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Li and Yin

Stroke Sensitivity in Chinese Kindergartners

stroke combinations, suggesting their structural knowledge of
characters; the 5-year-olds learned pseudocharacters significantly
better than non-characters, reflecting their knowledge of the
identities and positional regularities of radicals. Luo et al. (2011)
found that Chinese 5-year-olds could discriminate between
Chinese stroke and English letter when presented in isolation
(e.g., and f). In the present study, we tested Chinese 4- and
5-year-olds’ stroke sensitivity at a much finer level, examining
whether children can detect the removal or addition of one stroke
from a real character (e.g., “ 7 in “%”, or “V"in “&”).

Finally, reading ability modulates visual expertise for word
processing across orthographies (Burgund et al., 2006; Li et al.,
2013; Zhao et al.,, 2014a; Su et al., 2015). Burgund et al. (2006)
found the emergence of letter specific-processing in English is
linked to increased reading skill rather than increased age among
a group of 6-to-19-year-olds. Zhao et al. (2014a) found that
fine neural tuning for visual words, which reflects sensitivity
to orthographic regularity, emerged in 7-year-old German-
speaking children with high but not low reading ability. Li et al.
(2013) found that neural specialization for word processing is
significantly influenced by reading experience (indexed by sight
vocabulary) in 5-and 6-year-old Chinese kindergartners.

In the present study, we tested a group of 4 and 5-year-
old kindergarten children in Beijing who have not received
formal literacy instruction. We used an orthographic matching
task to tap children’s sensitivity to stroke in character. There
were three orthographic conditions, using stimuli of correctly
written characters, stroke missing or redundant characters, and
Tibetan alphabets, respectively. In each condition there were 20
stimulus pairs, half of which were the same and half of which
were different. Using a Surface Pro with E-Prime 2.0 software
to present stimuli pairs, we asked children to decide whether
the two items on the screen were exactly the same or different
by touching the corresponding happy or sad face. This design
allowed us to analyze children’s reaction time as a measure of
processing efficiency, which was more objective and reliable than
oral reports, as were typically used in previous research with
young children.

If children were sensitive to stroke, they would process
correctly written characters more efficiently than stroke
missing/redundant characters. To rule out the possibility
that  children’s efficiency in processing stroke
missing/redundant characters is due to foreignness of
the stimuli’s look (e.g.,#) rather than sensitivity to the
missing/redundant stroke, we added the condition of Tibetan
alphabets because Tibetan alphabet looks very different from
Chinese character both in terms of the shape of its constituents
and the configuration matter of its constituents (e.g.,&). Children
who were sensitive to stroke should show lower efficiency in
processing both Tibetan alphabets and stroke-missing/redundant
characters compared with correctly written characters, whereas
children who have not yet developed sensitivity to stroke may
show lower efficiency in processing Tibetan alphabets but not
stroke-missing/redundant characters compared with correctly
written characters.

We also assessed children’s Chinese word reading ability.
Based on findings from previous studies, we predicted a unique

lower

contribution of reading ability to the emergence of stroke
sensitivity. In view of the young age of the participants in
the current study (4-and 5-year-olds) and the more demanding
nature of the task (processing the smallest unit in almost the most
visually complex orthography- Chinese), we might also expect
that maturation play an equally important role in the emergence
of stroke sensitivity.

MATERIALS AND METHODS

Children

Fifty five children from Beijing participated in the study.
They were 28 4-year-olds (Muge = 4.55 years, SD = 0.28, 16
males) and 29 5-year-olds (Myge = 5.58 years, SD = 0.30, 14
males). All children were native Chinese speakers and had
normal vision and no known disorders. The researchers
explained the purpose and procedure of the study to
children’s parents/guardians and obtained consents from
all participating children’s parents/guardians. Children were
allowed to withdraw at any time of the study and their
rights and privacy were protected throughout the study
according to the American Psychological Association Ethical
Principles of Psychologists and Code of Conduct, Including 2010
Amendments'.

Materials

The experimental materials included three types of stimuli:
correctly  written  characters,  stroke-missing/redundant
characters, and Tibetan alphabets. There were 20 items for
each type of stimulus. As shown in Table 1, the correctly written
characters were common characters which included five simple
characters, eight left-right structured compound characters, and
seven bottom-up structured compound characters. The number
of the three structures was based on their distributions in the total
number of Chinese characters (Dictionary of Chinese Character
Information, 1988, as cited in Shu et al, 2003). The average
frequency of the correctly written characters was 55985.5 per 10
millions (range: 22795.5-379917), and the average number of
the strokes was 6 (range: 2-10). The stroke-missing/redundant
characters were constructed by adding or deleting one stroke
from the correctly written characters, with half of them made
from adding one stroke to the correctly written characters and
the other half made from deleting one stroke from the correctly

'http://www.apa.org/ethics/code/index.aspx

TABLE 1 | Samples of the three types of stimuli used in the orthographic matching
task.

Correctly written Stroke-missing/ Tibetan alphabets

characters redundant characters

S x N\
7 N

= PN I

E k [
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FIGURE 1 | Exemplar of one trial in the orthographic matching task (the two
pictures on the left indicate the two categories of stimuli).

written characters. The Tibetan alphabet letters were selected
randomly from the 36 consonant letters in Tibetan. The average
number of the letter strokes was 4 (range: 3—-6). While we were
primarily concerned with the performance difference between
correctly written characters and stroke-missing/redundant
characters, we compared performance on correctly written
characters and Tibetan alphabet letters as well in order to
elucidate the difference between correctly written characters and
stroke-missing/redundant characters. All stimuli were presented
in 180-point regular script font with the same size of 300 x 350
pixels. All stimuli were presented centrally on the screen, in black
against a white background.

Tasks

General Cognitive Ability Measurement

We administered the Combined Raven’s Test (CRT-Chinese
version, 1991) to assess children’s IQ. The internal consistency
reliability for this task was 0.86.

Orthographic Matching Task

We used an orthographic matching task to tap children’s
sensitivity to strokes. There three orthographic
conditions using stimuli of correctly written characters,
stroke-missing/redundant characters, and Tibetan alphabets,
respectively. As shown in Figure 1, in each condition, there were
20 stimulus pairs, half of which were exactly the same and half of
which were different. We used E-prime 2.0 software to present
the stimuli and used a Surface Pro to display the stimulus pairs.
Children responded by touching the screen so that we could
obtain their direct response to the stimulus pair. The pairing of
stimuli, the left-right positioning of stimulus in the pair, and the
order of pair presentation were randomized in each condition.
The order of condition was counterbalanced across children.

were

In each trial (Figure 1), following a 800 ms fixation, each
stimulus pair was presented until the children made response.
Children were instructed to decide whether the two items on the
screen were exactly the same or different and to indicate their
response as quickly as possible by using their index finger of the
right hand to touch the happy face (“=”) or sad face (“®”) on
the screen. Touching the happy face indicated a “same” response
and touching the sad face indicated a “different” response. The
left-right positioning of the two faces was counterbalanced across
children. Six practice trials were provided before the formal
experiments began to ensure that children understood how to
perform in the task.

We used a “catching butterfly” play to obtain the basic reaction
time of each child. Children were asked to touch as quickly as
they could a black butterfly that appeared in the middle of the
screen. The play was presented through E-prime 2.0 software on
the Surface Pro as well. The presenting time of each butterfly was
2000 ms and the reaction time widows were between 2000 and
8000 ms with 1500 ms as a jitter. The picture of butterfly would
disappear after children touched it. The play contained 12 trials
including two practice trials.

Chinese Word Reading Task

Children were asked to read aloud 50 Chinese single-character
words presented in order of increasing difficulty (Wang et al.,
2015). Testing was discontinued when children failed to read 10
characters consecutively. One point was given for each correctly
read item. The maximum score was 50. The internal consistency
reliability for this task was 0.96.

Procedure

Children completed four tasks over a period of 2 weeks in the
first semester of the school year. All tasks were administered
individually by trained graduate students in a quiet reading
room. Half of the children in each age group completed the
orthographic matching task, preceded by the basic reaction time
measurement, in the first week, and the Raven’s test and the
Chinese word reading task in the second week; the other half
of children completed the Raven’s test and the Chinese word
reading task in the first week, and the orthographic task preceded
by the basic reaction measurement in the second week. The
orthographic matching task lasted 20-25 min, with a 5-min break
in the middle. The Raven’s test and the Chinese word reading task
took approximately 10 min each.

RESULTS

Descriptive Statistics

Table 2 shows children’s performance (raw score) in each task
as a function of age group. In the orthographic matching task,
the accuracy rate of the 4-year-olds was 0.96, 1.00, and 0.94
for the correctly written characters, stroke-missing/redundant
characters, and Tibetan alphabets, respectively, with no
significant difference across conditions, F(2,81) = 2.00,
p = 0.14; similarly, the accuracy rate of the 5-year-olds was
1.00, 0.97, and 0.96 for the correctly written characters,
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TABLE 2 | Mean (standard deviation) of age, basic reaction time, reaction time in orthographic matching, 1Q, and Chinese word reading as a function of age group.

Age group Group difference F(1,55)

4 year olds 5 year olds
N 28 29
Age (in year) 4.55(0.27) 5.58 (0.29) 187.52%*
Basic reaction time 944.57 (263.80) 741.62 (154.49) 12.58**
Reaction time in orthographic matching
Correctly written character 2653.10 (519.25) 2130.26 (282.69) 22.50%**
Stroke-missing/redundant character 2671.13 (656.37) 2333.87 (396.99) 5.55*
Tibetan alphabet 2755.47 (649.14) 2332.41 (396.68) 8.89"*
Q 10.89 (3.53) 15.00 (3.86) 17.06%**
Chinese word reading 8.46 (12.32) 16.17 (14.08) 4.71*

*p < 0.001, **p < 0.01, *p < 0.05.

