzen, & Samuelsteuen, 2000). These prior studies
were based on data from adults or older children and/or did not examine
the relations of eye movements to reading proficiency using the same
measures in oral versus silent reading. In the present study, we in-
vestigated how the same eye-movement measures during oral and silent
reading are related to reading proficiency at the beginning and end of
Grade 1. Given rapid development of reading during Grade 1, the nature
of relations might vary between oral and silent reading, and from the
beginning to end of the school year.

2.4. Individual differences in reading skill and eye movements during
reading

When it comes to reading processes, the field of cognitive psy-
chology tends to focus on detailed within-individual processes such as
the effects of word and text characteristics, using online eye-movement
information (Blythe, Hikio, Bertram, Liversedge, & Hyond, 2011;
Blythe, Liversedge, Joseph, White, & Rayner, 2009; Huestegge, Radach,
Corbic, & Huestegge, 2009; Hyond & Olson, 1995; Inhoff & Radach,
1998; Joseph, Liversedge, Blythe, White, & Rayner, 2009; Joseph,
Nation, & Liversedge, 2013; Radach & Kennedy, 2004; Rayner, 1986;
Rayner et al., 2006; Reichle, Rayner, & Pollatsek, 2006; Reilly &
Radach, 2006). On the other hand, the field of education largely focuses
on individual differences (e.g., in reading proficiency) using off-line
tasks (i.e., language, cognitive, and reading tasks). Although potentially
complementary, these two fields have been investigating reading pro-
cesses in principally disparate lines. However, examining both online
processes and individual differences simultaneously is necessary and
important to advance our understanding about reading acquisition
(Radach & Kennedy, 2013; see Sperlich et al., 2015, 2016). For in-
stance, according to the Verbal Efficiency Theory (Perfetti, 2007), the
triangle model of word reading (e.g., Adams, 1990; Seidenberg &
McClelland, 1989), and an associated large body of supporting evi-
dence, individual differences in phonological, semantic, and ortho-
graphic processes contribute to word reading proficiency (e.g., Adams,
1990; NICHD, 2000; Vorstius et al., 2013). Furthermore, the theoretical
models on the eye-mind link noted above hypothesize a direct link
between oculomotor control and linguistic or reading processes. Then,
individual differences in reading proficiency should be related to in-the-
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moment (online) reading processes. That is, on-line processes employed
during reading would be influenced by individual differences in reading
skills. Surprisingly few studies have examined this question but a few
extant studies have provided interesting insights. For example, Ashby,
Rayner, and Clifton (2005) investigated skilled and average adult
readers during silent reading and found that online word reading pro-
cessing differed as a function of their reading proficiency. For devel-
oping readers, Sperlich et al. (2016) showed in a longitudinal study that
lexical decoding efficiency precedes the development of the perceptual
span. Kuperman and van Dyke (2011) studied young adults who were
non-college-bound and found that rapid automatized naming and word
reading skill were associated with eye-movement behaviors such as
first- and second-pass reading duration and refixation probability. In
addition, recent studies examined eye movements during rapid auto-
matized naming (RAN) for typically developing readers and those with
dyslexia (e.g., Henry et al., 2018; Pan et al., 2013; Yan et al., 2013) and
found differences in parafoveal processing between these readers. Si-
milarly, better readers and spellers had larger perceptual spans and
tended to make more use of parafoveal information compared to lower
skilled individuals (Veldre & Andrews, 2014, 2015, 2016).

In the present study, we extend these previous studies by in-
vestigating developmental relations between online reading processes
(i.e., eye movements) and reading proficiency (as measured by off-line
tasks) for beginning readers—how eye movements relate to reading
proficiency and whether the relations are similar or different in dif-
ferent reading modes (i.e., oral reading and silent reading) and as a
function of children’s reading proficiency among beginning readers
(i.e., poor versus more advanced beginning readers).

3. Present study

The present study is an effort to expand our understanding about
online reading processes as measured by eye movements during oral
and silent reading, their changes from the fall to spring of Grade 1, and
their relations to reading proficiency. First grade is an important period
when reading acquisition occurs at a rapid pace, and thus, examining
developmental changes using longitudinal data should be revealing.
Specific research questions were as follows:

1. What are characteristics of eye-movement behaviors in oral and si-
lent reading and how do they change from the beginning to end of
the school year for children in Grade 1?

. How are eye-movement behaviors related to reading proficiency
measured by word reading and reading comprehension? Do the
relations differ in oral versus silent reading? Do the relations differ
as a function of children’s reading proficiency (low word reading
proficiency versus higher proficiency) and over time (beginning and
end of the school year)?

Children’s reading proficiency was measured at the lexical level
(i.e., word reading) and at the discourse level (i.e., reading compre-
hension). Although previous studies have indicated that word reading
and reading comprehension are very strongly related at the beginning
phase of reading development, both were examined as they are key
skills in reading development and draw on different language and
cognitive skills and processes as reading skills develop (Kim, 2015,
2017). We anticipated that there would be significant differences in eye
movements from fall to spring in both oral and silent reading. Based on
prior, albeit limited, studies (e.g., Ashby et al., 2012; Vorstius et al.,
2014), we hypothesized that oral reading would take a longer time (i.e.,
larger values on temporal eye-movement indicators) than would silent
reading at the beginning and end of the school year. As for the relations
between eye movements and reading proficiency, we expected stronger
relations with oral reading than with silent reading, based on a prior
study with struggling readers in fourth grade (Fuchs & Maxwell, 1988;
Schimmel & Ness, 2017). We did not have a specific hypothesis about
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whether relations may differ as a function of children’s reading profi-
ciency due to lack of prior work.

4. Method
4.1. Participants

A total of 368 first-grade children (49% girls; mean age = 6 years
4 months) from six schools in the United States were assessed at the
beginning (fall) and end (spring) of the academic year. All children had
normal or corrected-to-normal vision. All first graders in the partici-
pating schools were invited to participate in the study except for those
with severe intellectual disability or emotional or behavioral disabilities
identified from school records. Fifty-two percent of students were eligible
for free or reduced-price lunch (an indicator of poverty status), and <
1% of students were identified as limited English proficient. Student race
was primarily White (60%), followed by Black (26%), Hispanic (6%),
Multiracial (6%), and Asian (2%). Approximately 11% of participants
were identified as having either speech impairments (8%), language
impairments (1%), or other health impairments (2%). Due to missing
assessment data, 18 children were excluded from the analytic sample.
Further, after accounting for selection criteria regarding eye-movement
data (see below), the final analytic data set consisted of 262, 282, 338,
and 345 children who completed the fall silent, fall oral, spring silent,
and spring oral reading assessments, respectively.

4.2. Measures

4.2.1. Reading proficiency (word reading and reading comprehension)

Two tasks were used to measure children’s word reading and reading
comprehension, respectively, in order to measure these skills with preci-
sion (i.e., reduce measurement error; see Cutting & Scarborough, 2006;
Keenan, Betjemann, & Olson, 2008 regarding the importance of measuring
comprehension with multiple measures). For word reading skill, the Letter
Word Identification task of the Woodcock Johnson Tests of Achievement-
I (WJ-III; Woodcock, McGrew, & Mather, 2001) and the Word Reading
subtest of the Wechsler Individual Achievement Test-Third Edition (WIAT-
III; Wechsler, 2009) were used. In these tasks, the child was asked to read
aloud a list of words ordered by increasing difficulty. Cronbach’s alpha
from the present sample was estimated to be 0.91 in both the fall and the
spring for WJ-III Letter Word Identification and 0.95 in both the fall and
the spring for WIAT-III Word Reading. WJ-III Letter Word Identification
and WIAT-IIT Word Reading are strongly related to each other (rs = 0.90;
Kim & Petscher, 2016) and other word reading tasks (e.g., Kim & Wagner,
2015; Wagner, Torgesen, & Rashotte, 2012).

Reading comprehension skill was measured by the widely used
Passage Comprehension subtest of the WJ-III (Woodcock et al., 2001)
and the Reading Comprehension subset of the WIAT-III (Wechsler,
2009). In WJ-III Passage Comprehension, the child was asked to read
sentences and passages and complete fill-in-the-blank questions. In
WIAT-III Reading Comprehension, the child read a passage and was
asked multiple choice questions. Cronbach’s alpha from the present
sample was estimated to be 0.88 in the fall and 0.81 in the spring for
WJ-III Passage Comprehension and 0.88 in the fall and 0.86 in the
spring for WIAT-III Reading Comprehension. WJ-III Passage Compre-
hension and WIAT-III Reading Comprehension are strongly related to
each other (Kim & Petscher, 2016) and are moderately to strongly re-
lated to other measures of reading comprehension (e.g., PIAT reading
comprehension; Keenan et al., 2008).

4.2.2. Eye movements during reading

To assess children’s eye movements during reading, children read a
number of short passages. These passages were originally developed and
normed for children in Grade 1 in a state where the study was conducted
(Florida Department of Education, 2009). Three passages were presented
to each child at each assessment point, fall and spring, with a total of five
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different passages across fall and spring because one passage was ad-
ministered at both times. This linking passage was included to allow for
more in-depth comparisons between time points, though such compar-
isons are beyond the scope of this paper. Passages ranged from 151 to
198 words in length and from 400 to 700 in lexile score (a measure of
text difficulty; see Fitzgerald et al., 2015; Stenner, Burdick, Sanford, &
Burdick, 2006, for further information). The same passages were used for
both oral reading and silent reading sessions within each assessment
wave. Oral and silent reading sessions within each assessment wave
were, on average, one week apart, and the order of oral and silent
reading sessions was counterbalanced across children. Passages were
presented on a computer monitor, and children were asked to read the
texts aloud in the oral reading session and silently in the silent reading
session. To ensure that children read the passages for meaning or com-
prehension rather than for speed, one literal comprehension question
(correct answer is explicitly provided in the given text; e.g., name of a
character in the passage) was asked after each passage and answers were
digitally recorded using digital recorders such as Olympus VN 8100 pc.
These questions were designed for a manipulation check, and were not
intended to tap into deep reading comprehension processes (e.g., in-
ferential processes). Therefore, children’s performance on these com-
prehension questions were not used in the analysis. However, to ensure
that children included in the analysis are “readers”—that is, can read at
least one passage and answer a simple literal comprehension question
correctly—those who were not able to correctly answer a single com-
prehension question were excluded from the analysis. The percentages of
children who answered 1, 2, or 3 comprehension questions, respectively,
were as follows in each time point: 47%, 40%, and 12% in oral reading in
the fall; 53%, 36%, and 11% in silent reading in the fall; 9%, 45%, and
46% in oral reading in the spring; and 12%, 45%, and 43% in silent
reading in the spring. Note that the goal of the present study was to
examine similarities and differences in online processing during oral and
silent reading for developing readers. Therefore, it was not our intent that
those included in the analysis should have fully developed reading skills.

An oral or silent reading session was discontinued if the child could
not read a single word at all or exceeded five minutes on a passage. In
addition, a silent reading session was discontinued if it was apparent to
the experimenter that the child was not reading, based on erratic
fixation patterns. These criteria resulted in the exclusion of 88 partici-
pants in silent reading and 68 participants in oral reading during the
fall assessment and the exclusion of 12 and 5 participants in silent and
oral reading, respectively, during the spring assessment. The higher
number of exclusions in silent versus oral reading at both assessment
points was due to children’s randomly looking around the screen to a
greater extent in the silent versus oral reading session.

Children’s eye movements were captured by an unobtrusive desktop
camera in front of the monitor using the EyeLink1000 system in com-
bination with a forehead and chin rest. Texts were presented on a 21-
inch monitor with a screen resolution of 1024 * 768 pixels. Courier New
typeface in 15-point font size was used, and viewing distance was ad-
justed so that one letter corresponded to 0.33 degree of visual angle.
Texts were presented in black color on a grey background with double
line spacing. Passages were broken up into two to three paragraphs,
each paragraph consisting of five to seven lines and presented on a
separate screen. Children were encouraged to move as little as possible
during the measurement but could move around between passages.
Between passages, the camera was calibrated to ensure measurement
accuracy using a 9-point calibration and validation. Then, right before
the child read a passage, an additional drift correction check was per-
formed. If deviations larger than 0.5 degree of visual angle were de-
tected, the camera system was recalibrated. Eye movements were
tracked at 500 Hz, and viewing and recording were binocular, though
only data from the right eye were used for analyses.

Eye-movement data were processed and analyzed using EyeMap
(Tang, Reilly, & Vorstius, 2012) and SPSS (see Appendix A for a detailed
description of the eye-movement measures). In addition to excluding
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participants who were not able to read based on the experimenters’
judgment during data collection, data points with less than 100 fixa-
tions per paragraph were excluded from further analyses (< 2%, or 7
participants). The final data set included 560,969 fixations for the fall
and 746,675 fixations for the spring assessment, with each participant
contributing data from at least one passage.

4.3. Data analytic strategies

To answer research question 1 about eye-movement behaviors in oral
and silent reading and their changes over time in Grade 1, repeated
measures ANOVAs were conducted, with wave (fall vs. spring) and
reading mode (oral vs. silent) as factors.” Type 1 family-wise error cor-
rection was applied where indicated (Bonferroni). The order of oral and
silent reading sessions was counterbalanced within each wave, and ana-
lyses showed no effects of session order (see Appendix B). For research
question 2 about the relations of eye-movement behaviors to reading
proficiency, factor analysis was first conducted to examine the factor
structure of the eye-movement parameters. Several alternative models
were systematically examined, accounting for shared variance due to
passages (see Fig. 1). In an initial model (Model 1), the following three
factors were fitted based on adult proficient readers outlined in the lit-
erature review (see above): early orthographic processing factor, lexical
semantic processing factor, and higher order integration factor. Measures
reflecting early orthographic/visual and early lexical processing included
first fixation duration and landing position. Lexical semantic processing
was hypothesized to be captured in refixation duration, fixation count on
the word, and the probability of making a refixation on the word. Finally,
rereading time, the number of gazes per word, and the probability of
making an interword regression were taken as indicators of higher order
processing such as syntactical integration (Brysbaert et al., 2005; Clifton
et al., 2007; Frazier & Rayner, 1982; Inhoff, 1984; Inhoff & Radach, 1998;
Inhoff & Rayner, 1986; McConkie et al., 1988, 1989; O'Regan, 1981;
Radach et al., 2008; Radach & Kempe, 1993; Radach & Kennedy, 2004;
Rayner, 1998; Rayner & Duffy, 1986; Rayner & Pollatsek, 1987; Rayner
et al., 1998, 2006; Reichle et al., 2003; White, 2007).

In addition, two alternative models were tested. First, a single-factor
model (Model 2) was tested to examine whether all of the eye-tracking
indexes are broadly tapping a single construct. Our expectation was not
that this model would provide the best fit to the data, nor that it would
conform to an explanatory model for individual differences; instead,
this model would serve as a base-counterfactual to both correlated-trait
factor models and more complex specifications. Second, we specified a
second-order factor model (Model 3; see Appendix C for more details)
that created sets of first-order latent constructs that were reflective of
index-specific effects as well as the second-order constructs of early
orthographic processing, lexical semantic processing, and higher order
integration. We hypothesized that individual latent constructs might be
formed for each index (e.g., a latent construct for first fixation duration
indicated by first fixation duration on each of the passages 1-3). These
first-order index-level factors were created for first fixation duration,
initial landing position, refixation duration, number of fixations in first
gaze, proportion of refixations, re-reading duration, number of gazes,
and proportion of regressive saccades. The creation of the index-level
factors alone was not expected to shed light on a theoretically mean-
ingful structure of the eye-tracking data; instead, it served as a first step
to unpack potential construct-relevant variance. Once the index-level
factors were specified, second-order factors were then created to re-
present theoretical groupings of the first-order factors as follows: (a)
First fixation duration and initial landing position were defined as part

2 Note that we also ran between-subject analyses using each participant’s first
reading session (oral or silent) at each time point only. These analyses yielded
similar results to the repeated measures within-subject analyses reported in this
paper.
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of a latent “initial orthographic” processing factor; (b) refixation
duration, number of fixations in first gaze, and proportion of refixations
were defined as part of a “lexical semantic” processing factor; and (c)
re-reading duration, number of gazes, and proportion of regressions
were defined as part of an “integration” factor. Models 1 and 3 are quite
similar to each other in that they attempt to cluster indexes together to
form three theoretically motivated factors; yet they are different in that
Model 3 specifically accounts for shared variance at the index level due
to multiple occurrences across passages (e.g., first fixation duration on
paragraphs 1, 2, and 3). Model 2 then serves as a baseline model for
examining whether all the indexes converge on a single construct.

Comparisons across these models were made using the following
model fit indices: comparative fit index (CFL; Bentler, 1990), Tucker-
Lewis index (TLL; Bentler & Bonnett, 1980), and root mean square error
of approximation (RMSEA; Browne & Cudeck, 1992). CFI and TLI va-
lues greater than or equal to 0.95 are considered to be minimally suf-
ficient criteria for acceptable model fit, and RMSEA estimates < 0.05
are desirable (Browne & Cudeck, 1992).

Based on the results from the factor analyses of eye-tracking data, the
estimated factor scores were used to study the extent to which, on
average, the eye-movement factor(s) predicted off-line latent reading
proficiency scores (both word reading and reading comprehension; re-
search question 2).” Then, we evaluated the extent to which the relation
between eye movements in oral and silent reading and word reading and
reading comprehension scores varied as a function of children’s latent
word reading proficiency and reading comprehension proficiency, re-
spectively, using quantile regression (Koenker & Bassett, 1978; Petscher
& Logan, 2014; Petscher, Logan, & Zhou, 2013). Quantile regression is a
form of conditional median regression that estimates conditional rela-
tions between variables at other points of the distribution instead of the
mean. As such, although ordinary least squares regression asks the
question, “What is the relation between x and y, on average?” quantile
regression is useful for understanding, “Does the relation between x and y
vary conditional on y?” In the present study, the relations between the
eye-movement general factor and latent word reading and reading
comprehension were evaluated conditional on the distribution of latent
word reading and reading comprehension, respectively. Both ordinary
least squares and quantile regression analyses were conducted for com-
parative purposes. Prior to running the regression analyses, it was im-
portant to evaluate the factor score determinacy of the eye-tracking
factor scores, as well as the word reading and reading comprehension
outcomes. Because the regressions were run outside of a latent variable
framework, factors and factor scores are typically not perfectly corre-
lated. Factor score determinacy is a value ranging from 0 to 1 and may be
interpreted as the correlation between a factor in a latent variable model
and the factor score. Values greater than 0.80 are deemed sufficient for
use in secondary analysis as there would be a very strong association
between the factor and the factor score (Gorsuch, 1983). Mplus software
was used for all factor analyses, and SAS software was used for ordinary
least squares and quantile regression analyses.

5. Results
5.1. Descriptive statistics and preliminary analysis

Descriptive statistics for the reading measures and eye-movement
measures are reported in Tables 1 and 2, respectively. Appendix A

31In order to leverage the commonality between the two word reading mea-
sures, a confirmatory factor analysis was used to estimate latent word reading
ability scores for both the fall and spring. The word reading factor model de-
monstrated excellent fit, Xz(l) = 0.61, CFI = 1.00, TLI = 1.00, RMSEA =
0.000 (0.000, 0.126). The reading comprehension factor model also demon-
strated excellent model fit, ¥*(1) = 1.05, CFI = 1.00, TLI = 1.00, RMSEA =
0.012 (0.000, 0.139).
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Land Reread/ Fixation Paragraph Paragraph Paragraph
Position Gaze Duration 1 2 3
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Eye

Movements

Fig. 1. Bi-factor model of eye movements. Note that all the eye movement indicators in Table 2 as well as passages were accounted for, but for illustrative purposes,
only a few eye movement indicators are shown in the diagram. Numbers represents passage numbers. L = Landing position; RR = Rereading duration; FD = Fixation
duration; G = Number of Gazes; F = Number of fixations per gaze; RFP = Proportion of Refixations; RFD = Refixation Duration (gaze 2-6).

presents descriptive statistics for eye-movement measures by passage.
Standard scores for the reading proficiency measures (Table 1) indicate
that, compared to a norm sample, mean performances on the word
reading tasks were in the average or high average range in the fall and
spring, and mean performances on the reading comprehension tasks
were in the average range in the fall and spring. These scores indicate
that children in the present study, on average, were developing at an
expected rate in reading compared to a norm sample.

Correlations among the eye-movement behaviors in oral and silent
reading and reading proficiency measures in the fall and spring of Grade
1 are presented in Tables 3 and 4, respectively. Correlations between eye-
movement behaviors ranged from minimal (e.g., —0.03 between first
fixation duration and proportion of regressions in the oral reading mode
in the fall) to extremely strong (0.95 between number of fixations in gaze
and proportion of refixations in the silent reading mode in the fall).
Consistent with previous studies, off-line reading proficiency measures
were highly correlated with each other. Correlations between online eye
movements and off-line reading proficiency measures varied, but overall
tended to range from relatively weak to moderate in the fall and spring
and tended to be larger for the oral compared to the silent reading mode.
This difference based on reading mode is best illustrated in the relations
between initial landing position and reading proficiency in the fall: In the
oral reading mode, initial landing position was moderately related to
word reading and reading comprehension (0.27 < rs < 0.40); in the si-
lent reading mode, initial landing position was minimally or not at all
related to the reading proficiency measures (-0.07 < rs < 0.01).

5.2. Research question 1: Characteristics of eye-movement behaviors in oral
and silent reading in the beginning and end of the school year for beginning
readers

Overall, we found a pattern of reductions in reading times, refixa-
tions, and gazes per word from fall to spring. In addition, clear differ-
ences were found for reading mode (oral vs. silent). Descriptive statis-
tics and effect sizes between oral and silent reading (i.e., standardized
mean differences, Cohen’s ds) in the fall and spring for all eye-move-
ment measures are presented in Table 2 as well as differences between
fall and spring in oral reading mode and silent reading mode, respec-
tively. ANOVA results are presented in Table 5.

For first fixation duration, we found significant main effects for
wave and reading mode with shorter durations in spring and in silent
reading, but no significant interaction. However, looking at the de-
scriptive data, it is apparent that although statistically significant,
changes in first fixation durations were rather small (4% overall re-
duction from fall to spring). Far greater changes were found for re-
fixation duration and rereading time. For refixation duration, both the
main effects and the interaction were significant. Refixation durations
were longer in fall compared to spring and longer in oral compared to
silent reading, but the difference between reading modes was sig-
nificantly more pronounced in fall than in spring. Results indicated
significant reductions in refixation duration from fall to spring for both
oral (93 ms) and silent (41 ms) reading as well as significant differences
between reading modes in fall (98 ms) and spring (45ms) waves.

Table 1
Descriptive statistics for reading measures.
Fall Spring
Raw score Standard score Raw score Standard score
Measures Mean SD Mean SD Mean SD Mean SD
WJIII - LWID 33.73 6.54 112.91 12.93 39.03 6.28 114.87 12.21
WIAT-Word Reading 15.70 9.71 102.31 16.21 23.89 9.59 107.76 15.21
WIAT-Reading Comp 15.30 8.48 101.67 14.01 23.35 7.43 107.08 14.10
WIUJIII — Passage Comp 16.83 4.43 104.37 13.65 21.96 3.56 108.67 11.68
WJ-III = Woodcock Johnson-III; WIAT = Wechsler Individual Achievement Test; Comp = Comprehension; LWID = Letter Word Identification;

Comp = Comprehension.
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Means, standard deviations, and mean standardized difference (Cohen’s d) between oral and silent reading for key eye movement parameters by assessment time (fall

& spring) and oral and silent reading conditions.

Fall Spring Fall-spring difference

Silent Oral ES" Silent Oral ES" Silent Oral
Measures Mean SD Mean SD Mean SD Mean SD ES ES
First fixation duration 334.82 69.12 354.33 71.78 0.28 317.74 61.21 341.85 69.85 0.37 0.26 0.18
Refixation duration 218.83 130.81 316.56 192.67 0.60 178.22 99.91 223.24 119.59 0.41 0.35 0.60
Rereading time 374.80 337.79 718.02 704.66 0.66 266.84 198.53 401.16 288.62 0.55 0.40 0.64
Number of fixations in gaze 1.59 0.26 1.78 0.33 0.64 1.53 0.22 1.62 0.25 0.38 0.25 0.55
Number of gazes on word 1.63 0.36 1.98 0.76 0.63 1.53 0.27 1.71 0.36 0.57 0.32 0.48
Proportion of refixations 0.35 0.09 0.41 0.10 0.63 0.32 0.08 0.36 0.09 0.47 0.35 0.53
Proportion of regressions 0.31 0.06 0.31 0.06 0.00 0.29 0.06 0.29 0.05 0.00 0.33 0.36
Initial landing position 2.07 0.25 1.91 0.23 —-0.67 2.00 0.22 1.92 0.18 —0.40 0.30 —-0.05
Rereading time (gaze 2-6) 258.27 334.98 465.31 629.97 0.43 173.83 164.25 260.90 255.06 0.42 0.34 0.46
Refixation duration (gaze 2-6) 203.49 148.22 292.38 205.46 0.50 155.12 110.75 188.16 121.33 0.28 0.37 0.64

Note. ES = Effect Size in Cohen’s d; ES” = difference between silent and oral model in the fall and spring, respectively; First fixation duration = duration of the initial
fixation on a word; Refixation duration = time spent on the word in the first gaze after the initial fixation and before moving to the next word; Rereading time = time
spent on the word after the first gaze; Number of gazes on word = instances in which the word received one or more fixations before another word was fixated;
Number of fixations in gaze = number of fixations during a single gaze; Proportion of refixations = proportion of refixations, based on all fixations; Initial landing
position = location of the first fixation in the word (letter position); In addition to the first pass parameters, we included information from gazes 2-6 (together with
gaze 1 representing ~99% of all fixations) for the factor analyses (see Appendix B for details) to capture as much eye movement behavior as possible. Refixation
duration (gaze 2-6) = mean time spent on a word after the initial fixation in gazes 2-6; Rereading time (gaze 2-6) = mean time spent rereading a word in gaze 2-6.

Refixation durations were 44% longer for oral reading than for silent
reading in fall (d = 0.60), but only 25% longer in spring (d = 0.41).