0.1

0.08

0.06

0.04

0.02

Sensitivity Score

5 year olds
-0.02

-0.04

— = =Foreign script sensitivity Stroke sensitivity

FIGURE 2 | Sensitivity scores for the 4-year-olds and the 5-year-olds,
respectively. Stroke sensitivity score was computed by subtracting the
correctly written character score from the stroke-missing/redundant character
score and dividing by the stroke-missing/redundant character score. Foreign
script sensitivity score was computed by subtracting the Tibetan alphabet
score from the correctly written character score and dividing by the Tibetan
alphabet score.

stroke-missing/redundant characters, and Tibetan alphabets,
respectively, with no significant difference across conditions,
F(2,84) = 1.22, p = 0.30. Given that the task was designed to be
easy for young children to understand and perform (children
were just to decide whether the two stimuli on the screen were
same or not at the perceptual level), the high accuracy rate
across conditions was expected, indicating that the participants
performed well and the data was reliable. We then focused on
reaction time of the correct responses as a measure of processing
efficiency, i.e., an index of sensitivity, in subsequent analyses.
Reactions times that were over two standard deviations away
from the mean in a given condition in each group were removed
from the data. Overall, 1.8% of the total 4860 trials were removed
from the data for this reason.

Following Burgund et al. (2006), to reduce spurious
distortions of within-subject differences due to overall group
differences (Chapman and Chapman, 1973; Chapman et al,
1994), we computed two sensitivity scores in the following
manner for each child. Stroke sensitivity score was computed
by subtracting the correctly written character score from
the stroke-missing/redundant character score and dividing

by the stroke-missing/redundant character score ([stroke-
missing/redundant character score-correctly written character
score]/stroke-missing/redundant character score). Foreign script
sensitivity score was computed, for purpose of discriminating
stroke sensitivity from sensitivity caused by the foreign or
unusual look of stimuli, by subtracting the Tibetan alphabet score
from the correctly written character score and dividing by the
Tibetan alphabet score ([Tibetan alphabet score- correctly written
character score]/Tibetan alphabet score). Figure 2 shows the
scores of stroke sensitivity and foreign script sensitivity in each
group.

Before analyzing, we checked the normality of distribution
of the data. Shapiro-Wilk tests showed that the data of foreign
script sensitivity was normally distributed in both age groups,
ps > 0.05, and the data of stroke sensitivity was normally
distributed in the 5-year-olds, p = 0.64, but not in the 4-year
olds, p = 0.002. Considering the relatively small sample size in
the current study and that parametric analysis of transformed
data is a better strategy than non-parametric analysis because
it appears to be more powerful than the latter (Rasmussen and
Dunlap, 1991), we normalized the data of stroke sensitivity
and foreign sensitivity using rank-case transformation, which
was reported as working better for small sample size in
association tests than logarithm and Box-Cox transformations
(Goh and Yap, 2009). We used the normal scores obtained
using Blom’s formula as dependent variables in the following
analyses.

Development of Stroke Sensitivity
Taking basic reaction time as the covariate and age group
as the fixed effect, univariate analysis was conducted for
stroke sensitivity and foreign script sensitivity, respectively.
Homogeneity of the covariate coefficient was checked first.
For both stroke sensitivity and foreign script sensitivity, the
interaction between age group and basic reaction time was
not significant, ps > 0.12, indicating that homogeneity of the
covariate coefficient across age groups could be assumed in both
analyses.

For stroke sensitivity, the 5-year-olds were significantly
higher than the 4-year-olds, F(1,54) = 6.89, p = 0.011,
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nf, = 0.11. The 5-year-olds processed correctly written characters
(e.g., “#7) more efficiently, as reflected by the positive score
of stroke sensitivity, than stroke-missing/redundant characters
(e.g, “»7), whereas the 4-year-olds did not. For foreign
script sensitivity, no significant group difference was found,
F(1,54) = 0.15, p = 0.70. The 5 year olds and the 4 year
olds both processed more efficiently, as reflected by the positive
scores, correctly written characters than Tibetan alphabets
(e.g., ).

Contribution of Age and Reading Ability
to Stroke Sensitivity

Across age groups and with basic reaction time statistically
controlled, partial correlation was conducted among stroke
sensitivity, age (expressed in months as a continuous variable),
non-verbal IQ, and Chinese word reading. Stroke sensitivity was
significantly correlated with age, r = 0.37, p = 0.005, and Chinese
word reading, r = 0.42, p = 0.001, but not with non-verbal 1Q,
p=0.169.

To better understand the relative contribution of age
(maturation) and word reading ability (reading experience)
to stroke sensitivity, hierarchical regression analyses were
conducted with the dependent variable being stroke sensitivity
and the independent predictors being age and Chinese word
reading entered in different steps. We first examined whether the
assumptions of regression were met, namely, linearity, normality,
homoscedasticity, and independence. Visual inspection of
the P-P plot confirmed the normality of error distribution.
Examination of the scatter plot of residuals confirmed the
linearity of relationship and inspection of the plot of residuals
versus predicted values confirmed the constancy of variance
of the errors (homoscedasticity). The Durbin-Watson statistic
being 2.37 (with 1.4-2.6 considered being ideal) supported
the statistical independence of the errors. We then ran the
hierarchical regression models. In model 1, Chinese word
reading was entered in the first step and age was entered
in the second step. In model 2, age was entered in the
first step and Chinese word reading was entered in the
second step. Table 3 shows the results of the final models.
In model 1, after statistically controlling for Chinese word
reading, age did not explain significant additional variance in
stroke sensitivity, r? change = 0.04, F-change (1,54) = 2.63,
p = 0.11. In model 2, after having statistically controlled
for age, Chinese word reading explained significant additional
10% of variance in stroke sensitivity, F-change (1,54) = 6.89,
p=00L

DISCUSSION

The present study examined 57 4-and 5-year-old Chinese
children’s sensitivity to stroke, the smallest unit of writing that
carries no phonological or semantic information in Chinese. The
stroke-level sensitivity were assessed through an orthographic
matching task in which children were asked to judge whether
two items displayed on a Surface Pro were exactly the same
or different. Importantly, we recorded and analyzed children’s
reaction time, which was more objective and reliable than oral
reports. Also, we explored the association of age and reading
experience to the emergence of stroke sensitivity.

We found that stroke-level sensitivity emerges from age 5.
The 5-year-olds processed stroke-missing/redundant characters
more slowly than that of correctly written characters. Also, their
stroke sensitivity score was significantly higher than that of the
4-year-olds. Importantly, the 5-year-olds did not demonstrate
sensitivity to foreign script (Tibetan alphabets), indicating that
their sensitivity to stroke was not due to the unusual look of
the stroke-missing/redundant characters. Children with stroke
sensitivity demonstrated poorer performance, in this study,
on the stroke-missing/redundant character task than those
without stroke sensitivity, which was intended and reflected
in terms of slower processing (as indexed by longer reaction
time) rather than lower accuracy rate. In other words, the
“poorer” performance of children with stroke sensitivity on
the stroke-missing/redundant characters does not mean that
they cannot distinguish correctly written characters and stroke-
missing/redundant character; rather, it means that children
who are sensitive to strokes within the character are more
easily disturbed (than children who have not yet developed
such sensitivity) when they process stroke-missing/redundant
character and thus take longer reaction time. This is in line with
previous findings from studies examining letter processing in
children from alphabetic writing systems. Developmental work
on letter processing has demonstrated that while children become
faster at processing both letters and non-letters with age (Gibson
et al,, 1962; Reitsma, 1978), children demonstrate improved
performance for letters compared to non-letters as young as
6 years of age (Miller and Wood, 1995; Burgund et al., 2006).
These results are also consistent with findings from Zhao and Li
(2014) in which the researchers used a lexical decision task with
four types of stimuli (Chinese characters, stroke combinations,
character-like line drawings with stroke features removed, and
general line drawings) and asked Chinese 3- to-6-year-olds to
judge whether the stimulus was a real character or not. They
found that children’s awareness of stoke developed very fast

TABLE 3 | Results of the final models predicting stroke sensitivity from age and reading ability.

Model Predictors R2 R? change B SEB B

1 Step 1: Chinese word reading 0.18 0.18** 0.02 0.01 0.34*
Step 2: Age 0.22 0.04 0.35 0.22 0.21

2 Step 1: Age 0.12 0.12* 0.35 0.22 0.21
Step 2: Chinese word reading 0.22 0.10* 0.02 0.01 0.34*

**p < 0.01, *p < 0.05.
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during 4-5 years and reached peak at age 5. The present study
supported findings from Zhao and Li (2014) but provided more
objective, thus stronger, evidence for the emergence of stroke-
level sensitivity from age 5 in Chinese children.

We also found that stroke sensitivity was linked more to
reading experience than to maturation. Results of hierarchical
regression analyses showed that Chinese word reading explained
significant additional variance in stroke sensitivity after having
statistically controlled for age, but age did not explain
significant additional variance in stroke sensitivity beyond
reading experience. This finding is consistent with previous
studies showing that reading experience, rather than age, plays
a more important role in learning to read among school-age
children (e.g., Burgund et al., 2006; Zhao et al., 2014a). We
expected that at an earlier stage of learning to read, e.g., in
kindergarten years, maturation should play an equally important
role, considering that perception of objects and events in the
natural environment is a real-time task and a child needs to
have mature sensory primitives (Aslin and Smith, 1988), but
finding of the current study did not support this expectation.
We found that although the young children’s retinal processes is
still developing, their visual acuity enables them to process fine
features of written words (Gibson et al., 1962), e.g., stroke, the
finest orthographic unit in the visually highly complex Chinese
characters, and such sensitivity is significantly associated with
their reading experience.