Prominent differences were found for rereading times, including
significant main effects for wave and reading mode and a significant
interaction. Results indicated significant reductions in rereading times
from fall to spring for both oral (317 ms) and silent (108 ms) reading as
well as significant differences between reading modes in fall (334 ms)
and spring (134 ms) waves. The difference in rereading times for oral
versus silent reading was large in the fall (d = 0.66), and smaller, but
still substantial in the spring (d = 0.55). Across reading modes, re-
reading times decreased by 36% from fall to spring. However, the de-
crease from fall to spring for oral reading (44%) was much more pro-
nounced than that for silent reading (29%).

Not only reading times, but also fixation patterns showed develop-
ment across time points and differences between reading modes. We
found fewer fixations per gaze in spring than in fall and in silent reading
than in oral reading. Results showed a significant reduction in the
number of fixations from fall to spring for both oral (0.16 fixations per
gaze) and silent (0.06 fixations per gaze) reading, as well as significant
differences between reading modes in fall (0.19 fixations per gaze) and
spring (0.09 fixations per gaze) waves. The significant interaction in-
dicated again that the difference between reading modes was less

pronounced in spring than in fall. The same pattern was found for the
number of gazes per word, with significant main effects for wave and
reading mode, as well as a significant interaction. Again, main effects
showed a significantly lower number of gazes per word in the spring
than in the fall and in silent reading than in oral reading. There was a
reduction in the number of gazes per word from fall to spring for both
oral reading (0.27 gazes per word) and silent reading (0.10 gazes per
word), as well as significant differences between reading modes in fall
(0.35 gazes per word) and spring (0.18 gazes per word) waves. The
proportion of refixations also shows a pattern in line with the findings
reported above. Refixations decreased significantly from fall to spring
and occurred more often in oral reading. Results indicated a significant
reduction in the proportion of fixations from fall to spring for both oral
(0.03) and silent (0.05) reading, as well as significant differences be-
tween reading modes in fall (0.06) and spring (0.04) waves.

The overall proportion of interword regressions showed a significant
main effect for wave with a reduction from fall to spring, but no effect
for reading mode (d = 0) and no interaction. Finally, for initial landing
position within words, the main effect for wave was not significant.
However, there was a significant main effect of reading mode as well as
a significant interaction. Initial fixations in words were more towards
the beginning of the word in oral reading. Initial landing positions from

Table 3

Fall correlations among eye-movement indices and reading achievement measures based on oral (upper diagonal) and silent (lower diagonal) reading.
Measures 1 2 3 4 5 6 7 8 9 10 11 12 13 14
1. First fixation duration - —0.48 0.59 0.39 0.39 0.24 0.16 0.10" -0.03"  0.42 -039 -044 -036 —0.42
2. Initial landing position —0.36 - —0.62 —0.65 —0.63 —-0.33 —-0.23 -0.24 0.10 —-0.37 0.36 0.40 0.27 0.29
3. Refixation duration 0.62 —0.58 - 0.93 0.85 0.44 0.29 0.24 0.17 0.73 —-047 —-0.53 —-0.43 -0.47
4. Number of fixations in gaze  0.37 —0.66 0.89 - 0.92 0.37 0.24 0.21 0.10" 0.62 —-042 —-048 —-037 -041
5. Proportion of refixations 0.38 —0.64 0.86 0.95 - 0.47 0.33 0.31 0.24 0.73 —0.54 —0.59 —0.46 —0.53
6. Rereading time 0.37 —0.34 0.65 0.52 0.59 - 0.90 0.95 0.62 0.53 —0.51 -0.54 -0.50 -0.53
7. Rereading time (2-6) 0.26 —0.18 0.42 0.32 0.39 0.68 - 0.88 0.51 0.44 —-0.38 —0.41 —-0.40 —0.42
8. Number of gazes in word 0.15 -0.31 0.43 0.40 0.45 0.90 0.59 - 0.61 0.31 -046 —-047 —-0.43 -0.47
9. Proportion of regressions -0.12"  0.36 -0.03° -0.12" -0.08" 0.36 0.25 0.46 - 0.42 -048 —0.49 -046 —0.51
10. Refixation duration (2-6) 0.50 -0.33 0.76 0.62 0.70 0.63 0.52 0.40 0.12" - -049 -053 -045 -0.51
11. WJ-III Letter Word ID —0.34 0.03" —0.36 —0.26 —0.35 -033 -0.27 -0.21 —-0.39 -0.43 - 0.90 0.76 0.84
12. WIAT-III Word reading -0.35 0.04" -0.39 -0.29 -0.37 -036 —-028 -0.25 -0.39 —0.45 0.90 - 0.78 0.85
13. WIAT-III Reading Comp -0.27 -0.07" -0.31 —-0.22 -0.29 -0.28 -024 -0.17 -0.36 —-0.36 0.74 0.76 - 0.80
14. WJ-III Passage Comp —0.35 0.01" —0.36 —0.23 —0.30 —-035 —0.31 —-0.24 —0.42 —0.41 0.83 0.85 0.78 -

WJ = Woodcock Johnson-III; WIAT = Wechsler Individual Achievement Test;
Refixation duration = Refixation duration (gaze 2-6). p > .05.

Comp = Comprehension; Rereading time (2-6) = Rereading time (gaze 2-6);
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Table 4

Spring correlations among eye-movement indices and reading achievement measures based on oral (upper diagonal) and silent (lower diagonal) reading.
Measures 1 2 3 4 5 6 7 8 9 10 11 12 14 14
1. First fixation duration - —-0.42 0.67 0.33 0.39 0.42 0.31 0.16 -0.06" 0.57 —-0.52 -0.51 —-0.40 —0.44
2. Initial landing position —-0.44 - —-0.62 -0.59 —-0.60 —-0.36 —-0.26 -0.23 0.12" —0.41 0.40 0.41 0.31 0.35
3. Refixation duration 0.64 -0.64 - 0.85 0.85 0.61 0.44 0.37 0.12" 0.73 -0.57 -0.60 —-0.46 —0.52
4. Number of fixations in gaze  0.44 —-0.66 0.93 - 0.96 0.49 0.35 0.34 0.09" 0.59 -0.52 —-055 -0.40 -—0.47
5. Proportion of refixations 0.47 —0.64 0.90 0.97 - 0.58 0.44 0.43 0.13" 0.67 —-0.62 —-0.64 —0.48 —0.55
6. Rereading time 0.44 —-0.41 0.67 0.59 0.61 - 0.79 0.92 0.62 0.61 -0.63 —-0.64 -0.51 —-0.57
7. Rereading time (2-6) 0.36 —-0.27 0.50 0.44 0.47 0.84 - 0.74 0.46 0.58 -044 -044 -030 -0.37
8. Number of gazes in word 0.21 —-0.34 0.46 0.46 0.47 0.92 0.78 - 0.74 0.42 -0.53 -055 -0.44 -0.50
9. Proportion of regressions -0.10" 0.34 -0.05" -0.06" —0.03" 0.34 0.33 0.43 - 0.16 -0.26 —-029 -025 -—0.31
10. Refixation Duration (2-6) 0.45 -0.30 0.59 0.53 0.60 0.56 0.60 0.37 0.16 - -0.60 -060 -046 -—0.50
11. WJ-III Letter Word ID —0.49 0.20 —0.45 -0.39 —0.46 -035 -0.28 -0.16 -0.13" -0.44 - 0.89 0.68 0.75
12. WIAT-III Word reading —-0.47 0.23 —0.46 —-0.41 —-0.48 -0.37 -0.29 -0.18 -0.12" —-0.46 0.88 - 0.70 0.78
13. WIAT-III Reading Comp -0.32 0.15 -0.29 -0.25 -0.30 -0.20 -0.16 —0.05" -0.14 —-0.35 0.64 0.67 - 0.75
14. WJ-III Passage Comp —0.44 0.21 —0.40 —0.33 —0.40 -0.30 -0.23 -012" -0.14 —-0.41 0.75 0.77 0.72 -

WJ = Woodcock Johnson-III; WIAT = Wechsler Individual Achievement Test; Comp = Comprehension; Rereading time (2-6) = Rereading time (gaze 2-6);
Refixation duration = Refixation duration (gaze 2-6). p > .05.

fall to spring shifted slightly to the left for oral (—0.01 letters) and to
the right for silent (0.07 letters) reading. In addition, in fall the dif-
ference between reading modes for initial landing positions was more
pronounced (—0.16 letters) compared to in spring (—0.08 letters).

Taken together, these changes in eye-movement measures reflect
that children made large gains in reading skills in first grade and are in
line with results reported in previous studies with children (e.g., Blythe
& Joseph, 2011; Tiffin-Richards & Schroeder, 2015; Vorstius et al.,
2014). Despite the gains in reading development, however, eye-move-
ment measures in the spring of first grade are still distinct from profi-
cient adult readers, mostly due to prolonged viewing times (e.g., first
fixation duration was 335 ms for this sample compared to ~225 ms for
adults in silent reading; Rayner, 1998).

5.3. Research question 2: The relation of eye movements to reading
proficiency

As noted above, prior to examining the relation of eye movements to
reading proficiency, several alternative factor models were system-
atically compared. As detailed in Appendix C, the three models planned a
priori did not fit the data well. The lack of acceptable model fit for any of
the hypothesized models led to the specification of exploratory factor
analyses (EFAs) using the same indexes to identify the extent to which a
simple solution with acceptable fit and theoretically meaningful relations
could be established. The patterns found in the EFAs (see Appendix C for
details) led to the specification of a bi-factor model in order to test for the
presence of index-specific factors, paragraph-specific factors, and then a
general factor of eye movements. Bi-factors have been found to be useful

observed strong relations among what is being measured (Connor et al.,
2015; Kieffer, Petscher, Proctor, & Silverman, 2016; Reise, 2012). Using
the bi-factor model approach, we hypothesized that a general factor of
eye movements might exist along with one or more specific, residual
factors. Specifically, we tested for a general factor of eye movements
along with specific factors related to initial landing position, rereading
duration/number of gazes, fixation duration, and three factors related to
passage-specific effects (i.e., passages 1, 2, and 3).

Results revealed that a bi-factor model (Fig. 1) fitted the data best at
the fall and spring for both silent and oral reading [e.g., Fall Silent:
%x2(138) = 339.09, CFI = 0.96, TLI = 0.95, RMSEA = 0.08; Fall Oral:
x2(138) = 464.99, CFI = 0.95, TLI = 0.93, RMSEA = 0.09; Spring Si-
lent: ¥%(138) = 441.53, CFI = 0.96, TLI = 0.94, RMSEA = 0.08; Spring
Oral: X2(139) = 568.65, CFI = 0.95, TLI = 0.93, RMSEA = 0.09].
Standardized loadings for each measurement occasion by reading mode
are reported in Appendix D. The resulting structure included one gen-
eral factor of eye movements (which captured common variance among
all the eye-movement variables) along with six residual factors corre-
sponding to either an eye-movement index-specific construct (i.e.,
fixation duration, rereading duration/number of gazes, initial landing
position) or a passage-specific construct (i.e., passages 1, 2, and 3). The
general factor captured all the eye-movement indicators shown in
Table 2 and therefore indicates the child’s overall eye-movement con-
trol. We, then, evaluated the general factor score determinacy values
for all outcomes by wave and reading mode: 0.93 (fall eye movements,
oral reading), 0.92 (fall eye movements, silent reading), 0.92 (spring
eye movements, oral reading), 0.92 (spring eye movements, silent
reading), 0.98 (fall word reading), 0.95 (spring word reading), 0.96

¢ . . . (fall reading comprehension), and 0.95 (spring reading
in understanding data structures where there are either theoretical or
Table 5
F- and p values for repeated measures ANOVA and simple effects follow-ups for significant interaction terms.
ANOVA Simple effects
Main effects Interaction Wave Reading mode
Wave Reading mode Wave X reading mode Silent Oral Fall Spring
Measure Faazs) P Faa7s: P Fa,175) p Faa7s) P Faa7s: P Faa7s: P Faa7s P
First fixation duration 59.00 < 0.001 35.37 < 0.001 2.66 0.11
Refixation duration 94.05 < 0.001 84.00 < 0.001 29.89 < 0.001 37.83 < 0.001 96.70 < 0.001 70.81 < 0.001 41.35 < 0.001
Rereading time 76.04 < 0.001 82.31 < 0.001 31.47 < 0.001 25.54 < 0.001 72.27 < 0.001 62.24 < 0.001 36.44 < 0.001
Number of fixations in gaze 78.82 < 0.001 88.29 < 0.001 29.63 < 0.001 18.29 < 0.001 91.82 < 0.001 81.54 < 0.001 26.33 < 0.001
Number of gazes on word 46.61 < 0.001 75.35 < 0.001 20.97 < 0.001 9.66 0.002 46.61 < 0.001 54.28 < 0.001 28.59 < 0.001
Proportion of refixations 130.58 < 0.001 108.5 < 0.001 37.92 < 0.001 32.07 < 0.001 183.13 <0.001 105.22 < 0.001 30.57 < 0.001
Proportion of regressions 39.00 < 0.001 0.13 0.72 1.40 0.24
Initial landing position 1.01 0.32 59.46 < 0.001 13.45 < 0.001 9.14 0.003 3.96 0.048 52.18 < 0.001 18.85 < 0.001
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comprehension). All values were deemed adequate according to
Gorsuch (1983) for using estimated factor scores in subsequent re-
gression models. The factor score determinacies for the specific, re-
sidual factors in the bi-factor model (i.e., passage and index factors)
were also evaluated. However, these fell below acceptable guidelines
(=0.80) and, thus, were not used for further modeling. As noted above,
for word reading and reading comprehension, latent variables were
created using confirmatory factor analysis, respectively.