The current study sheds important light to the nature
of early orthographic knowledge development. Similar to the
alphabetic-language speaking counterparts(e.g., Lavine, 1977;
Levy et al, 2006; Treiman et al., 2007; Pollo et al., 2009),
Chinese kindergartners develop sensitivity to the identity and
position of the components of writing they are exposed to
before receiving formal literacy instruction. Different from
previous studies that mostly examined components of writing
that carry phonological or semantic information in varying
degrees, the current study, for the first time to our knowledge,
investigated beginning readers’ sensitivity to the smallest unit
of writing that carries no linguistic information at all in almost
the most visually complex orthographies in the world. Our
finding that children as young as age 5 can detect removal
or addition of a single stroke from a character provides
enlightening evidence that children develop formal knowledge
about writing (visual-graphic and orthographic) independent
of functional knowledge (phonological or semantic), and that
visual processing of the holistic features of writing (which
enables detection of a single change of stroke in a whole
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While some first language (L1) reading models suggest that inefficient word recognition
and small working memory tend to inhibit higher-level comprehension processes;
the Compensatory Encoding Model maintains that slow word recognition and small
working memory do not normally hinder reading comprehension, as readers are able
to operate metacognitive strategies to compensate for inefficient word recognition
and working memory limitation as long as readers process a reading task without
time constraint. Although empirical evidence is accumulated for support of the
Compensatory Encoding Model in L1 reading, there is lack of research for testing of
the Compensatory Encoding Model in foreign language (FL) reading. This research
empirically tested the Compensatory Encoding Model in English reading among
Chinese college English language learners (ELLs). Two studies were conducted.
Study one focused on testing whether reading condition varying time affects the
relationship between word recognition, working memory, and reading comprehension.
Students were tested on a computerized English word recognition test, a computerized
Operation Span task, and reading comprehension in time constraint and non-time
constraint reading. The correlation and regression analyses showed that the strength
of association was much stronger between word recognition, working memory, and
reading comprehension in time constraint than that in non-time constraint reading
condition. Study two examined whether FL readers were able to operate metacognitive
reading strategies as a compensatory way of reading comprehension for inefficient
word recognition and working memory limitation in non-time constraint reading. The
participants were tested on the same computerized English word recognition test and
Operation Span test. They were required to think aloud while reading and to complete
the comprehension questions. The think-aloud protocols were coded for concurrent
use of reading strategies, classified into language-oriented strategies, content-oriented
strategies, re-reading, pausing, and meta-comment. The correlation analyses showed
that while word recognition and working memory were only significantly related to
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frequency of language-oriented strategies, re-reading, and pausing, but not with reading
comprehension. Jointly viewed, the results of the two studies, complimenting each
other, supported the applicability of the Compensatory Encoding Model in FL reading

with Chinese college ELLs.

Keywords: Compensatory Encoding Model, word recognition, working memory, reading comprehension, foreign
language reading, Chinese college English language learners

INTRODUCTION

Most of us read everyday, from academic texts to technical
reports, from literature to popular magazines, and from
newspapers to brochures. The seemingly common practice of
reading in fact is a highly complex cognitive activity (Koda,
2007; Yamashita, 2013), even when reading in one’s first language
(L1), let alone reading in a foreign language (FL). One of the
major obstacles faced by FL readers is slow word recognition,
which requires much conscious deliberation (Segalowitz, 2000,
2003; Fukkink et al., 2005; Segalowitz and Hulstijn, 2005).
Inefficient word recognition takes much cognitive resources,
such as working memory, which is essential for reading
comprehension to occur (Juffs and Harrington, 2011). Some
theoretical models of reading, such as the Verbal Efficiency
Model highlights the importance of word recognition efficiency
and working memory, suggesting that inefficiency in word
recognition and small working memory tend to inhibit higher-
level comprehension processes (e.g., Perfetti, 1985, 2007). On
the other hand, in the Compensatory Encoding Model, the role
of strategic processing is emphasized and the model postulates
that as long as readers have sufficient time to carry out
a reading task, slow word recognition and limited working
memory do not normally hinder reading comprehension,
because readers are able to apply some kinds of higher-
order metacognitive strategies to remedy processing efficiency
(slow word recognition) and resource limitation (small working
memory), and that is to say those metacognitive strategies have
compensatory characteristics (Walczyk, 2000; Walczyk et al,
2001, 2007).

The Compensatory Encoding Model of reading was proposed
by Walczyk and his colleagues to explicate “the interplay
between automatic and control processes” (Walczyk, 2000, p. 35)
in L1 reading beyond the initial stages of learning to read
(Walczyk, 1993, 1995; Walczyk and Taylor, 1996; Walczyk
et al., 2001, 2007). The construction of the model is based on
a number of L1 reading theories (Walczyk, 2000), including
Automaticity Theory (LaBerge and Samuels, 1974), the Verbal
Efficiency Model (Perfetti, 1985, 1988), Metacognitive Theory
(Baker and Brown, 1984), Constructively Responsive Theory
(Pressley and Afflerbach, 1995), and Rauding Theory (Carver,
1997). According to the model, in fluent reading, processes
such as identifying words and accessing to meanings tend
to be carried out automatically, which make few demands
on working memory. As a result, working memory can be
freed up for higher-level comprehension processes, which are
operated in slow, error prone, unstable, and serial manner
(Walczyk, 2000; Shiotsu, 2009). In situations where readers

have processing limitation (i.e., inefficient word recognition)
and have resource limitation (i.e., small working memory), the
model highlights the importance of compensatory mechanisms,
which are metacognitive strategic processing (Walczyk, 1995).
The model postulates that the condition for compensatory
mechanisms to operate successfully during reading relies heavily
on reading time: when there is severe time constraint, such
as in a testing situation, it is less likely for readers to
operate compensatory mechanisms freely. The application of
mechanism as successful compensation for inefficient word
recognition and small working memory tends to occur when
reading without much time constraint (Walczyk, 1993, 1995,
2000; Walczyk and Taylor, 1996; Walczyk et al, 2001,
2007).

The Compensatory Encoding Model entails two important
predictions. The first prediction is that reading conditions
varying time influence the relationship between word recognition
efficiency, working memory, and reading comprehension. When
reading without time constraint, inefficient word recognition
and small working memory do not normally affect reading
comprehension “because compensatory mechanisms operate
routinely during performance” (Walczyk, 1993, p. 127). That
is to say there will be only a weak or no relationship
between word recognition efficiency, working memory, and
comprehension. When reading is under time constraint,
compensatory mechanisms are less likely to operate freely; hence,
inefficient word recognition and small working memory tend
to be adversely affects reading comprehension (Walczyk, 1993,
1995, 2000; Walczyk and Taylor, 1996; Walczyk et al., 2001, 2007).

The second prediction is that when reading occurs without
time constraint, it is the use of compensatory strategies which
are predictive of reading comprehension. This means that readers
with slower word recognition and smaller working memory tend
to use more metacognitive mechanism in reading without time
constraint, and as a result, their reading comprehension tends
not to be affected by word recognition inefficiency and limited
working memory (Walczyk and Taylor, 1996).

To empirically test the Compensatory Encoding Model,
Walczky and his associates conducted a series of studies with both
young and mature native English speakers. In one of the earlier
studies, Walczyk (1995) compared contributions made by word
recognition and working memory to reading comprehension
with and without time constraint among university students.
The results showed that without time constraint, none of the
measures of word recognition and working memory related
to reading comprehension. However, when reading under time
constraint, word recognition efficiency and working memory
were significantly associated with comprehension. This study
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provided evidence for the first prediction in the Compensatory
Encoding Model among adult L1 readers.

To test the actual use of compensatory strategies in reading
(the second prediction), Walczyk and his colleagues conducted
a few studies with children and adults. Some of these studies
provided full support (e.g., Walczyk et al., 2004), whereas some
studies only provided partial support for the Compensatory
Encoding Model, especially among younger children (e.g.,
Walczyk et al., 2007). Among primary school students, Walczyk
et al. (2004) recorded the participants’ reading aloud of one
narrative and one expository text by giving children sufficient
time to read. They found that measures of word recognition
efficiency and working memory were significantly and negatively
related to frequency of using pausing and re-reading - two
kinds of compensatory strategies, in reading both types of
texts. Walczyk and his associates also found some support for
the Compensatory Encoding Model among adult readers (e.g.,
Walczyk and Taylor, 1996; Walczyk et al., 2001). For instance,
Walczyk and Taylor (1996) asked university students to read
texts on a computer screen without time constraint and recorded
students’ re-reading behaviors using a computer program. Their
re-reading was found to be significantly correlated with the speed
measures of word recognition and working memory, suggesting
that readers with inefficient word recognition and small working
memory tended to re-read more frequently.

Using the think-aloud method, which allowed readers to
process reading task at hand with ample time, Walczyk et al.
(2001) found that slower word recognition was associated with
more frequent pausing, looking back, and re-reading behaviors,
and slower speed measure of working memory was associated
with more re-reading behaviors. In addition, neither of the speed
measure of word recognition nor working memory was related to
reading comprehension, implying readers’ compensatory use of
pausing, looking back, and re-reading strategies in reading.

A further examination of the Compensatory Encoding
Model investigated developmental pattern in the relationship
between word recognition, working memory in relation to
use of compensatory strategy among third, fifth, and seventh
graders (Walczyk et al., 2007). The researchers manipulated
the reading conditions by placing time restrictions to create
either time restricted reading or non-time restricted reading
and students were randomly assigned to one of the reading
conditions. In the non-time restricted reading, students were
asked to read-aloud to enable coding of possible compensatory
strategies, such as pausing, looking back, and jumping over.
The results demonstrated that the relational pattern between
word recognition, working memory, and use of compensatory
reading strategies exhibited a consistent pattern across the three
grades: both the accuracy measure of word recognition and
working memory were negatively correlated with jumping over
for third and seventh graders, and with looking back for fifth
graders, indicating that slower word recognition and smaller
working memory appeared to be associated with more frequent
application of compensatory mechanism in reading.

However, the relationship between word recognition, working
memory, and reading comprehension in the non-time restricted
reading condition displayed different patterns for different

grades. While word recognition and working memory was found
to adversely affect reading comprehension for the third and
fifth graders, they did not affect reading comprehension for the
seventh graders. The lack of relation for seventh graders seemed
to indicate that strategy use as successful compensation was only
realized among older and experienced readers, who were more
metacognitively and strategically oriented than younger and less
experienced readers. The developmental pattern of the results
are in line with the creation of the model, which targets more
experienced readers, who are able to orchestrate metacognitive
reading strategies strategically.

In summary, there was ample empirical evidence which
supported the two predictions of the Compensatory Encoding
Model in L1 reading: (1) reading conditions varying time affect
the relation between word recognition, working memory, and
comprehension; (2) in non-time constraint reading, experienced
L1 readers displayed compensatory nature of reading strategy
use for word recognition inefficiency and working memory
limitation.

In FL reading, testing of the Compensatory Encoding Model
is lacking. To the best of our knowledge, the only study
which has directly investigated the Compensatory Encoding
Model in FL reading is conducted by Stevenson (2005)
with 22 Dutch adolescent English language learners (ELLs).
Stevenson (2005) measured word recognition speed using a
computerized lexical decision task, and adopted a think-aloud
method to measure concurrent reading strategy use. Reading
while thinking-aloud gave readers sufficient time to process a
text, which simulated non-time constraint reading condition for
the use of reading strategies as a remedy of word recognition
inefficiency and limited working memory capacity in the
Compensatory Encoding Model. The coding of reading strategy
use were broken down into three dimensions, namely orientation
of processing (language and content), type of processing
(metacognitive, cognitive, and cognitive-iterative), and domain
of processing (above clause, clause, and below clause). The results
showed that word recognition speed correlated with language-
oriented strategies (i.e., strategies directed toward linguistic
information), cognitive strategies (i.e., strategies involving direct
mental processing of a text), and clause and above-clause level
strategies (i.e., strategies which help understand whole or a
few successive clauses), but not with reading comprehension.
These results provided empirical evidence that in the non-time
constraint reading, similar to L1 readers, FL readers are able
to deploy compensatory use of reading strategies for slow word
recognition so that word recognition did not adversely affect
reading comprehension and frequency of strategy use which are
characterized as compensatory nature enabled them to achieve
reasonable comprehension.

A number of issues in Stevenson’s (2005) study warrant further
testing of the Compensatory Encoding Model in FL reading. First
of all, while Stevenson’s study focused on investigating the second
prediction in the Compensatory Encoding Model, it did not
directly examine the first prediction, that is reading conditions
varying time affects the relation between word recognition,
working memory, and comprehension in FL reading. Secondly,
working memory was not examined in the study, so it was not
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able to draw any direct conclusion regarding the relationship
between FL readers’ resource limitations, strategy use, and
reading comprehension. Thirdly, the word recognition measure
in Stevenson’s study was not appropriate for FL readers, as it
only involved decoding but meaning access. For FL readers,
decoding may activate a connection to meaning or only leads
to a weak connection to meaning (Shaw and McMillion, 2008;
Grabe, 2009). Thus, it is more appropriate to use a task which
requires meaning access through identification of word forms
to measure word recognition efficiency among FL readers. In
addition, Dutch ELLs speak a L1 which is typologically close
to English. The similarity between the two languages may pose
little difficulty in English word recognition. Considering ample
evidence of qualitatively different cognitive processes for word
recognition by alphabetic and non-alphabetic learners (Koda,
1994, 1996, 2005, 2007), it is necessary to examine whether FL
readers whose L1 is a non-alphabetic language, such as Chinese,
are able to deploy compensatory use of reading strategy for word
recognition inefficiency and working memory limitation as those
native English speakers and those ELLs whose L1 is also an
alphabetic language.

The present research aims to test the applicability of the
Compensatory Encoding Model in FL reading with Chinese
ELLs. Two studies were conducted, each focusing on testing
one of the important predictions in the Model. Study one
aimed to test whether reading condition varying time affects
the relationship between word recognition efficiency, working
memory, and reading comprehension. The research questions for
study one are: (1) To what extent does word recognition efficiency
and working memory relate to reading comprehension in the
time constraint and non-time constraint FL reading? (2) To what
extent does word recognition efficiency and working memory
contribute to reading comprehension in the time constraint and
non-time constraint FL reading? According to the Compensatory
Encoding Model, we hypothesized that in FL reading, when the
reading condition is strictly time limited, both word recognition
efficiency and working memory tend relate to and contribute to
reading comprehension. When reading condition allows readers
to have ample time to complete a reading task, word recognition
efficiency and working memory tend not to associate with and
contribute to reading comprehension.

Study two aimed to examine whether Chinese ELLs are able to
operate metacognitive reading strategies as a compensatory way
of reading comprehension for inefficient word recognition and
working memory limitation in non-time constraint reading. The
research question for study two is: What is the interrelationship
between word recognition efficiency, working memory, use of
reading strategies, and reading comprehension in non-time
constraint FL reading?

STUDY ONE

Material and Methods

Participants

The participants in study one were 402 second year
undergraduates (138 males and 266 females) recruited from

a national university in China. We targeted second year students
because first year students had just entered the university, and
students beyond second year are not required to be enrolled
in the compulsory college English learning (Hu, 2005). The
recruitment focused on non-English major undergraduates, as
English majors are not representative of the majority of Chinese
ELLs, due to their presumably better proficiency and greater
interest in English learning. The participants came from 12
English classes, majored in eight disciplines (i.e., Economics
and Business, Humanities and Social Sciences, Information
Technology and Computer Science, Material Engineering,
Mechanical Engineering, Science, Printing and Packaging
Technology, and Water Resources and Hydraulic Power). Their
age ranged between 18 and 22 with a Mean (M) of 20.22 and a
Standard Deviation (SD) of 0.93. On average, the participants
received 7.5 years of English instruction.

Materials

Word recognition test and scoring

To measure word recognition efficiency, we used a computerized
test, which required learners to decide as quickly as possible
whether a pair of words had a similar meaning (synonyms) or
had opposite meanings (antonyms). The format of the test was
adapted from Haynes and Carr’s (1990) paper-and-pencil test
and it was essential for the participants to access the meaning of
words using this test to measure word recognition. The testing
items were 60 word pairs of four different parts of speech (ie.,
noun: 14, verb: 20, adjective: 20, and adverbs: 6). To avoid testing
vocabulary knowledge of the ELLs, all the testing items were
from the most frequent 2,000 words band in the British National
Corpus word list (Nation, 2004). The lexical relationship between
the words (synonyms or antonyms) was checked using an online
thesaurus'.

The test which was delivered through Lenovo computers with
17 inch screen with Windows XP system using DMDX software
(version 3.3.1.1) (Forster and Forster, 2003) was held in a quiet
computer laboratory. Students were required to make a judgment
as quickly as possible by pressing two keys marked with Synonym
or Antonym. The order of the testing items was randomized using
the random function of the software. The test instructions were
given in Chinese, and the test started with six practice pairs (see
Appendix 1 for sample items).

As the word recognition test aimed to measure students’
efficiency of recognizing English words rather than to test their
English vocabulary knowledge, only values of reaction time rather
than correctness of judgment were used for data analysis. As in
most reaction time analyses, the upper and lower thresholds were
set as 3 SDs above and below the M reaction time of each item
(e.g., Muljani et al., 1998; Koda, 2000; van Gelderen et al., 2004).
The values of reaction time falling outside the thresholds were
located and transformed into missing values. The missing values
(accounting for 0.94%) were estimated by using the Expectation
Maximization algorithm. After the estimation, the Cronbach’s
alpha was calculated and its value was 0.94, indicating good
reliability.

lwww.thesaurus.com
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Working memory test and scoring

We used a modified computerized Operation Span Task, which
was developed by Unsworth et al. (2005). The reasons for
choosing the OST over the popular Reading Span Task (RST)
were: (1) the OST does not involve testing the participants’
reading comprehension ability whereas the RST requires
readers to process sentences for comprehension (Kintsch, 1998;
Seigneuric et al., 2000; Koda, 2005; Alptekin and Ergetin, 2010,
2011; Rai et al,, 2011); (2) the OST tends not to be influenced
by language proficiency (Service et al., 2002), whereas the RST
if tested in a FL, is affected by levels of proficiency in that FL;
and (3) the OST, which is a well-established measure of working
memory in the field of psychology with confirmed validity and
reliability (Conway et al., 2005; Unsworth et al., 2005), examines
both storing and processing functions of working memory
simultaneously (Baddeley, 2006, 2007; Juffs and Harrington,
2011).