To address the question about the relation of eye movements to
reading proficiency (both word reading and reading comprehension),
correlations between the general eye-movement factor and word
reading proficiency by wave and reading mode are illustrated in
Fig. 2a—d (see the blue line labeled as OLS). The simple, concurrent
bivariate associations via ordinary least squares (OLS) between the
general eye-movement factor and the word reading factor were
r= —0.62 (fall, oral reading), r= —0.47 (fall, silent reading),
r= —0.54 (spring, oral reading), and r = —0.39 (spring, silent
reading). In other words, children who had a high score on the general
eye-movement factor (high values on the general eye movement factor
represent low efficiency in processing in the included eye movement
variables; e.g., the longer time the child spent on fixating words, the
more frequently the child regressed back to words) had lower word
reading skill, on average. Furthermore, eye movements during oral
reading had stronger relations to word reading proficiency than eye
movements during silent reading, on average, in the fall and spring.
Correlations between eye movements and reading comprehension
(Fig. 3a—-d) were r = —0.59 (fall, oral reading), r = 0.49 (fall, silent
reading), r = —0.45 (spring, oral reading), and r = —0.30 (spring, si-
lent reading). Similar to the word reading outcomes, the general eye-
movement factor was associated with lower reading comprehension.

An important point to note here is that these correlations represent
the average across children with varying proficiency in word reading.
However, Figs. 2 and 3 highlight that the average association estimated
by traditional regression potentially obfuscates other meaningful con-
ditional relations as a function of the child’s word reading proficiency
level. As an illustration, Fig. 2a shows the dependent-variable condi-
tional relation between eye movements during oral reading and word
reading in the fall. On the x-axis is children’s conditional word reading
proficiency at quantile intervals, and on the y-axis are the coefficients
between eye movements (i.e., the general factor of eye movements) and
word reading. Note that the process plot trend line in Fig. 2a demon-
strates that coefficients ranged from ~ —0.05 for children with low
word reading proficiency compared to ~ —0.80 for those with high
word reading proficiency. Therefore, the OLS conditional mean coeffi-
cient (i.e., correlation) of —0.62 in the fall for oral reading skills is an
overestimation of the relation for students with conditionally weak
word reading skills and is simultaneously an underestimation of the
relation for students with conditionally strong word reading skills. This
type of trend was also observed in the fall for silent reading (Fig. 2b)
whereby the OLS conditional mean coefficient was —0.47 but the re-
lations along other conditional points of the word reading distribution
ranged from —0.11 to —0.62.

An interesting trend is that at the spring assessment, the range of
coefficients for both silent and oral reading tended to flatten out (Fig. 2c
and Fig. 2d). This trend indicates that by the spring of first grade, the
relations between eye movements and word reading are fairly stable for
most students. It is worth pointing out that despite the more constant
relation across the distribution of word reading skills, eye movements
in the spring were less predictive of word reading performance for
students with conditionally poor reading skills (i.e., ~ < 0.30 quantile)
than for those with conditionally higher reading proficiency.

Quantile results for the reading comprehension outcome generally
followed the same pattern as word reading. At low proficiency levels of
reading comprehension, eye movements continued to be less predictive
of the reading comprehension outcome than the OLS conditional mean
coefficients (i.e., correlations) suggested. For example, for fall oral

110

Contemporary Educational Psychology 58 (2019) 102-120

reading (Fig. 3a), the OLS estimate of —0.59 at the conditional mean
overestimates the relation for students with conditionally poor reading
comprehension as the relation consistently drops at lower quantiles of
reading comprehension (i.e., —0.18 at the 0.10 quantile to —0.58 at
the 0.40 quantile), yet it also underestimates the stronger relations
observed at the conditionally higher quantiles of reading comprehen-
sion (i.e., —0.65 at the 0.60 quantile to —0.75 at the 0.90 quantile).
Fall silent reading paralleled the pattern of fall oral reading (Fig. 3b).
Note that in the spring, for oral reading the relation between eye
movements and reading comprehension largely stabilized for students
who were at or above the 0.40 quantile whereas for silent reading the
relation stabilized at about the 0.60 quantile.

6. Discussion

The goals of the present study were (1) to compare online processes
during reading as measured by eye movements in oral versus silent
reading at the beginning and end of first grade and (2) to investigate the
relations of eye-movement behaviors to reading proficiency (i.e., word
reading and reading comprehension), including whether the relations
varied as a function of children’s reading proficiency. The target po-
pulation in this study was beginning developing readers and by defi-
nition, these children have not fully developed reading skills. However,
we made efforts to ensure that all the children in the analysis were
readers based on our criterion of being able to answer at least one single
simple comprehension question after reading a passage; and therefore,
nonreaders were excluded from analyses. Results from this study should
be interpreted with this in mind.

Overall, our longitudinal data revealed an emerging picture about
online reading processes in oral and silent modes and the development
of these processes for beginning readers over the first grade, a time
period when reading development occurs at a rapid pace. Our data
showed a developmental pattern in eye movements characterized by a
significant decrease in all temporal measures, number of fixations per
gaze, number of gazes per word, and proportions of refixations and
regressions from the beginning to end of first grade. Changes in some
measures from the beginning to end of the school year were drastic
(e.g., rereading time and refixation duration). These changes indicate
that rapid advances occur in first grade in children’s ability to guide
their eye movements for the purpose of efficient extraction of in-
formation from written text and are in line with results from smaller
experimental studies (see Blythe & Joseph, 2011; Reichle et al., 2013,
for reviews) as well as larger cross-sectional studies (Tiffin-Richards &
Schroeder, 2015; Vorstius et al., 2014).

The present findings also highlight differences in oral and silent
reading. Children looked at words with more fixations and gazes and
for a longer time during oral reading than during silent reading at both
the beginning and end of the year. Particularly pronounced differences
were found between oral and silent reading in refixation duration (ef-
fect size ds = 0.60 in fall and 0.41 in spring) and rereading time
(ds = 0.66 in fall and 0.55 in spring), compared to first fixation dura-
tion (ds = 0.28 in fall and 0.37 in spring). In other words, children
spent a much longer time during oral reading looking at the word be-
fore leaving the word (i.e., refixation duration) and in the total time
spent looking at the word (i.e., rereading time, which accounts for re-
visiting the word after leaving the word). This went hand in hand with
more frequent fixations on a word (ds = 0.64 in fall and 0.38 in spring)
and with more occasions of looking at a word (ds = 0.63 in fall and
0.57 in spring) during oral reading than silent reading, indicating that
both processes—when and where to move the eyes—are influenced by
reading mode in beginning readers. Previous studies have shown that it
takes readers (children and adults) more time to read text orally than
silently (Ashby et al., 2012; Vorstius et al., 2014). In addition, it has
been speculated that when reading aloud, readers must devote cogni-
tive resources to additional processes such as pronunciation, intonation,
and monitoring (Jones & Lockhart, 1919), costing a greater processing
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a: Fall of Grade 1 — Oral reading
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b: Fall of Grade 1 — Silent reading
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Fig. 2. Magnitudes of standardized relations between eye-movement and reading word proficiency (Y axis) as a function of children’s level of word reading
proficiency (X axis). Note that the scaling of values varies for the y-axis in each of the figures.

time. The present study adds to this growing literature about oral versus
silent reading by revealing that large differences between oral and si-
lent reading are due to much greater time spent on refixating and re-
reading the word as well as looking at the words more frequently
during oral reading. The fact that differences between oral and silent
reading are more pronounced in the fall suggests that the additional
processes during reading aloud are more difficult to coordinate parti-
cularly during the very beginning phase of reading development.
However, changes in eye movement behaviors from fall to spring
tended to be larger in oral reading mode, indicating greater develop-
ment in eye movement behaviors in oral reading during Grade 1, which
explains the smaller differences between silent and oral reading in eye
movement behaviors in spring.

Interestingly, we also found an effect of reading mode on the loca-
tion where the initial fixation within a word lands (initial landing po-
sition). When reading aloud, children’s eyes landed more to the left
within a word than during silent reading. Taken together with the in-
creased number of fixations on a word during oral reading, this pattern
makes sense and indicates a reading-mode dependent strategic adjust-
ment of the oculomotor system. Apparently, acquiring visual informa-
tion is more difficult when reading aloud. As more visual samples (i.e.,
fixations) of the word are taken to accomplish decoding, the first

landing position is shifted towards the word beginning, allowing for
further informative visual samples of the word Blythe, 2015; Vorstius
et al., 2014). Alternative explanations could be restrictions imposed by
the articulatory system when reading aloud. In any case, the fact that
such a strategic adjustment is already found in young beginning readers
is quite impressive and suggests that automatic processes (see above)
are influencing information acquisition from the beginning stage of
reading development. These findings are also in line with the idea that
at this stage, children cannot benefit from parafoveal preview to the
same extent that adult readers can (Sperlich et al., 2015, 2016). One
might note that the present data set would allow for more fine-grained
analyses of the eye-movement data (e.g., regarding the origin and tar-
gets of regressive/rereading saccades). While this is certainly true, and
results from such analyses will help to explore and gain a further un-
derstanding of ongoing processes, this is beyond the scope of the pre-
sent study, and a more in-depth analysis of the eye-tracking data will be
presented in future work.

Turning to the relation of eye movements and reading skills (both
[oral] word reading and [silent] reading comprehension), we found that
the average correlation was stronger in oral reading than in silent
reading, both in the fall and spring. This was the case in bivariate cor-
relations between each eye-movement indicator and reading proficiency
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a: Fall of Grade 1 — Oral reading
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b: Fall of Grade 1 — Silent reading
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Fig. 3. Magnitudes of standardized relations between eye-movement and reading comprehension proficiency (Y axis) as a function of children’s level of reading
comprehension proficiency (X axis). Note that the scaling of values varies for the y-axis in each of the figures.

(see Tables 3 and 4), which showed that eye movements during silent
reading tended to be weakly to moderately related with reading profi-
ciency whereas eye movements during oral reading had more stable and
robust moderate associations with reading proficiency. Interestingly,
where children landed (initial landing position) in the beginning of the
year during silent reading was not related to reading proficiency whereas
it was for oral reading. Stronger magnitudes of relations between eye
movements and reading proficiency were also observed at the construct
level (i.e., latent variable)—the relations of the general eye-movement
factor to word reading and reading comprehension across various levels
of reading proficiency (see Figs. 2 and 3).

One potential explanation for the stronger and robust relation be-
tween eye movements in the oral reading mode and reading proficiency
is that it is an artifact of assessment method—for the word reading
tasks, children were explicitly asked to read words aloud. However, if
this was the case, the patterns of results should be different for word
reading versus reading comprehension, with a stronger relation be-
tween eye movements and word reading as compared to that between
eye movements and reading comprehension because for the reading
comprehension tasks, children were not asked to read aloud. The re-
sults, however, showed very similar patterns, particularly in the fall:
Correlations in the oral condition were —0.62 for word reading and
—0.59 for reading comprehension, and correlations in the silent
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condition were —0.47 for word reading and —0.49 for reading com-
prehension. Moreover, if assessment method explains the current
findings, the magnitudes of relations between eye movements and word
reading should remain similar in the fall and spring. Results, however,
showed a stronger relation in fall (—0.62) than in spring (—0.54).

An alternative explanation is that oral reading may be more con-
ducive to focusing children’s attention on printed words and self-
monitoring compared to silent reading (Fuchs & Maxwell, 1988; Miller
& Smith, 1985). Oral reading may also boost phonological coding by
facilitating phonological information in working memory with extra
feedback available during oral reading (Juel & Holmes, 1981; Kuhn,
Schwanenflugel, & Meisinger, 2010). Although previous studies showed
that novice readers or struggling readers benefited from oral reading
compared to silent reading (Fuchs & Maxwell, 1988; Kragler, 1995;
Prior & Welling, 2001), causal underlying mechanisms remain unclear
and are beyond the scope of the present study. Regardless of causal
mechanisms, our findings do indicate that children spend greater time
looking at and revisiting words and also look at words more frequently
during oral reading than during silent reading; in turn, more time and
frequency of looking at words are positively related to reading profi-
ciency as measured by word reading and reading comprehension.

One of the most striking findings in this study was that the relation
of eye movements to children’s reading skills varied as a function of
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their reading proficiency. The overall relation between the latent,
general eye-movement factor and reading proficiency was, on average,
moderate such that higher reading proficiency was associated with less
time on first fixation, rereading, and fewer regressions. However, eye
movements were strongly related to word reading and reading com-
prehension for children with high reading proficiency whereas the re-
lation was weak for children with low reading skills. The discrepancy in
the magnitude of relations was particularly pronounced at the begin-
ning of the school year (e.g., rs ranging from 0.05 to 0.77). In the
spring, on the other hand, the relation of eye movements to reading
stabilized for children at and above 0.30 quantile, with magnitudes of
relations around 0.60 for word reading and 0.50 for reading compre-
hension in oral reading. These differential patterns between the be-
ginning and the end of the year indicate that the relations between eye
movements and reading proficiency are highly volatile* during the very
beginning phase of reading development, followed by stabilization.
Even in spring, for children below 0.30 quantile of reading proficiency,
the relation remained weaker (see Figs. 2c and d and 3c and d). This
weak relation could be interpreted in two ways: (a) children’s poor
reading skills result in relatively uncoordinated eye movements across
the text (either having given up or trying to find something that can be
understood) or (b) relatively unstructured eye movements result in poor
reading. Following Blythe (2014), these two interpretations do not
necessarily contradict each other, but are merely two sides of the same
coin (also see Sperlich et al., 2016). Regardless of the nature of the
relation, however, our findings demonstrate differential relations be-
tween eye movements and reading skills as a function of reading pro-
ficiency in developing readers. It is important to note again that the lack
of a relationship between eye movements and reading proficiency in
poorer readers was not simply a result of not reading the passage. Ra-
ther, all children tried to extract meaning with at least 100 fixations on
words while reading each paragraph.