The OST asked participants to memorize isolated English
words displayed on the computer screen for half a second at
the same time to judge the correctness of a simple mathematical
equation involving addition, subtraction, multiplication, and/or
division (e.g., (10 x 5) — 20 = 30) by pressing a key marked
with Correct or Wrong. The test was also delivered using the
DMDX software (version 3.3.1.1) (Forster and Forster, 2003)
via the same computers as used for the word recognition
test. There were 40 items (i.e., one item consists of a word
for recall and a mathematical equation for judgment) divided
into 10 sets ranging from 2 to 6 items in each set. After
each set, when the computer displayed “Recall and write
down the words within the set (in Chinese),” the participants
were asked to write the words on an answer sheet. Upon
completion of writing, they needed to press the Space key to
proceed to the next set. The words for recall (20 nouns and
20 verbs) were from the most frequent 300 words in British
National Corpus word list (Nation, 2004), and all the words
were only one syllable ranging from 4 to 6 letters. The task
instructions were given in Chinese, and the test started with 14
practice items divided into 4 sets (see Appendix 2 for sample
items).

To score the working memory test, we used composite
Z-scores, which were formed by averaging Z-scores of: (1) the
number of correctly recalled words, (2) the number of correct
judgment, and (3) the reaction time of the judgment (Waters
and Caplan, 1996). For the reaction time of the judgment, we
trimmed the data using the thresholds of 3 SDs above and below
the M reaction time of each item. The outlying values of reaction
time were marked as missing values (accounting for about 1%),
and were estimated by the Expectation Maximization algorithm.
We multiplied the reaction time by —1 in order for a higher
value to represent better performance and then transformed them
into Z-scores (Leeser, 2007). The reliability, which was calculated
using the composite Z-scores, had a value of 0.85, indicating that
the working memory test was reliable.

Reading comprehension tests and scoring
Two parallel reading comprehension tests in the two reading
conditions (i.e., time-constraint vs. non-time constraint) were

customarily compiled using four expository texts. As research
has shown that text type influences reading strategy use
(Alderson, 2000; Horiba, 2000; Grabe, 2009; Alptekin and
Ercetin, 2011), a decision was made to use a single text type
to avoid text type being a confounding factor. Expositions were
chosen because they were most familiar to the participants
according to the participants’ English teachers. The four texts
were adapted from College Reading Workshop (Malarcher,
2005), a reading practice book targeting upper-intermediate
learners of English. We chose texts based on the following
criteria by consulting the participants’ English teachers: (1)
the linguistic difficulty was not overly challenging in terms
of lexical and morphosyntactic complexity; (2) understanding
the texts did not require specialized background knowledge;
and (3) the texts were interesting for the participants to
read.

To ensure that the two tests had a similar level of readability,
the following efforts were made. (1) The topics of the texts in
the two reading conditions were matched: both tests had one
text related to human body [Text 1 (T1): Fat to Store or Fat to
Burn?, Text 3 (T3): Ideas about Beauty]; and the other related
to technology [Text 2 (T2): Commerce through the Internet, Text
4 (T4): A Second Look at Virtual Advertisements]. (2) Each text
had six paragraphs and similar word counts (T1 to T4: 588, 594,
588, and 596 words). (3) The four texts were comparable in
terms of T-units and average number of words per T-unit (T1:
29 T-units, 20.24 words/T-unit; T2: 29 T-units, 20.38 words/T-
unit; T3: 29 T-units, 20.34 words/T-unit; and T4: 29 T-units, 20.00
words/T-unit). (4) The four texts had comparable Flesch-Kincaid
Grade level (T1 to T4: 9.40, 10.90, 9.80, and 10.90). The Flesch—
Kincard Grade level is a commonly used readability index for
native English speakers rather than ELLs, our purpose of using
it was only to check whether the four texts had similar levels of
readability.

Reading comprehension questions were multiple choice,
which is the most commonly used approach for assessing
reading comprehension (Kendall et al., 2001; Brantmeier, 2005;
Alptekin, 2006; Phakiti, 2007; Alptekin and Ercetin, 2011). Using
multiple choice has a number of advantages over other methods
(Brantmeier, 2005; Phakiti, 2007): (1) it is objective and does not
require training for scoring; (2) it is convenient to administer
to large numbers of students; (3) it does not make heavy
demands on readers’ memory, writing ability, and synthesizing
skills, compared with recall and cloze tasks (Jenkins et al.,
2004; Johnson et al., 2005; Alptekin, 2006; Alptekin and Ergetin,
2011). Although multiple choice question has been criticized for
guessing (Alderson, 2000), we informed students that the tests
were not part their assessment for the course so that they should
avoid guessing.

For each text, 10 multiple choice questions with four
possible choices were constructed. Five of them were literal
comprehension questions requiring specific information directly
stated in the text; and five were inferential questions measuring
global text comprehension, such as theme and aims of the text.
A correct answer for one question received one point, and the
maximum achievable score for each test was 20 (see the Appendix
3 for a sample text and comprehension questions).
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Data Collection Procedure

The participants were allowed to spend 40 min to complete
the reading comprehension test in the time constraint reading
condition. The time was decided by allowing 60% of the average
normal reading time of 100 students in a pilot study following
Walczyk (1995) and Walczyk and Taylor (1996)’s suggestion.
The students in the pilot study had similar level of reading
proficiency as the participants. The two reading comprehension
tests were conducted on 1 day in the students’ classrooms.
Students completed the word recognition and working memory
tests on a separate day in a computer laboratory. The 402
participants were grouped into 20 groups with approximately 20
students in each group. Students in each group started the tests at
the same time but the completion time varied among them. On
average, they spent 30 min to complete the two tests.

Data Analysis

To answer research question 1 - the relationship between
word recognition, working memory, and reading comprehension
in the time constraint and non-time constraint reading
conditions, correlation analyses were applied separately for
the two reading conditions. To answer research question 2 -
the contribution of word recognition and working memory
to reading comprehension in the time constraint and non-
time constraint reading conditions, regression analyses were
performed.

Results

Results of Research Question 1

Table 1 presents the descriptive statistics of all the tests in study
one. The descriptive statistics of the word recognition test are
reaction time in milliseconds, descriptive statistics of the working
memory test are composite Z-scores comprised of accuracy of
judgment, the reaction time of judgment, and the number of
correctly recalled words.

Table 1 shows that the M scores of the non-time constraint
reading comprehension were higher than that in the time
constraint reading. A one-way repeated ANOVA revealed that the
difference was significant, F(1,401) = 127.48, p < 0.01, indicating
that when FL readers read without time constraint, they achieved
better comprehension, even though the texts in the two reading
conditions were matched for the level of readability and topics.

The results of the correlation analyses are displayed in
Table 2, which shows a small and negative correlation between
word recognition and reading comprehension in the time
constraint condition (r = —0.22, p < 0.01), indicating that
the slower one’s word recognition (hence longer reaction time)
was, the poorer one’s comprehension was in the time constraint
reading. However, we found that the correlation between
word recognition and reading comprehension in the non-time
constraint condition was not significant (r = —0.09, p = 0.07),
suggesting that when the participants were allowed to read with
sufficient time, the speed of recognizing English words did not
affect their reading comprehension.

Table 2 further shows that working memory was significantly
and positively correlated with reading comprehension in both
time constraint (r = 0.20, p < 0.01) and non-time constraint

reading (r = 0.11, p < 0.05). To compare the strength
of the correlations between working memory and reading
comprehension in the two reading conditions, we used Steiger’s
(1980) Z-test, and the results indicated that the strength of
the correlation in the time constraint reading was significantly
stronger than that in the non-time constraint reading, Z = 1.71,
p < 0.05. The results indicated that readers with larger working
memory capacity tended to be more strongly related to better
reading comprehension in time constraint reading than in non-
time constraint reading.

Results of Research Question 2

As the word recognition did not correlate with reading
comprehension in the non-time constraint condition, the reading
comprehension was regressed on working memory only and the
results are presented in Table 3. Table 3 revealed that even though
working memory significantly contributed to the regression
model: F(1,400) = 2.26, p < 0.05, f = 0.01, it accounted for only
1% of variance in reading comprehension in non-time constraint
reading with negligible effect size, suggesting the rather weak
predictive power of working memory capacity to comprehension
in the non-time constraint reading.

For the time constraint condition, the reading comprehension
was regressed on word recognition and working memory.
Before performing the multiple regression analysis, we conducted
a series of tests to examine the essential assumptions for
reliable results. First, the correlation between the two predictors
(word recognition and working memory) was 0.28, and the
values of Tolerance for word recognition = 0.92, and working
memory = 0.92; these ensured no multicollinearity. Second, the
analysis of standard residuals on the data identified four cases
as outliers (falling out of 3 SDs), which were removed (less
than 1% of the data). Third, the value of the Durbin-Watson
was 1.86, suggesting that there was no auto-correlation in our
data. After confirmed that our data met these assumptions,
we proceeded with the multiple analysis. The results were
presented in Table 4, which shows that both word recognition
(B = —0.18, R = 0.05, p < 0.01, £ = 0.05) and working
memory (B = 0.15, R> = 0.02, p < 0.01, £ = 0.02) significantly
contributed to reading comprehension in the time constraint
reading, explaining 5 and 2% of variance respectively.

In summary, we found that word recognition and working
memory related to and contributed to reading comprehension in
the time constraint and non-time constraint reading conditions
differently among Chinese college ELLs. The results indicated
that varying reading time affected the relationship between word
recognition, working memory, and reading comprehension. This
is consistent with L1 findings and provided some empirical
evidence for the first prediction of the Compensatory Encoding
Model among FL readers.

Discussion

The results of study one demonstrate that the correlations
between word recognition, working memory, and reading
comprehension in the time constraint and non-time constraint
reading conditions differ from each other. The results were
consistent with Walczyk’s (1995) study with L1 readers and

Frontiers in Psychology | www.frontiersin.org

May 2017 | Volume 8 | Article 681 | 56


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Han

Compensation in FL Reading

TABLE 1 | Descriptive statistics of all the tests in study one.