Although not our focal research question, findings from our explora-
tion of factor structure of eye-movement variables for beginning readers
are notable. Multiple eye-movement variables for beginning readers are
best described as having a bi-factor structure with one common underlying
factor (or the general eye-movement factor) and residual specific factors.
The general eye-movement factor captures common shared variance
among the various eye-movement variables and potentially the degree to
which automatic processes aid visual information acquisition. As noted
above, alternative models included one in which eye-movement variables
were mapped onto different factors—early orthographic processing factor,
lexical semantic processing factor, and higher order integration factor—
based on theoretical models and empirical evidence from proficient adult
readers. However, these models did not fit very well to our sample of
beginning readers in Grade 1. Reasons for these results are unclear and
beyond the scope of the present data; thus, future studies are necessary to
explore this question further. We speculate, though, that the general eye-
movement factor, rather than the three hypothesized factors, is likely to be
related to the beginning phase of reading development in the participants.
For beginning readers like those in the present study sample, various eye-
movement behaviors may be highly constrained and characterized by
decoding processes. In other words, decoding processes act as a bottleneck
at the early stage of word reading, which may limit perceptual span (see,
e.g., Sperlich et al., 2016) as well as higher order meaning-making pro-
cesses. With further development in processes related to reading (e.g.,
phonological processing, grapheme-phoneme conversion) as well as in
reading skills, meaning-making processes manifest their effects to a greater
extent (e.g., Adlof, Catts, & Little, 2006; Kim, Wagner, & Lopez, 2012; Kim
& Wagner, 2015). Then, various eye-movement behaviors should become
less constrained by decoding processes, in which case multiple dimensions
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hypothesized from adult data (Radach et al., 2008; Radach & Kennedy,
2004; Rayner et al., 2006) might better represent eye movements. Inter-
estingly, findings from studies using rapid automatized naming (RAN)
show that performance in this task is a good indicator of later reading
ability (e.g. Schatschneider, Fletcher, Francis, Carlson, & Foorman, 2004;
Snowling, Gallagher, & Frith, 2003; Swanson, Trainin, Necoechea, &
Hammill, 2003). Participants with better oculomotor control in RAN-like
tasks were also better readers (Henry et al., 2018; Pan et al., 2013; Yan
et al., 2013). Our general eye movement factor might capture similar
processes related to oculomotor processing that are at work in RAN as well
as reading. However, given the multitude of factors influencing RAN
performance (as well as reading) and the fact that the exact mechanisms
influencing RAN performance are still under debate, this idea should be
treated with caution and needs further exploration.

Unfortunately, the present findings about dimensionality of various
eye-movement variables and our speculations cannot be compared with
other work, due to an absence of previous studies with adults or children.
Thus, whether the above-noted theoretically based models fit data well
for proficient readers or developing readers at a more advanced stage is
an open question. It has been argued that the one-to-one mapping of eye-
movement measures to certain processes might be an oversimplification
(Kliegl & Laubrock, 2017). Future studies including longitudinal data
with a longer time span (e.g., across elementary grades) would be in-
formative about changes in eye-movement behaviors and their poten-
tially changing dimensionality as children develop their reading skills.

7. Limitations and future directions

The present study was an initial step in an important line of work,
investigating reading processes for beginning readers with an integrative
approach. The findings are revealing, but also indicate a need for future
studies to investigate several important questions. First, longer term
longitudinal studies should investigate developmental patterns of eye
movements during oral versus silent reading. Second, in the present
study, we examined the relation of eye movements to reading proficiency
using the general eye-movement factor based on our finding of a bi-factor
structure for eye-movement indicators. As noted above, because de-
terminacy scores were not appropriate, the residual, specific factors (e.g.,
rereading time) were not examined in relation to word reading and
reading comprehension proficiency. Third, another direction for a future
study with a larger sample size is to examine hypotheses related to eye
movement, time, and modality interactions. Also unknown, yet highly
important is when oral reading might cease to benefit reading develop-
ment, and whether there is an optimal time for transitioning from oral to
silent reading. Finally, it would be important to explore the causes of the
weak relation between eye-movement measures and reading proficiency
for novice readers. One reason to be examined here is the question about
whether reading development stage in our sample were too initial to
produce lexical-level effects in their eye movement measures (cf.,
Sperlich et al., 2016). Overall, the present findings underscore a need for
developmental models of the eye-mind link, incorporating and ac-
counting for developmental processes in reading.
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Appendix A. Eye-movement descriptive statistics by passage

See Tables A1-A4.

Table Al

Grade 1 fall oral reading descriptive statistics.
Measure n M SD Minimum Maximum
First Fixation Duration — Passage 1 277 351 71 225 597
First Fixation Duration — Passage 2 250 363 79 220 737
First Fixation Duration — Passage 3 214 344 78 200 723
Initial Landing Position — Passage 1 277 1.85 0.23 1.18 2.99
Initial Landing Position — Passage 2 250 1.91 0.25 1.33 2.59
Initial Landing Position — Passage 3 214 2.01 0.27 1.24 2.75
Refixation Duration — Passage 1 277 306 179 8 1004
Refixation Duration — Passage 2 250 317 227 25 2064
Refixation Duration — Passage 3 214 320 220 20 1690
Number of Fixations in gaze — Passage 1 277 1.76 0.33 1.04 2.91
Number of Fixations in gaze — Passage 2 250 1.76 0.37 1.14 3.93
Number of Fixations in gaze — Passage 3 214 1.81 0.39 1.11 4.34
Proportion of Refixations — Passage 1 277 0.41 0.10 0.06 0.65
Proportion of Refixations — Passage 2 250 0.40 0.10 0.13 0.72
Proportion of Refixations — Passage 3 214 0.42 0.11 0.09 0.73
Rereading Time — Passage 1 277 730 899 32 11,973
Rereading Time — Passage 2 250 653 585 23 3221
Rereading Time — Passage 3 214 598 543 58 3261
Rereading Time (gaze 2-6) — Passage 1 277 470 826 0 11,346
Rereading Time (gaze 2-6) — Passage 2 250 425 638 0 6479
Rereading Time (gaze 2-6) — Passage 3 214 361 463 7 2470
Number of gazes on word — Passage 1 277 1.99 0.97 1.10 14.58
Number of gazes on word — Passage 2 250 1.92 0.60 1.10 5.06
Number of gazes on word — Passage 3 214 1.83 0.54 1.19 4.81
Proportion of Regressions — Passage 1 277 0.31 0.06 0.15 0.62
Proportion of Regressions — Passage 2 250 0.31 0.06 0.15 0.47
Proportion of Regressions — Passage 3 214 0.31 0.06 0.18 0.54
Refixation Duration (gaze 2-6) — Passage 1 277 291 248 14 2242
Refixation Duration (gaze 2-6) — Passage 2 250 273 230 9 1760
Refixation Duration (gaze 2-6) — Passage 3 214 294 261 3 1521

Note. Times and durations are presented in ms, and landing position is presented in character spaces.

Table A2
Grade 1 spring oral reading descriptive statistics.

Measure n M SD Minimum Maximum
First Fixation Duration — Passage 1 343 335 71 114 638
First Fixation Duration — Passage 2 339 346 73 119 699
First Fixation Duration — Passage 3 325 344 76 103 680
Initial Landing Position — Passage 1 343 1.93 0.21 1.20 2.56
Initial Landing Position — Passage 2 339 1.93 0.21 1.23 2.45
Initial Landing Position — Passage 3 325 1.91 0.21 1.37 2.60
Refixation Duration — Passage 1 343 212 123 24 756
Refixation Duration — Passage 2 339 208 118 38 712
Refixation Duration — Passage 3 325 248 137 49 914
Number of Fixations in gaze — Passage 1 343 1.61 0.26 1.11 2.52
Number of Fixations in gaze — Passage 2 339 1.58 0.26 1.19 2.85
Number of Fixations in gaze — Passage 3 325 1.67 0.28 1.17 3.12
Proportion of Refixations — Passage 1 343 0.35 0.09 0.11 0.58
Proportion of Refixations — Passage 2 339 0.34 0.09 0.14 0.63
Proportion of Refixations — Passage 3 325 0.38 0.09 0.13 0.65
Rereading Time — Passage 1 343 371 296 42 2029
Rereading Time — Passage 2 339 396 304 52 1945
Rereading Time — Passage 3 325 424 299 38 1715
Rereading Time (gaze 2-6) — Passage 1 343 253 363 0 2776
Rereading Time (gaze 2-6) — Passage 2 339 225 276 0 2800
Rereading Time (gaze 2-6) — Passage 3 325 299 358 5 3968
Number of gazes on word — Passage 1 343 1.67 0.38 1.14 4.50
Number of gazes on word — Passage 2 339 1.73 0.39 1.17 3.82
Number of gazes on word — Passage 3 325 1.70 0.36 1.14 3.54
Proportion of Regressions — Passage 1 343 0.29 0.06 0.14 0.46
Proportion of Regressions — Passage 2 339 0.29 0.05 0.16 0.47
Proportion of Regressions — Passage 3 325 0.29 0.06 0.15 0.47
Refixation Duration (gaze 2-6) — Passage 1 343 181 225 11 3081
Refixation Duration (gaze 2-6) — Passage 2 339 162 118 8 847
Refixation Duration (gaze 2-6) — Passage 3 325 220 150 17 1186

Note. Times and durations are presented in ms, and landing position is presented in character spaces.
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Table A3
Grade 2 fall silent reading descriptive statistics.

Measure n M SD Minimum Maximum
First Fixation Duration — Passage 1 248 333 71 185 603
First Fixation Duration — Passage 2 229 341 79 190 686
First Fixation Duration — Passage 3 195 335 74 186 718
Initial Landing Position — Passage 1 248 2.00 0.28 1.18 3.02
Initial Landing Position — Passage 2 229 2.03 0.27 1.19 2.92
Initial Landing Position — Passage 3 195 2.16 0.30 1.45 3.12
Refixation Duration — Passage 1 248 223 151 22 1419
Refixation Duration — Passage 2 229 221 139 28 848
Refixation Duration — Passage 3 195 224 140 41 874
Number of Fixations in gaze — Passage 1 248 1.60 0.29 1.08 3.03
Number of Fixations in gaze — Passage 2 229 1.58 0.26 1.13 2.88
Number of Fixations in gaze — Passage 3 195 1.62 0.28 1.16 2.72
Proportion of Refixations — Passage 1 248 0.35 0.10 0.11 0.63
Proportion of Refixations — Passage 2 229 0.34 0.09 0.11 0.62
Proportion of Refixations — Passage 3 195 0.36 0.10 0.12 0.60
Rereading Time — Passage 1 248 388 340 35 2202
Rereading Time — Passage 2 229 390 404 54 2928
Rereading Time — Passage 3 195 351 329 23 2450
Rereading Time (gaze 2-6) — Passage 1 248 243 266 0 1727
Rereading Time (gaze 2-6) — Passage 2 230 300 604 0 7248
Rereading Time (gaze 2-6) — Passage 3 196 222 287 0 2151
Number of gazes on word — Passage 1 248 1.65 0.39 1.12 3.32
Number of gazes on word — Passage 2 229 1.65 0.44 1.16 4.31
Number of gazes on word — Passage 3 195 1.58 0.33 1.11 3.51
Proportion of Regressions — Passage 1 248 0.31 0.07 0.15 0.50
Proportion of Regressions — Passage 2 229 0.30 0.07 0.15 0.51
Proportion of Regressions — Passage 3 195 0.30 0.06 0.15 0.50
Refixation Duration (gaze 2-6) — Passage 1 248 221 196 7 1272
Refixation Duration (gaze 2-6) — Passage 2 229 195 187 6 1330
Refixation Duration (gaze 2-6) — Passage 3 195 199 170 0 1293

Note. Times and durations are presented in ms, and landing position is presented in character spaces.

Table A4
Grade 2 spring silent reading descriptive statistics.