Variables M SD Minimum Maximum
Word recognition (in milliseconds) 1981.06 463.59 1026.95 3984.58
Working memory 0.00 0.19 -0.78 0.40
Comprehension in time constraint condition 12.99 2.88 2.00 19.00
Comprehension in non-time constraint condition 15.14 2.42 2.00 20.00

TABLE 2 | Results of correlation analyses.

Variables Working Comprehension in Comprehension in

memory non-time time constraint
constraint reading reading

Word recognition —0.28** —0.09 —0.22*%*

Working memory - 0.11* 0.20**

**p < 0.01, *p < 0.05, (two-tailed).

TABLE 3 | Results of simple regression analysis.

Variables B B t ) 2

Constant 0.76 — 125.14 0.00 —

Working memory 0.07 0.11* 2.26 0.02 0.01

R? = 0.01, *p < 0.05.

TABLE 4 | Results of multiple regression analysis.

Variables B B t p 2

Constant 0.67 — 89.05 0.00 -

Word recognition -0.10 —0.18** —4.53 0.00 0.05

Working memory 0.1 0.15%* 2.92 0.00 0.02

R? = 0.05, **p < 0.01, for word recognition; and R? = 0.02, **p < 0.01, for
working memory.

extended the first prediction in the Compensatory Encoding
Model that varying reading time affects relationship between
word recognition efficiency, working memory capacity, and
reading comprehension to FL reading. As indicated in the
Compensatory Encoding Model, reading varying time may
determine whether readers are able to orchestrate strategic
processing successfully as a means to compensate for inefficient
word recognition and working memory limitation. This seemed
to be the case in FL reading with readers whose L1 and FL have
different orthography.

No studies in FL reading have compared the time constraint
and non-time constraint reading when they have examined
the relationship between word recognition, working memory,
and reading comprehension. However, research in FL reading
on the relationship between word recognition and reading
comprehension has produced inconsistent results: while some
studies revealed that individual differences in word recognition
did not lead to different levels of text comprehension in FL
reading (e.g., Haynes and Carr, 1990; Shiotsu, 2009; Yamashita,
2013); other studies found that word recognition inefficiency
adversely affected comprehension in FL reading (e.g., Nassaji
and Geva, 1999; Nassaji, 2003a; Tsai, 2008). These inconclusive

findings may be attributed to lack of control of reading time
in these studies. The studies which found an inhibitory effect
of inefficient word recognition might have readers complete
reading tasks within restricted reading time in their design.
For instance, Nassaji (2003a) and Nassaji and Geva (1999)
reported a significant relationship between word recognition
and reading comprehension for ELLs with advanced reading
proficiency. The reading comprehension test used in the two
studies is the Nelson-Denny Reading Test, a standardized L1
reading test for native English speakers. Thus, the test might
be challenging for the ELLs, hence reading the texts might
require additional time than that had been given to their
participants.

On the other hand, those studies which reported
no relationship between word recognition and reading
comprehension might have given readers ample time to
complete reading tasks. For example, Haynes and Carr (1990)
found that individual differences in word recognition did not
lead to different levels of text comprehension in FL reading
among Chinese ELLs. In this study, the participants were
asked to read a 500-word text and to record their reading
time, which in fact, allowed students read at their own pace.
Lack of control for time in reading might simulate the non-
time constraint reading, which is essential for readers to
utilize strategic repertoire as compensation for slow word
recognition. Similarly, among Japanese ELLs, Yamashita (2013)
also allowed readers to read in their own pace and recorded
readers’ reading rates, and she found that word recognition was
only significantly related to reading rate but not with reading
comprehension.

Our results that varying time affects the relationship between
word recognition efficiency and reading comprehension may also
offer some explanations as to why some intervention studies on
word recognition training failed to show any effect of increased
word recognition on reading comprehension (e.g., Fukkink et al.,
2005; Akamatsu, 2008). Even though the participants in the
Fukkink et al. (2005) improved word recognition efficiency after
intervention, their reading comprehension did not show any
improvement. As explained by the researchers that “t[T]here
was no time limit for completing the reading test” (Fukkink
et al., 2005, p. 64), and we speculate this could be the reason
for failure of showing the effect of increased word recognition
efficiency on text comprehension. In the future, researchers may
consider controlling reading time when testing comprehension
in order to more accurately reflect the effect of word recognition
training.

We found that even in the time constraint reading condition,
word recognition efficiency and working memory could only
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make small contributions to reading comprehension. As reading
is a highly complex cognitive activity and comprehension
depends substantially on other skills in addition to word
recognition and working memory, such as L1 reading ability,
metacognitive knowledge, and FL proficiency (e.g., grammatical
and vocabulary knowledge) (van Gelderen et al., 2003, 2004;
Koda, 2005; van Gelderen et al., 2007; Grabe, 2009; Grabe
and Stoller, 2011). Previous studies demonstrated that linguistic
proficiency and metacognitive knowledge make much more
substantial contribution than word recognition and sentence
processing speed to FL reading (e.g., van Gelderen et al., 2003,
2004, 2007). Thus, it was reasonable to expect weak predictive
power of word recognition and working memory.

In terms of the relationship between working memory and
FL reading comprehension, our research found that students
who have a larger working memory were more likely to
achieve better comprehension in FL reading. The significant
relationship in our research is in line with previous FL reading
studies, such as Harrington and Sawyer’s (1992), and Walter’s
(2004) studies, though the strength of the relationship in
our research is much weaker than theirs (Harrington and
Sawyer: r = 0.57; Walter: r = 0.79 for lower-intermediate
group; r = 0.46 for higher-intermediate group). One possible
reason for the difference could be the different instruments
used for measuring working memory. Both Harrington and
Sawyer’s and Walter's used the RST to measure working
memory, which largely depends on one’s reading ability, and
the working memory tends to be confounded with reading
comprehension ability (Seigneuric et al, 2000; Koda, 2005),
hence may be responsible for much stronger association.
Our research used the OST to measure working memory,
which reduced the involvement of reading ability to its
minimum. Therefore, the significant and small relationship
between working memory and FL reading comprehension in
our research represents the true relationship without being
confounded. In summary, study one extended the first prediction
in the Compensatory Encoding Model for L1 reading to FL
reading. Whether FL readers are able to deploy compensatory
use of reading strategies for word recognition inefficacy
and working memory limitations will be investigated in
study two.

STUDY TWO

Material and Methods

Participants

The participants in study two were 30 second year
undergraduates (14 males and 16 females) recruited from
the same university as in study one. They were between 18 and
23 years old with an average of 20.57 years (SD = 1.10). Similarly,
the average year of English learning for them was 7.5 years.

Materials

The materials used in study two were: the word recognition test,
the working memory test, a reading passage for think-aloud, and
the comprehension test. As the word recognition test and the

working memory test were exactly the same as in study one,
please see study one for the details.

The reading passage for think-aloud

We used the text - Ideas about Beauty - to collect think-aloud
data. This text was T3 used in the non-time constraint reading
condition in study one. The reason for using a text from the
non-time constraint reading condition was that the think-aloud
method gave the readers ample time to process a text, simulating
a non-time constraint reading condition.

Before think-aloud, the participants received detailed training
in Chinese on how to verbalize their thoughts while reading
and practiced think-aloud with a short expository text until
they felt confident enough to carry out the think-aloud. To
reduce demands on participants’ verbal ability, they were free to
articulate in either Chinese or English, or a combination of both
(see Appendix 4 for the instructions). The think-aloud sessions
were audio-recorded using a Lenovo audio-recorder.

The reading comprehension test and scoring

For the reading comprehension test, we used exactly the same 10
multiple choice questions (5 literal comprehension questions and
5 inferential comprehension questions) for Ideas about Beauty as
in the study one. A correct answer for one question received one
point (see study one for the detailed description and Appendix 3
for the text and the comprehension questions).

Data Collection Procedure

Data collection for study two took place in the students’ free
time in a quiet office. Each student first completed a think-aloud
session followed by the reading test. They then completed the
word recognition and working memory tests using a Dell laptop.
The duration for data collection of study two ranged between 42
and 76 min.

Data Analysis

The data analysis in study two began with coding the think-
aloud data. We first established a coding scheme on the basis of
the two sources: Walczyk (2000) and Stevenson et al. (2007), in
combination with the strategies from the data (see Appendix 5
for the coding scheme and examples). Reading strategies were
categorized into: (1) language-oriented strategy, (2) content-
oriented strategy, (3) re-reading above word-level, (4) pausing
above word-level, and (5) meta-comment. Language-oriented
strategies are directed toward “understanding the linguistic code
of the text’; whereas content-oriented strategies are related to
“building a mental model of the global conceptual content of
the text” (Stevenson et al., 2007, p. 121). Re-reading above word-
level refers to reprocessing part of the text which is more than a
word. Pausing above word-level is defined as an interruption of
decoding for 3 s or more of silence (Walczyk et al., 2004). Meta-
comment is referred to as a reader’s evaluation and reflection on
his/her reading processes.

Language-oriented strategies comprised of translating,
paraphrasing,  grammatical  problem-solving,  discourse
problem-solving, word processing problem-solving, and lexical
inferencing. Translating occurs when part of the text is translated
from English to Chinese. Paraphrasing is a strategy used to

Frontiers in Psychology | www.frontiersin.org

May 2017 | Volume 8 | Article 681 | 58


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Han

Compensation in FL Reading

rephrase meaning of one or parts of a sentence by replacing
some words using synonyms, or reorganizing sentence structures
either in English or Chinese. Grammatical problem-solving
is used to disambiguate grammatical issues, while discourse
problem-solving is defined as solving referential and/or cohesive
devices problems. Word processing problem-solving involves
possible strategies for solving inefficient word recognition,
namely pausing and sounding out at word-level or below. Lexical
inferencing strategies are used to make an informed guess of
the meaning of an unknown word (Oxford and Scarcella, 1994;
Kuhn and Stahl, 1998; Fraser, 1999; Paribakht and Wesche, 1999;
Nassaji, 2003b; Bengeleil and Paribakht, 2004).

Content-oriented strategies consisted of summarizing,
interpreting, predicting, as well as questioning. Summarizing
refers to recapping the gist of more than one sentence.
Interpreting means integrating textual information with one’s
background knowledge to arrive at inferences of contents and
purposes of part or all of a text. Predicting is defined as foreseeing
the contents ahead, and questioning means raising questions
concerning concepts conveyed in a text.

We used episodes as the unit of coding to code the frequency
of reading strategy use with the assistance of the NVivo 9.2,
which allowed audio files to be coded directly and the coded
data were transformed into Excel for subsequent analysis. An
episode was defined as a period when a reader “is unbrokenly
occupied with the same component process” (Stevenson, 2005,
p- 150). An episode ends at either the start of a different reading
strategy or at a long pause of 10 s or more (Stevenson et al.,
2007). The inter-coder reliability was calculated on randomly
selected 6 think-aloud data, accounting for 20% of the total data.
The Cohen’s kappa was 0.79 for language-oriented strategies,
0.86 for content-oriented strategies, 0.88 for re-reading above
word-level, 0.77 for pausing above word-level, and 0.79 for
meta-comment. The frequency of reading strategy use was
then correlated with word recognition, working memory, and
reading comprehension to answer the research question of
study two.

Results

Altogether we identified a total of 2,339 strategies with an
addition of seven unintelligible verbalizations, which were
excluded from the analyses. The descriptive statistics of the five
main types of strategy are displayed in Table 5, which shows
that on average, our participants used 78 strategies to complete
the reading task but the actual number of strategies used by the
participants varied considerably as shown by a large SD of 30.10.

TABLE 5 | Frequency of the five types of reading strategy.

Types of reading strategy Minimum  Maximum M SD

Language-oriented strategy 3 52 25.20 10.98
Content-oriented strategy 2 27 12.03 6.52
Re-reading above word-level 2 30 12.90 6.79
Pausing above word-level 0 15 3.37 3.94
Meta-comment 0 18 5.37 5.52

TABLE 6 | Correlation analyses between reading strategy use, word
recognition, working memory, and reading comprehension.

Reading strategy use Word Working Comprehension
recognition memory

Language-oriented strategy 0.71** —0.50%* 0.77**

Content-oriented strategy 0.33 —0.33 0.20

Re-reading above word-level 0.40** —0.57** 0.54**

Pausing above word-level 0.53** -0.35 0.43**

Meta-comment 0.33 —-0.24 0.33

**p < 0.01 (two-tailed).

A one-way repeated ANOVA and Bonferroni post hoc analysis
were employed to examine if there were significant differences
of strategy use. The ANOVA showed that the participants
differed significantly in terms of frequency of strategy use,
F(4,29) = 66.21, p < 0.01, n%, = 70. Bonferroni pair-wise
comparison indicated that among the five main categories of
reading strategy, the participants employed language-oriented
strategies most frequently (M = 25.20, SD = 10.98). They used
content-oriented strategies (M = 12.03, SD = 10.98) and re-
reading above word-level (M = 12.90, SD = 6.79) less than
half as frequently as language-oriented strategies. But there was
no significant difference between content-oriented strategies and
re-reading above word-level. The least frequently used reading
strategies were pausing above word-level (M = 3.37, SD = 3.94)
and meta-comment (M = 5.37, SD = 5.52), which did not differ
from each other.

Table 6 presents the results of correlation analyses between
word recognition, working memory, frequency of five types
of reading strategy use, and reading comprehension. The
relationship between word recognition and different kinds
of reading strategies indicated that word recognition was
significantly and positively correlated with language-oriented
strategy use (r = 0.71, p < 0.01), re-reading above word-level
(r = 0.40, p = 0.03), and pausing above word-level (r = 0.53,
p < 0.01); whereas the association between word recognition and
content-oriented strategy use (r = 0.33, p = 0.08) and meta-
comment (r = 0.33, p = 0.24) were non-significant. This means
that the students who had longer time to recognize English words
(i.e., slower in word recognition) were associated with using
more language-oriented strategy, re-reading above word-level,
and pausing above word-level.

Resembling the results between word recognition and types
of reading strategy use, we found that working memory
did not significantly relate to content-oriented strategy use
(r = —0.33, p = 0.07) and meta-comment (r = —0.24,
p = 0.21), but it had significant and moderate association
with language-oriented strategy use (r = —0.50, p < 0.01)
and re-reading above word-level (r = —0.57, p < 0.01),
suggesting that readers with a smaller working memory
tended to use language-oriented strategy and paused more
frequently. The correlation between working memory and
pausing above word-level was also not significant (r = —0.35,
p=0.06).

Furthermore, we found that reading comprehension was
significantly and positively correlated with language-oriented
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strategy use (r = 0.77, p < 0.01), re-reading above word-
level (r = 0.54, p < 0.01), and pausing above word-level
(r = 043, p = 0.02). However, neither the association
between reading comprehension and content-oriented strategy
use (r = 0.20, p = 0.30) nor the association between reading
comprehension and meta-comment (r = 0.33, p = 0.08) was
significant.

Discussion

The interrelationship between word recognition, working
memory, strategy use, and reading comprehension demonstrated
that when FL readers had sufficient time to process a reading
task at hand, the more frequently they adopted language-
oriented strategy, re-reading above word-level, and pausing
above word-level, the better comprehension they achieved,
and the reading comprehension was not affected by the
performance of word recognition and working memory capacity.
On the other hand, the content-oriented strategy use and
meta-comment did not function as compensation for word
recognition inefficiency and limited working memory. As
described in the Compensatory Encoding Model, the kinds of
strategies which are compensatory are those ones which mostly
focus on solving language problems, re-reading, and pausing
(Walczyk, 2000), just as what we found in our study, rather
than strategies which focus on helping with understanding
the global comprehension (content-oriented) and focus on the
evaluation of their reading processes and behaviors (meta-
comment).

Study two shows that the participants had a wide repertoire
of reading strategies to draw on during FL reading, though
the frequency of different types of reading strategies varied.
Among five main categories of strategies classified, three of them,
namely language-oriented strategy, re-reading above word-level,
and pausing above word-level, were similar to the strategies with
compensatory nature described in the Compensatory Encoding
Model (Walczyk, 2000).

Regarding the relationship between word recognition,
working memory, and use of reading strategies, our results
of study two lent support to the second prediction of the
Compensatory Encoding Model that when readers read
without time restriction, word recognition efliciency and
working memory tend to adversely relate to frequency of
reading strategy use among Chinese college ELLs. This
means that FL readers also displayed similar manner of using
strategies to L1 readers to compensate for inefficiency in
word recognition and limited working memory capacity so
that their comprehension was not affected when they read in
non-time constraint reading. However, we found that word
recognition and working memory did not relate to all kinds
of reading strategies, and content-oriented strategies and
meta-comments seemed not to be compensatory. This finding
was in fact in line with the Compensatory Encoding Model,
in which the compensatory mechanisms are predominantly
used to solve language problems rather than to direct toward
understanding global conceptual comprehension (Walczyk
and Taylor, 1996; Walczyk, 2000; Walczyk et al, 2001,
2007).

A possible reason why re-reading and pausing appeared
to be effective compensatory strategies in FL reading
comprehension could be explained by Kintsch’s (1998)
construction-integration ~ perspective =~ of  comprehension.
When readers word recognition is not efficient enough,
the initial derivation of propositional meanings from these
processes tends to take up many working memory resources
to construct a text-base of comprehension (the construction
phase). By the end of the construction phase, readers’ working
memory may be exhausted, and this in turn leaves them
with insufficient working memory resources to construct a
situation-base of comprehension (the integration phase). In
order for readers to have enough working memory in the
integration phase, they may need to pause and re-read often
in order to enable integration to take place. The reason that
language-oriented strategies rather than content-oriented
strategies were compensatory in FL text comprehension could
be that the global conceptual understanding in reading largely
depends on a reasonable understanding of the local meaning
construction of the text (Kintsch, 1994, 1998). Thus, without
achieving a good comprehension of phrases and sentences
at the local level, it would be hard for FL learners to apply
strategies toward building a coherent representation of the
text.

The results of study two corroborated with studies in L1
reading with both children and adults (e.g., Walczyk and
Taylor, 1996; Walczyk et al., 2001, 2004, 2007). The findings
were also consisted with those in Stevenson’s (2005) study.
Stevenson also reported that among Dutch middle school
ELLs, speed of recognizing English words was significantly
related to language-oriented strategies but not to content-
oriented strategies, and levels of reading comprehension. The
similar results between the two studies suggest that language
distance between L1 and FL in terms of orthography does not
affect readers’ successful use of reading strategies — a higher-
order process in reading - to compensate for in efficient
word recognition - a lower order process in reading. This
appears to support Taylor and Taylor’s (1995) assertion that
processing strategies at the word level tend to be affected by
differing orthographies across languages, but reading strategies
at the higher-order comprehension processes tend to remain
similar.