Measure n M SD Minimum Maximum
First Fixation Duration — Passage 1 316 313 61 174 482
First Fixation Duration — Passage 2 300 322 66 189 577
First Fixation Duration — Passage 3 278 319 64 190 604
Initial Landing Position — Passage 1 316 2.01 0.25 1.23 2.74
Initial Landing Position — Passage 2 300 1.98 0.23 1.38 2.54
Initial Landing Position — Passage 3 278 1.98 0.26 1.36 2.65
Refixation Duration — Passage 1 316 17 105 18 677
Refixation Duration — Passage 2 300 168 96 16 633
Refixation Duration — Passage 3 278 199 117 23 771
Number of Fixations in gaze — Passage 1 316 1.52 0.24 1.08 2.63
Number of Fixations in gaze — Passage 2 300 1.49 0.21 1.06 2.57
Number of Fixations in gaze — Passage 3 278 1.58 0.25 1.10 2.43
Proportion of Refixations — Passage 1 316 0.32 0.09 0.08 0.58
Proportion of Refixations — Passage 2 300 0.31 0.08 0.07 0.58
Proportion of Refixations — Passage 3 278 0.34 0.09 0.10 0.58
Rereading Time — Passage 1 316 258 220 11 1656
Rereading Time — Passage 2 300 271 211 3 1938
Rereading Time — Passage 3 278 280 212 3 1414
Rereading Time (gaze 2-6) — Passage 1 316 176 240 0 2070
Rereading Time (gaze 2-6) — Passage 2 300 154 164 0 1192
Rereading Time (gaze 2-6) — Passage 3 279 200 230 0 1535
Number of gazes on word — Passage 1 316 1.52 0.31 1.05 3.28
Number of gazes on word — Passage 2 300 1.56 0.32 1.01 3.95
Number of gazes on word — Passage 3 278 1.53 0.28 1.02 3.13
Proportion of Regressions — Passage 1 316 0.29 0.06 0.08 0.56
Proportion of Regressions — Passage 2 300 0.28 0.06 0.13 0.50
Proportion of Regressions — Passage 3 278 0.28 0.05 0.12 0.43
Refixation Duration (gaze 2-6) — Passage 1 316 144 111 0 809
Refixation Duration (gaze 2-6) — Passage 2 300 132 105 0 630
Refixation Duration (gaze 2-6) — Passage 3 278 191 204 0 1865

Note. Times and durations are presented in ms, and landing position is presented in character spaces.
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Appendix B. Examination of oral and silent reading order

See Tables B1 and B2.

Table Bl
Means and standard deviations for repeated measures ANOVA on reading mode (within-subject) and order effects (between-subjects) for wave 1.
Silent reading first Oral reading first
Silent Oral Silent Oral
Measures Mean SD Mean SD Mean SD Mean SD
First Fixation Duration 338 72 354 69 330 67 346 66
Refixation Duration 233 141 310 212 200 117 307 169
Rereading Time 408 378 633 532 337 320 677 598
Number of Fixations in Gaze 1.60 0.25 1.77 0.35 1.57 0.23 1.79 0.33
Number of Gazes on Word 1.66 0.38 1.89 0.54 1.59 0.37 1.96 0.67
Proportion of Refixations 0.36 0.09 0.41 0.10 0.34 0.09 0.41 0.10
Proportion of Regressions 0.32 0.07 0.31 0.06 0.29 0.06 0.31 0.06
Initial Landing Position 2.07 0.27 1.91 0.23 2.06 0.22 1.90 0.21

Table B2
F and p values for repeated measures ANOVA on reading mode (within-subject) and order effects (between-subjects) for wave 1.
Reading mode Condition order Reading mode x Condition order

Measure Fa1n p Fa,211) p Fa 1 P
First Fixation Duration 19.69 < 0.001 0.789 0.38 0.002 0.967
Refixation Duration 79.98 < 0.001 0.867 0.353 2.255 0.135
Rereading Time 74.15 < 0.001 0.060 0.806 3.086 0.080
Number of Fixations in Gaze 86.48 < 0.001 0.064 0.801 2.121 0.147
Number of Gazes on Word 62.77 < 0.001 0.004 0.952 3.757 0.054
Proportion of Refixations 105.73 < 0.001 0.144 0.704 2.654 0.105
Proportion of Regressions 0.33 0.568 1.825 0.178 13.957 < 0.001
Initial Landing Position 69.17 < 0.001 0.327 0.568 0.029 0.865

Appendix C. Factor analysis of eye-movement variables

As we noted in the data analysis section, factor analysis was used to model the variance-covariance matrix of the eye-tracking indexes in order to
leverage the common variance across indexes in estimating more precise estimates of the underlying cognitive processes. A well-known limitation of
manifest variables via classical test theory is that measurements of behavior are not error free and limit the reliability and precision of what a
researcher is estimating (Nunnally & Bernstein, 1994). The common variance across measures can be formed into a latent variable thereby improving
reliability of measurement (Kline, 2013).

In the present study, three confirmatory factor models were tested using the indices listed in Table Al: (a) a three-factor model of orthographic
processing, lexical semantic processing, and integration (Model 1), (b) a one-factor model consisting of all indices in Table A1 (Model 2), and (c) a
second-order factor model where index-level factors were created with orthographic processing, lexical semantic processing, and integration factors
(Model 3). Model fit from Model 1 at the fall and spring time points for silent and oral reading was extremely poor [i.e., Fall Silent:
%x2(321) = 3774.54, CFI = 0.59, TLI = 0.55, RMSEA = 0.21; Fall Oral: ¢*(321) = 4344.03, CFI = 0.61, TLI = 0.58, RMSEA = 0.21; Spring Silent:
x2(321) = 3689.97, CFI = 0.65, TLI = 0.62, RMSEA = 0.18; Spring Oral: X2(321) = 4252.97, CFI = 0.66, TLI = 0.62, RMSEA = 0.19], suggesting
that the hypothesized model did not translate well to the present sample. The unidimensional model (Model 2) also failed to provide acceptable fit to
the data at either the fall or spring time point for the silent and oral reading processes [i.e., Fall Silent: x*(324) = 5461.46, CFI = 0.39, TLI = 0.34,
RMSEA = 0.25; Fall Oral: ¢3(324) = 6823.93, CFI = 0.37, TLI = 0.32, RMSEA = 0.27; Spring Silent: ¢%(324) = 5040.67, CFI = 0.52, TLI = 0.48,
RMSEA = 0.22; Spring Oral: ¥%(324) = 6758.97, CFI = 0.44, TLI = 0.39, RMSEA = 0.24]. Similarly, Model 3 failed to provide acceptable fit to the
data [i.e., Fall Silent: x*(324) = 3792.82, CFI = 0.59 TLI = 0.55, RMSEA = 0.21; Fall Oral: y%(324) = 4002.64, CFI = 0.65, TLI = 0.62,
RMSEA = 0.20; Spring Silent: x2(324) = 4772.40, CFI = 0.54, TLI = 0.51, RMSEA = 0.21; Spring Oral: X2(324) = 5212.16, CFI = 0.57,
TLI = 0.54, RMSEA = 0.21].

The lack of acceptable model fit for any of the theoretically driven models led to the specification of exploratory factor analyses (EFAs) using the
same indexes to identify the extent to which a simple solution with acceptable fit and theoretically meaningful relations could be established. The
result showed that only one model provided overall reasonable fit to the data, x? (144) = 596.85, CFI = 0.96, TLI = 0.89, RMSEA = 0.11 for Fall
Oral: a 10-factor model that was inclusive of index-specific factors, passage-specific factors, and a global factor (i.e., Factor 1 = First Fixation
Duration factor, Factor 2 = Refixation Duration factor, Factor 3 = Passage 1 index factor, Factor 4 = Passages 2 and 3 index factor, Factor
5 = Rereading Time (gaze 2-6) factor, Factor 6 = Proportion of Regressions index factor, Factor 7 = Passage 3 index factor, Factor 8 = Passage 2
index factor, Factor 9 = Passage 1 index factor, and Factor 10 = General Factor of Eye Movements). Despite the model fit that maintained elements
that conformed to statistical guidelines (i.e., acceptable CFI), there was no viable theoretical framework that could explain this specific finding.
Notwithstanding this limitation, the EFA results revealed two patterns that were useful in constructing an alternative, confirmatory structure. First,
several of the factors in the 10-factor solution were reflective of index-based groupings whereby the largest loadings were for indexes across passages
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(e.g., creating a refixation duration factor that was indicated by refixation duration at each of the passages 1-3), similar to the groupings that were
tested in Models 1 and 3. Second, several of the factors were predominantly indicated by passage-based groupings whereby the largest loadings were
for multiple indices within passages (e.g., creating a passage 2 factor for fixation count, proportion of refixations, and gaze duration for paragraph 2).
These two patterns led to the specification of a bi-factor model in order to test for the presence of index-specific factors, paragraph-specific factors,
and then a general factor of eye movements. Bi-factors have been found to be useful in understanding data structures where there are either
theoretical or observed strong relations among what is being measured (Kim, Park, & Park, 2015; Kieffer et al., 2016; Reise, 2012). Because multiple
indices are expected to correlate with each other due to unique, yet overlapping measurement of underlying cognitive processes associated with
beginning reading, the bi-factor model can flexibly estimate the presence of theoretically meaningful factors as well as specific, residual factors that
may be attributed to phenomena that are related to each other (i.e., refixation duration, rereading time; see Fig. 1) but unrelated to the theoretical
construct of interest.

Appendix D. Standardized loadings for each measurement occasion by reading mode

See Tables D1 and D2.

Table D1
Standardized loadings for fall and spring oral reading.
Fall oral reading Spring oral reading
Measure GEM SF LP EP P1 P2 P3 GEM SF LpP EP P1 P2 P3
Initial landing position P1 -0.47 0.48 -0.24 -0.48 0.53 -0.27
Initial landing position P2 -0.54 0.65 0.19 -0.37 0.64 -0.29
Initial landing position P3 —0.58 0.46 -0.15 —0.48 0.42 -0.37
Number of fixations in gaze P1 0.78 0.62 0.51 0.84
Number of fixations in gaze P2 0.75 —-0.67 0.46 0.89
Number of fixations in gaze P3 0.83 0.56 0.48 0.86
Proportion of refixations P1 0.88 0.31 0.57 0.79
Proportion of refixations P2 0.83 —0.41 0.51 0.79
Proportion of refixations P3 0.85 0.56 0.78
Rereading duration P1 0.63 0.38 0.54 0.29
Rereading duration P2 0.73 0.30 0.69 0.51
Rereading duration P3 0.72 0.38 0.59 0.38
Number of gazes per word P1 0.28 0.68 0.34 0.81
Number of gazes per word P2 0.57 0.79 0.22 0.30 0.88
Number of gazes per word P3 0.45 0.78 0.32 0.88
Refixation duration P2 0.77 —0.53 0.81 0.53
Refixation duration P3 0.86 0.84 0.47
First fixation duration P1 0.46 0.79 0.73 0.53
First fixation duration P2 0.46 0.79 0.79 0.52
First fixation duration P3 0.51 0.75 0.79 0.49

Note. GEM = general eye-movement factor; SF = spatial factor; LP = later processing; EP = early processing; P1 = Passage 1; P2 = Passage 2; P3 = Passage 3.

Table D2
Standardized loadings for fall and spring silent reading.
Fall silent reading Spring silent reading
Measure GEM SF LP EP P1 P2 P3 GEM SF LP EP P1 P2 P3
Initial landing position P1 —0.40 0.55 —0.32 —0.40 0.49 -0.39
Initial landing position P2 -0.29 0.68 0.41 —0.42 0.49 -0.33
Initial landing position P3 -0.29 0.42 —0.54 —0.49 0.55 —0.31
Number of fixations in gaze P1 0.58 0.82 0.56 0.80
Number of fixations in gaze P2 0.55 —0.83 0.61 0.80
Number of fixations in gaze P3 0.45 0.89 0.59 0.77
Proportion of refixations P1 0.62 0.68 0.59 0.77
Proportion of refixations P2 0.62 -0.70 0.58 0.75
Proportion of refixations P3 0.54 0.61 0.77
Rereading duration P1 0.64 0.22 0.54 0.45
Rereading duration P2 0.67 0.33 0.62 0.44
Rereading duration P3 0.68 0.24 0.66 0.41
Number of gazes per word P1 0.37 0.68 0.32 0.78
Number of gazes per word P2 0.49 0.87 0.10 0.35 0.74
Number of gazes per word P3 0.48 0.70 0.33 0.82

(continued on next page)
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Fall silent reading

Spring silent reading

Measure GEM SF LP EP P1 P2 P3 GEM SF LP EP P1 P2 P3
Refixation duration P2 0.80 —0.55 0.85 0.49

Refixation duration P3 0.70 0.83 0.49
First fixation duration P1 0.72 0.54 0.74 —0.54

First fixation duration P2 0.72 0.58 0.79 —0.49

First fixation duration P3 0.75 0.49 0.80 —0.47

Note. GEM = general eye-movement factor; SF = spatial factor; LP = later processing; EP = early processing; P1 = Passage 1; P2 = Passage 2; P3 = Passage.

Appendix E. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cedpsych.2019.03.002.

References

Adams, M. J. (1990). Beginning to read: Thinking and learning about print. Cambridge, MA:
MIT Press.

Adlof, S. M., Catts, H. W., & Little, T. D. (2006). Should the simple view of reading include
a fluency component? Reading and Writing: An Interdisciplinary Journal, 19, 933-958.

Anderson, L. H., & Swanson, D. E. (1937). Common factors in eye movements in silent and
oral reading. Psychological Monographs, 48, 61-69.

Ashby, J., Rayner, K., & Clifton, C. (2005). Eye movements of highly skilled and average
readers: Differential effects of frequency and predictability. The Quarterly Journal of
Experimental Psychology Section A, 58(6), 1065-1086. https://doi.org/10.1080/
02724980443000476.

Ashby, J., Yang, J., Evans, K. H. C., & Rayner, K. (2012). Eye movements and the per-
ceptual span in silent and oral reading. Attention, Perception, & Psychophysics, 74,
634-640.

Bentler, P. M. (1990). Comparative fit indexes in structural models. Psychological Bulletin,
107, 238-246.

Bentler, P. M., & Bonnett, D. G. (1980). Significance tests and goodness of fit in the
analysis of covariance structures. Psychological Bulletin, 88, 588-606.

Blythe, H. L. (2014). Developmental changes in eye movements and visual information
encoding associated with learning to read. Current Directions in Psychological Science,
23(3), 201-207.

Blythe, H. L., Hakio, T., Bertram, R., Liversedge, S. P., & Hyond, J. (2011). Reading
disappearing text: Why do children refixate words? Vision Research, 51, 84-92.
Blythe, H. L., & Joseph, H. S. S. L. (2011). Children’s eye movements during reading. In S.
Liversedge, I. Gilchrist, & S. Everling (Eds.). The oxford handbook of eye movements

(pp. 643-662). Oxford: Oxford University Press.

Blythe, H. 1., Liversedge, S. P., Joseph, H. S. S. L., White, S. J., & Rayner, K. (2009). Visual
information capture during fixations in reading for children and adults. Vision
Research, 49, 1583-1591.

Browne, M. W., & Cudeck, R. (1992). Alternative ways of assessing model fit. Sociological
Methods Research, 21, 230-258.

Brysbaert, M., Drieghe, D., & Vitu, F. (2005). Word skipping: Implications for theories of
eye movement control in reading. In G. Underwood (Ed.). Cognitive processes in eye
guidance (pp. 53-78). Oxford, UK: Oxford University Press.

Clifton, C., Staub, A., & Rayner, R. (2007). Eye movements in reading words and sen-
tences. In R. van Gompel, M. Fischer, W. Murray, & R. Hill (Eds.). Eye movements: A
window on mind and brain (pp. 341-372). Oxford: Elsevier.

Connor, C. M., Radach, R., Vorstius, C., Day, S., McLean, L., & Morrison, F. J. (2015).
Individual differences in fifth graders’ literacy and academic language predict com-
prehension monitoring development: An eye-movement study. Scientific Studies of
Reading, 19, 114-134. https://doi.org/10.1080/10888438.2014.943905.

Cutting, L. E., & Scarborough, H. S. (2006). Prediction of reading comprehension: Relative
contributions of word recognition, language proficiency, and other cognitive skills
can depend on how comprehension is measured. Scientific Studies of Reading, 10,
277-299.

Ehri, L. C. (2005). Development of sight word reading: Phases and findings. In M. J.
Snowling, & C. Hulme (Eds.). The science of reading: A handbook (pp. 135-154).
Malden, MA: Blackwell.

Engbert, R., Longtin, A., & Kliegl, R. (2002). A dynamical model of saccade generation in
reading based on spatially distributed lexical processing. Vision Research, 42,
621-636.

Findlay, J. M., & Walker, R. (1999). A model of saccade generation based on parallel
processing and competitive inhibition. Behavioral and Brain Sciences, 22, 661-721.

Fitzgerald, J., Elmore, J., Koons, H., Hiebert, E. H., Bowen, K., Sanford-Moore, E. E., &
Stenner, A. J. (2015). Important text characteristics for early-grades text complexity.
Journal of Educational Psychology, 107, 4-29.

Florida Department of Education (2009). Florida assessments for instruction in reading
technical manual 2009-2010 edition: Kindergarten — grade 2. Tallahassee, FL: Author.

Frazier, L., & Rayner, K. (1982). Making and correcting errors during sentence compre-
hension: Eye movements in the analysis of structurally ambiguous sentences.

118

Cognitive Psychology, 14, 178-210.

Fuchs, L. S., & Maxwell, L. (1988). Interactive effects of reading mode, production format,
and structural importance of text among LD pupils. Learning Disability Quarterly, 11,
97-105.

Gorsuch, R. L. (1983). Factor analysis (2nd ed.). New York: LEA.

Haikio, T., Bertram, R., & Hyond, J. (2010). Development of parafoveal processing within
and across words in reading: Evidence from the boundary paradigm. Quarterly
Journal of Experimental Psychology, 102, 167-181.

Henry, R., Van Dyke, J. A., & Kuperman, V. (2018). Oculomotor planning in RAN and
reading: A strong test of the visual scanning hypothesis. Reading and Writing: An
Interdisciplinary Journal, 31, 1619-1643. https://doi.org/10.1007/s11145-018-
9856-3.

Hiebert, E. H., & Reutzel, D. R. (2010). Revisiting silent reading: New directions for teachers
and researchers. Newark, DE: International Reading Association.

Huestegge, L., Radach, R., Corbic, D., & Huestegge, S. M. (2009). Oculomotor and lin-
guistic determinants of reading development: A longitudinal study. Vision Research,
49, 2948-2959.

Hyon4, J., & Olson, R. K. (1995). Eye fixation patterns among dyslexic and normal
readers: Effects of word length and word frequency. Journal of Experimental
Psychology: Learning Memory and Cognition, 21, 1430-1440.

Inhoff, A. W. (1984). Two stages of word processing during eye fixations in the reading of
prose. Journal of Verbal Learning and Verbal Behavior, 23, 612-624.

Inhoff, A. W., & Radach, R. (1998). Definition and computation of oculomotor measures
in the study of cognitive processes. In G. Underwood (Ed.). Eye guidance in reading and
scene perception (pp. 29-54). Oxford: Elsevier.

Inhoff, A. W., & Rayner, K. (1986). Parafoveal word processing during eye fixations in
reading: Effects of word frequency. Perception & Psychophysics, 40, 431-439.

Inhoff, A. W., Solomon, M., Radach, R., & Seymour, B. (2011). Temporal dynamics of the
eye voice span and eye movement control during oral reading. Journal of Cognitive
Psychology, 23, 543-558.

Jones, E. E., & Lockhart, A. V. (1919). A study of oral and silent reading in the elementary
schools of Evanston. School and Society, 10, 587-590.

Joseph, H. S. S. L., Liversedge, S. P., Blythe, H. I., White, S. J., & Rayner, K. (2009). Word
length and landing position effects during reading in children and adults. Vision
Research, 49, 2078-2086.

Joseph, H. S. S. L., Nation, K., & Liversedge, S. P. (2013). Using eye movements to in-
vestigate word frequency effects in children’s sentence reading. School Psychology
Review, 42(2), 207-222.

Juel, C., & Holmes, B. (1981). Oral and silent reading of sentences. Reading Research
Quarterly, 16, 545-568.

Keenan, J. M., Betjemann, R. S., & Olson, R. K. (2008). Reading comprehension tests vary
in the skills they assess: Differential dependence on decoding and oral comprehen-
sion. Scientific Studies of Reading, 12, 281-300.

Kieffer, M. J., Petscher, Y., Proctor, C. P., & Silverman, R. D. (2016). Is the whole greater
than the sum of its parts? Modeling the contributions of language comprehension
skills to reading comprehension in the upper elementary grades. Scientific Studies of
Reading, 20, 436-454.

Kim, Y.-S. (2015). Language and cognitive predictors of text comprehension: Evidence
from multivariate analysis. Child Development, 86, 128-144. https://doi.org/10.
1111/cdev.12293.

Kim, Y.-S. G. (2017). Why the simple view of reading is not simplistic: Unpacking the
simple view of reading using a direct and indirect effect model of reading (DIER).
Scientific Studies of Reading, 21, 310-333. https://doi.org/10.1080,/10888438.2017.
1291643.

Kim, Y.-S. G., Park, C., & Park, Y. (2015). Dimensions of discourse-level oral language
skills and their relations to reading comprehension and written composition: An
exploratory study. Reading and Writing: An Interdisciplinary Journal, 28, 633-654.
https://doi.org/10.1007/s11145-015-9542-7.

Kim, Y.-S. G., & Petscher, Y. (2016). Prosodic sensitivity and reading: An investigation of
pathways of relations using a latent variable approach. Journal of Educational
Psychology, 108, 630-645. https://doi.org/10.1037/edu0000078.

Kim, Y.-S. G., & Wagner, R. K. (2015). Text (Oral) reading fluency as a construct in


https://doi.org/10.1016/j.cedpsych.2019.03.002
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0005
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0005
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0010
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0010
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0015
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0015
https://doi.org/10.1080/02724980443000476
https://doi.org/10.1080/02724980443000476
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0020
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0020
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0020
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0065
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0065
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0070
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0070
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0075
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0075
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0075
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0080
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0080
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0085
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0085
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0085
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9010
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9010
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9010
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0095
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0095
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9015
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9015
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9015
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0100
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0100
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0100
https://doi.org/10.1080/10888438.2014.943905
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0105
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0105
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0105
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0105
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0110
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0110
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0110
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0115
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0115
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0115
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9020
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9020
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0120
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0120
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0120
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0125
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0125
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9025
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9025
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9025
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0130
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0130
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0130
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0135
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0145
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0145
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0145
https://doi.org/10.1007/s11145-018-9856-3
https://doi.org/10.1007/s11145-018-9856-3
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0160
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0160
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0170
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0170
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0170
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0175
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0175
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0175
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0180
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0180
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0185
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0185
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0185
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9030
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9030
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0190
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0190
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0190
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0195
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0195
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0200
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0200
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0200
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0205
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0205
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0205
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0210
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0210
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0215
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0215
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0215
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0220
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0220
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0220
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0220
https://doi.org/10.1111/cdev.12293
https://doi.org/10.1111/cdev.12293
https://doi.org/10.1080/10888438.2017.1291643
https://doi.org/10.1080/10888438.2017.1291643
https://doi.org/10.1007/s11145-015-9542-7
https://doi.org/10.1037/edu0000078

Y.-S.G. Kim, et al.

reading development: An investigation of its mediating role for children from Grades
1 to 4. Scientific Studies of Reading, 19, 224-242. https://doi.org/10.1080/10888438.
2015.1007375.

Kim, Y.-S., Wagner, R., & Lopez, D. (2012). Developmental relations between reading
fluency and reading comprehension: a longitudinal study from grade 1 to grade 2.
Journal of Experimental Child Psychology, 113, 93-111. https://doi.org/10.1016/j.
jecp.2012.03.002.

Kliegl, R., & Laubrock, J. (2017). Eye-movement tracking during reading. In A. M. B. de
Groot, & P. Hagoort (Eds.). Research methods in psycholinguistics, ch. 4(pp. 68-88).
Hoboken: Wiley.

Kline, R. (2013). Exploratory and confirmatory factor analysis. In Y. Petscher, C.
Schatschneider, & D. Compton (Eds.). Applied quantitative analysis in education and the
social sciences (pp. 183-217). Routledge.

Koenker, R., & Bassett, G. (1978). Regression quantiles. Econometrica, 46, 33-50.

Kragler, S. (1995). The transition from oral to silent reading. Reading Psychology, 16,
395-408.

Kuhn, M. R., Schwanenflugel, P. J., & Meisinger, E. B. (2010). Aligning theory and as-
sessment of reading fluency: Automaticity, prosody, and definitions of fluency.
Reading Research Quarterly, 45, 232-253. https://doi.org/10.1080/10573569.2013.
789785.

Kuperman, V., & Van Dyke, J. A. (2011). Effects of individual differences in verbal skills
on eye-movement patterns during sentence reading. Journal of Memory and Language,
65, 42-73.

LaBerge, D., & Samuels, S. J. (1974). Toward a theory of automatic information proces-
sing in reading. Cognitive Psychology, 6, 293-323.

Laubrock, J., & Kliegl, R. (2015). The eye-voice span during reading aloud. Frontiers in
Psychology, 6, 1432. https://doi.org/10.3389/fpsyg.2015.01432.

McClelland, J. L., & Rumelhart, D. E. (1981). An interactive activation model of context
effects in letter perception: Part 1. An account of basic findings. Psychological Review,
5, 375-407.

McConkie, G. W., Kerr, P. W., Reddix, M. D., & Zola, D. (1988). Eye movement control
during reading: I. The location of initial eye fixations in words. Vision Research, 28,
1107-1118.

McConkie, G. W., Kerr, P. W., Reddix, M. D., Zola, D., & Jacobs, A. M. (1989). Eye
movement control during reading: II. Frequency of refixating a word. Perception and
Psychophysics, 46, 245-253.

Miller, S. D., & Smith, D. E. (1985). Differences in literal and inferential comprehension
after reading orally and silently. Journal of Educational Psychology, 77, 341-348.
Miller, S. D., & Smith, D. E. P. (1990). Relations among oral reading, silent reading and
listening comprehension of students at different competency levels. Reading Research

and Instruction, 29, 73-84.

National Center for Family Literacy (2009). Developing early literacy: Report of the national
early literacy panel. Washington, DC: National Institute for Literacy.

National Institute of Child Health and Human Development (2000). Report of the national
reading panel. Teaching children to read: An evidence-based assessment of the sci-
entific research literature on reading and its implications for reading instruction (NIH
Publication No. 00-4769). Washington, DC: U.S. Government Printing Office.

Norris, D. (2013). Models of word recognition. Trend in Cognitive Science, 17(10),
517-524.

Nunnally, J. C., & Bernstein, I. H. (1994). Psychological theory. MacGraw-Hill: New York,
NY131-147.

O'Regan, J. K. (1981). The convenient viewing position hypothesis. In D. F. Fisher, R. A.
Monty, & J. W. Senders (Eds.). Eye movements: Cognition and visual perception (pp.
289-298). Hillsdale, NJ: Erlbaum.

Pan, J., Yan, M., Laubrock, J., Shu, H., & Kliegl, R. (2013). Eye-voice span during Rapid
Automatized Naming of digits and dice in Chinese normal and dyslexic children.
Developmental Science, 16, 967-979.

Perfetti, C. A. (1992). The representation problem in reading acquisition. In P. B. Gough,
L. C. Ehri, & R. Treiman (Eds.). Reading acquisition (pp. 145-174). Hillsdale, NJ:
Erlbaum.

Perfetti, C. A. (2007). Reading ability: Lexical quality to comprehension. Scientific Studies
of Reading, 11, 357-383.

Petscher, Y., & Logan, J. A. R. (2014). Quantile regression in the study of Developmental
Sciences. Child Development, 85, 861-881. https://doi.org/10.1111/cdev.12190.
Petscher, Y., Logan, J. A. R., & Zhou, C. (2013). Extending conditional means modeling:
An introduction to quantile regression. In Y. Petscher, C. Schatschneider, & D. L.
Compton (Eds.). Applied quantitative analysis in education and social sciences (pp. 3—

33). New York: Routledge.

Prior, S. M., & Welling, K. A. (2001). “Read in your head”: A Vygotskian analysis of the
transition from oral to silent reading. Reading Psychology, 22(1), 1-15.

Radach, R., Huestegge, L., & Reilly, R. (2008). The role of global top-down factors in local
eye movement control during reading. Psychological Research, 72, 675-688.

Radach, R., & Kempe, V. (1993). An individual analysis of initial fixation positions in
reading. In G. d'Ydewalle, & J. Van Rensbergen (Eds.). Perception and cognition:
Advances in eye movement research (pp. 213-226). Amsterdam: North Holland.

Radach, R., & Kennedy, A. (2004). Theoretical perspectives on eye movements in reading:
Past controversies, current issues and agenda for future research. European Journal of
Cognitive Psychology, 16, 3-26. https://doi.org/10.1080/09541440340000295.

Radach, R., & Kennedy, A. (2013). Eye movements in reading: Some theoretical context.
Quarterly Journal of Experimental Psychology, 66, 429-452. https://doi.org/10.1080/
17470218.2012.750676.

Radach, R., Schmitten, C., Glover, L., & Huestegge, L. (2008). How children read for
comprehension: Eye movements in developing readers. In R. K. Wagner, C.

119

Contemporary Educational Psychology 58 (2019) 102-120

Schatschneider, & C. Phythian-Sence (Eds.). Beyond decoding: The behavioral and
biological foundations of reading comprehension. New York City: Guilford Press.

Rayner, K. (1986). Eye movements and the perceptual span in beginning and skilled
readers. Journal of Experimental Child Psychology, 41, 211-236.

Rayner, K. (1998). Eye movements in reading and information processing: 20 years of
research. Psychological Bulletin, 124, 372-422.

Rayner, K. (2009). Eye movements in reading: Models and data. Journal of Eye Movement
Research, 2(5), 1-10.

Rayner, K., Chace, K. H., Slattery, T. J., & Ashby, J. (2006). Eye movements as reflections
of comprehension processes in reading. Scientific Studies of Reading, 10, 241-255.
https://doi.org/10.1207/51532799xssr1003_3.

Rayner, K., & Duffy, S. A. (1986). Lexical ambiguity and fixation times in reading: Effects
of word frequency, verb complexity, and lexical ambiguity. Memory & Cognition, 14,
191-201.

Rayner, K., Fischer, M. H., & Pollatsek, A. (1998). Unspaced text interferes with both
word identification and eye movement control. Vision Research, 38, 1129-1144.

Rayner, K., & McConkie, G. W. (1976). What guides a reader's eye movements. Vision
Research, 16, 829-837.

Rayner, K., & Pollatsek, A. (1987). Eye movements in reading: A tutorial review. In M.
Coltheart (Vol. Ed.), Attention and performance. Vol. 12. Attention and performance (pp.
327-362). London: Erlbaum.

Reichle, E. D. (2015). Computational models of reading: A primer. Language and
Linguistics Compass, 9(7), 271-284. https://doi.org/10.1111/Inc3.12144.

Reichle, E. D., Liversedge, S. P., Drieghe, D., Blythe, H. L, Joseph, H. S. S. L., White, S. J.,
& Rayner, K. (2013). Using EZ Reader to examine the concurrent development of eye-
movement control and reading skill. Developmental Review, 33(2), 110-149. https://
doi.org/10.1016/j.dr.2013.03.001.

Reichle, E. D., Rayner, K., & Pollatsek, A. (2003). The E_Z reader model of eye-movement
control in reading: Comparisons to other models. Behavior and Brain Sciences, 26,
445-476.

Reichle, E. D., Rayner, K., & Pollatsek, A. (2006). E-Z Reader: A cognitive-control, serial
attention model of eye-movement control during reading. Cognitive Systems Research,
7, 4-22. https://doi.org/10.1016/j.cogsys.2005.07.002.

Reilly, R., & Radach, R. (2006). Some empirical tests of an interactive activation model of
eye movement control in reading. Cognitive Systems Research, 7, 34-55.

Reise, S. P. (2012). The rediscovery of bifactor measurement models. Multivariate
Behavioral Research, 47, 667-696.

Schatschneider, C., Fletcher, J. M., Francis, D. J., Carlson, C. D., & Foorman, B. R. (2004).
Kindergarten prediction of reading skills: A longitudinal comparative analysis.
Journal of Educational Psychology, 96(2), 265-282. https://doi.org/10.1037/0022-
0663.96.2.265.

Schimmel, N., & Ness, M. (2017). The effects of oral and silent reading on reading
comprehension. Reading Psychology, 38(4), 390-416.

Seymour, P. H. K., & Duncan, L. G. (2001). Learning to read in English. Psychology: The
Journal of Neuropsychology, 3, 1-36.

Seidenberg, M. S., & McClelland, J. L. (1989). A distributed, developmental model of
word recognition and naming. Psychological Review, 96, 523-568.

Snowling, M. J., Gallagher, A., & Frith, U. (2003). Family risk of dyslexia is continuous:
Individual differences in the precursors of reading skill. Child Development, 74(2),
358-373. https://doi.org/10.1111/1467-8624.7402003.

S@vik, N., Arntzen, O., & Samuelsteuen, M. (2000). Eye-movement parameters and
reading speed. Reading and Writing: An Interdisciplinary Journal, 13, 237-255.

Sperlich, A., Meixner, J., & Laubrock, J. (2016). Development of the perceptual span in
reading: A longitudinal study. Journal of Experimental Child Psychology, 146, 181-201.

Sperlich, A., Schad, D. J., & Laubrock, J. (2015). When preview information starts to
matter: Development of the perceptual span in German beginning readers. Journal of
Cognitive Psychology, 27, 511-530.

Stenner, A. J., Burdick, H., Sanford, E., & Burdick, D. (2006). How accurate are Lexile text
measures? Journal of Applied Measurement, 7, 307-322.

Swalm, J. E. (1973). A comparison of oral reading, silent reading, and listening com-
prehension. Education, 92, 111-115.

Swanson, H. L., Trainin, G., Necoechea, D. M., & Hammill, D. D. (2003). Rapid naming,
phonological awareness, and reading: A meta-analysis of the correlation evidence.
Review of Educational Research, 73(4), 407-440. https://doi.org/10.3102/
00346543073004407.

Tang, S., Reilly, R. G., & Vorstius, C. (2012). EyeMap: A software system for visualizing
and analyzing eye movement data in reading. Behavior Research Methods, 44(2),
420-438.

Tiffin-Richards, S. P., & Schroeder, S. (2015). Word length and frequency effects on
children’s eye movements during silent reading. Vision Research, 113, 33-43.

Veldre, A., & Andrews, S. (2014). Lexical quality and eye movements: Individual differ-
ences in the perceptual span of skilled adult readers. The Quarterly Journal of
Experimental Psychology, 67, 703-727.

Veldre, A., & Andrews, S. (2015). Parafoveal lexical activation depends on skilled reading
proficiency. Journal of Experimental Psychology: Learning Memory and Cognition, 41(2),
586-595.

Veldre, A., & Andrews, S. (2016). Semantic preview benefit in English: Individual dif-
ferences in the extraction and use of parafoveal semantic information. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 42, 837-854.

Vorstius, C., Radach, R., Mayer, M. B., & Lonigan, C. J. (2013). Monitoring local com-
prehension monitoring in sentence reading. School Psychology Review, 42(2),
191-206. https://doi.org/10.1080/13506285.2014.881445.

Vorstius, C., Radach, R., & Lonigan, C. J. (2014). Eye movements in developing readers: A


https://doi.org/10.1080/10888438.2015.1007375
https://doi.org/10.1080/10888438.2015.1007375
https://doi.org/10.1016/j.jecp.2012.03.002
https://doi.org/10.1016/j.jecp.2012.03.002
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0235
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0235
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0235
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9055
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9055
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9055
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0240
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0245
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0245
https://doi.org/10.1080/10573569.2013.789785
https://doi.org/10.1080/10573569.2013.789785
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9060
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9060
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9060
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0255
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0255
https://doi.org/10.3389/fpsyg.2015.01432
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0265
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0265
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0265
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0270
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0270
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0270
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0275
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0275
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0275
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0280
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0280
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9065
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9065
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9065
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0285
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0285
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0295
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0295
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9070
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9070
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0300
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0300
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0300
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0305
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0305
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0305
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0310
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0310
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0310
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0315
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0315
https://doi.org/10.1111/cdev.12190
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0325
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0325
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0325
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0325
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0330
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0330
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9075
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9075
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0340
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0340
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0340
https://doi.org/10.1080/09541440340000295
https://doi.org/10.1080/17470218.2012.750676
https://doi.org/10.1080/17470218.2012.750676
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0355
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0355
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0355
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0355
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0360
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0360
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0365
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0365
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0370
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0370
https://doi.org/10.1207/s1532799xssr1003_3
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9080
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9080
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9080
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0380
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0380
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9085
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9085
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9090
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9090
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9090
https://doi.org/10.1111/lnc3.12144
https://doi.org/10.1016/j.dr.2013.03.001
https://doi.org/10.1016/j.dr.2013.03.001
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0390
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0390
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0390
https://doi.org/10.1016/j.cogsys.2005.07.002
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0400
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0400
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0405
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0405
https://doi.org/10.1037/0022-0663.96.2.265
https://doi.org/10.1037/0022-0663.96.2.265
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0415
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0415
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0420
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0420
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9100
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9100
https://doi.org/10.1111/1467-8624.7402003
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0430
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0430
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0435
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0435
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0440
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0440
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0440
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0445
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0445
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0450
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0450
https://doi.org/10.3102/00346543073004407
https://doi.org/10.3102/00346543073004407
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0460
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0460
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0460
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0465
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0465
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0470
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0470
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0470
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0475
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0475
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0475
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0480
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0480
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0480
https://doi.org/10.1080/13506285.2014.881445

Y.-S.G. Kim, et al.

comparison of silent and oral sentence reading. Visual Cognition, 22, 458-485.
https://doi.org/10.1080/13506285.2014.881445.

Wagner, R., Torgesen, J., & Rashotte, C. (2012). Test of word reading efficiency (2nd ed.).
Austin, TX: Pro-Ed.

Wechsler, D. (2009). Wechsler individual achievement test. 3rd ed. 2006 Pearson San
Antonio, TX.

White, S. J. (2007). Foveal load and parafoveal processing: The case of word skipping. In
R. van Gompel, M. Fischer, W. Murray, & R. Hill (Eds.). Eye movements: A window on

Contemporary Educational Psychology 58 (2019) 102-120

mind and brain (pp. 409-424). Oxford: Elsevier.

Woodcock, R. W., McGrew, K. S., & Mather, N. (2001). Woodcock-Johnson III tests of
achievement. Itasca, IL: Riverside.

Yan, M., Pan, J., Laubrock, J., Kliegl, R., & Shu, H. (2013). Parafoveal processing effi-
ciency in Rapid Automatized Naming: A comparison between Chinese normal and
dyslexic children. Journal of Experimental Child Psychology, 115, 579-589.

Yang, S.-N. (2006). An oculomotor-based model of eye movements in reading: The
competition/interaction model. Cognitive Systems Research, 7, 56-69.

120


https://doi.org/10.1080/13506285.2014.881445
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0485
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0485
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9115
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9115
http://refhub.elsevier.com/S0361-476X(18)30132-2/h9115
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0495
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0495
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0500
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0500
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0500
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0505
http://refhub.elsevier.com/S0361-476X(18)30132-2/h0505

	Unpacking eye movements during oral and silent reading and their relations to reading proficiency in beginning readers
	Introduction
	Eye movements during reading
	Eye movements during reading
	Eye movements for beginning readers
	Oral versus silent reading for children
	Individual differences in reading skill and eye movements during reading

	Present study
	Method
	Participants
	Measures
	Reading proficiency (word reading and reading comprehension)
	Eye movements during reading

	Data analytic strategies

	Results
	Descriptive statistics and preliminary analysis
	Research question 1: Characteristics of eye-movement behaviors in oral and silent reading in the beginning and end of the school year for beginning readers
	Research question 2: The relation of eye movements to reading proficiency

	Discussion
	Limitations and future directions
	Acknowledgements
	Eye-movement descriptive statistics by passage
	Examination of oral and silent reading order
	Factor analysis of eye-movement variables
	Standardized loadings for each measurement occasion by reading mode
	Supplementary material
	References