Conclusion

To sum up, our research provided empirical evidence for the
support of the Compensatory Encoding Model among Chinese
ELLs. Despite that Chinese ELLs’ English word recognition skills
tend to be adversely affected by their holistic approach used
in Chinese word recognition (Muljani et al., 1998; Akamatsu,
2003, 2005; Wang and Koda, 2005; Hamada and Koda, 2008,
2010), their compensatory reading strategy use (i.e., higher
order skills) resembles that of native English speakers (e.g.,
Walczyk and Taylor, 1996; Walczyk et al., 2001, 2004) and ELLs
whose L1 is also an alphabetic language (Stevenson, 2005). Our
research indicates that rather than supporting the popular beliefs
that word recognition efficiency is important in FL reading
comprehension (Koda, 1996; Segalowitz, 2000), we found that
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higher-order metacognitive strategy use is more important and
predictive in FL reading comprehension, especially when readers
are given ample time to process a reading task. As we found that
language-oriented strategies are useful compensatory strategies,
FL reading educators may wish to design training programs to
teach students to use these strategies in order to facilitate text
comprehension. The findings that contributions made by word
recognition and working memory to FL reading comprehension
are affected by reading varying time imply that time-restricted
FL reading comprehension assessments may limit students’
opportunities to apply some strategies to compensate for
word processing inefficiency and cognitive resource limitation.
Therefore, FL reading assessments may need to include multiple
ways to measure FL readers’ reading comprehension ability.
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Studies have suggested that reading speed (RS) or fluency should be a component of
reading comprehension (RC) models. There is also evidence of a relationship between
RS and RC. However, some questions remain to be explored, as the changes in
such a relationship may be a function of development. In addition, while there are
studies published with English speakers and learners, less evidence exists in more
transparent orthographies, such as Portuguese. This study investigated the relationship
between RC and RS in typical readers. Objectives included elucidating the following:
(1) the contribution of RS to RC controlling for intelligence, word recognition, and
listening and (2) the differential relationships and contributions of RS to comprehension in
different school grades. The sample of participants comprised 212 students (M = 8.76;
SD = 1.06) from 2nd to 4th grade. We assessed intelligence, word recognition, word RS,
listening, and RC. Performance in all tests increased as a function of grade. There were
significant connections between RC and all other measures. Nonetheless, the regression
analysis revealed that word RS has a unique contribution to RC after controlling
for intelligence, word recognition, and listening, with a very modest but significant
improvement in the explanatory power of the model. We found a significant relationship
between RS and RC only for 4th grade and such relationship becomes marginal after
controlling for word recognition. The findings suggest that RS could contribute to RC
in Portuguese beyond the variance shared with listening and, mainly, word recognition,
but such a contribution was very small. The data also reveal a differential relationship
between RS and RC in different school grades; specifically, only for the 4th grade does
RS begins to relate to RC. The findings add a developmental perspective to the study
of reading models.

Keywords: reading competence, fluency, learning, cognitive assessment, cognitive models

INTRODUCTION

The National Reading Panel highlights three important areas for reading, learning and competence:
alphabetics, which is related to word recognition skills; fluency, the ability to read with speed,
accuracy, and proper expression (prosody); and comprehension, here understood as reading
comprehension (RC) or reading competence, a complex process that integrates other abilities such
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vocabulary comprehension and strategies for understanding. In
this statement by the National Reading Panel, it is clear that
the notion of independent yet correlated components exists and
recognizes that fluency is related to word recognition skills, but its
position is clear about the independence of such processes — that
is, word recognition does not necessarily lead to fluency (National
Reading Panel (US) and National Institute of Child Health and
Human Development (US), 2000). A relatively recent review on
the theme-compiled studies in the area has corroborated the view
of fluency as a concept that integrates accuracy, automaticity, and
prosody in oral reading (Kuhn et al., 2010).

This componential view of reading is also represented in
cognitive models such as the Simple View of Reading (SVR), a
model proposed by Gough and Tunmer (1986) that suggests that
reading competence (R) can be explained by two components,
decoding (D) and listening comprehension (LC), which is
expressed by the formula R =D x LC. A modified and elaborated
version is the component model of reading (CMR; Aaron et al.,
2008). CMR postulates that three domains can impact reading
learning and competence: (1) the cognitive domain, comprising
word recognition and comprehension (similar to SVR, but
note that the “word recognition” component expands the idea
of decoding); (2) the psychological domain, which includes
motivation, interest, learning styles and other psychological
phenomena; and (3) the ecological domain, including variables
such as culture, home and classroom environments.

Considering the cognitive components (SVR or cognitive
domain of CMR), evidence already suggests that decoding and
LC can explain RC in different orthographies. For example, with
students from 2nd, 3rd, and 4th grades, approximately 60% of
the variance in RC was explained by decoding and listening for
Spanish speakers, while approximately 50% of the variance in
RC was explained for English speakers. Spanish is considered as
having a transparent orthography due to the close relationship
between phonemes and graphemes. On the other hand, English
has an opaque orthography, in which there is a lack of one-
to-one correspondence between sound and the letter. Another
interesting finding shows that the contribution of components
to RC in Spanish 3rd graders and English 4th graders was
very similar. Authors interpreted this result as Spanish-speaking
children mastering decoding skills earlier than English-speaking
children, who use a more opaque orthography. The same study
investigated the model in Chinese orthography, which has
morphosyllabic orthography (in which a character represents a
word). Some similar patterns were found, with component skills
accounting for 31% of the variance in Chinese RC at 2nd grade
and 42% at 4th grade. Despite this, the explanatory power of the
model for Chinese was smaller than in English and in Spanish
(Joshi et al., 2012).

Expanding this view and considering the suggestion of an
additional component to the SVR model by Joshi and Aaron
(2000), speed has also been studied as a new and independent skill
that contributes to reading competence. Indeed, in the original
work of Joshi and Aaron (2000) with 3rd graders, D and LC
accounted for 48% of variance in RC, and the addition of the
speed component, which was assessed in a letter-naming task,
added 10% to the explanatory power of the model, suggesting

some unique contribution of the speed component. More
recently, Aaron et al. (2008) supported word recognition and
linguistic comprehension as the main components of cognitive
domains of reading (explaining 37 to 41% of RC from 2nd
to 5th grade), while speed (that authors referred as processing
speed, assessed by a letter-naming task) shows some inconsistent
contributions that can vary from 11% in 2nd grade to 2.5% in
5th grade. Such findings suggest that there is a decreasing trend
in the effect of speed on RC with development. Another study
with 4th and 5th graders also found some significant and unique
contribution from speed to RC, as assessed in a picture-naming
task, but such a contribution was small, varying from 2% for 4th
grade and 1.4% for 5th grade. Authors argue that such a low
contribution is due to the speed that has already had an effect
upon decoding (Johnston and Kirby, 2006).

Other studies had investigated the same question — that is, the
cognitive components or contributors of competent reading —
but used a different measurement than speed, which was reading
fluency itself. According to Kuhn et al. (2010), reading fluency
combines accuracy, automaticity, and prosody. In fact, studies
have investigated one or more of these aspects of fluency in
different units of reading, such as words or texts, with some
contradictory results.

With a sample of 5th grade students from 11 to 12 years
of age, Turkyilmaz et al. (2014) found that, despite all fluency
measures that were significantly related with RC, oral reading
fluency had the strongest contribution to prediction of RC when
compared to silent reading fluency and retell fluency. Similarly,
Klauda and Guthrie (2008) investigated the relationships between
three measures of fluency (at the word, syntactic — phrase and
sentence units of text, and passage levels) and RC in 5th grade
students. The authors found that three types of fluency were
individually related to performance on a RC test. In addition,
some evidence suggested that RC and reading fluency at the
syntactic level appeared to have a bidirectional relationship.
The authors suggest that fluency and comprehension becomes
more similar over time up to the age of approximately 10 or
12 years. In this sense, they argue that it may be useful to examine
the existence of different relationships between fluency (and
different fluency skills) and comprehension across different grade
levels. Furthermore, a national (Brazilian) study that evaluates
prosody found no significant relationship with student RC from
3rd to 5th grades and only marginal non-significant trends in
this relationship for 3rd and 4th grade students (Martins and
Capellini, 2014).

Despite the relevance of fluency for reading competence
(National Reading Panel (US) and National Institute of Child
Health and Human Development (US), 2000; Hudson et al.,
2005), studies in the area show that there is less agreement as to
how to assess such skills, as some studies assessed naming speed
(Joshi and Aaron, 2000; Johnston and Kirby, 2006; Aaron et al.,
2008), some assessed word or different units of text reading rates
(Klauda and Guthrie, 2008; Turkyilmaz et al., 2014), and others
assess prosody (Martins and Capellini, 2014). This fact can lead to
difficulty in making comparisons between the findings in the area
because there is no clarity regarding the independence or overlap
between these several measurements. Additionally, aspects of
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reading fluency had been poorly studied in Brazil (Puliezi and
Maluf, 2014). In this context, we evaluated accuracy and speed
at the word level [that is, the reading of isolated words and word
reading speed (RS), respectively], listening and RC at the sentence
level. We choose these particular levels of analyses because the
use of more complex levels could imply more demands on the
tasks, such as working memory on comprehension of longer
text, and also because we intend to investigate the relationship
between such skills in children in the first years of elementary
school, in which competence at the text level could not be
consolidated.

Previous findings in Brazil elucidated the development of
listening and RC of sentences, as well as word reading strategies.
Dias et al. (2015) found that both listening and RC developed in
Ist to 3rd grade, with no difference between 3rd and 4th grades in
the tests. Regarding word reading strategies, the study suggested
further development of alphabetical (decoding or phonological
route) and logographic (contextual word recognition) strategies
in early literacy (mainly in Ist and 2nd grades), and further
development of orthographic processing in more advanced
grades (3rd and mainly 4th grades). In this sense, one wonders
if, with the proficiency in word recognition and development
of orthographic reading, RS grows. Therefore, it can be
expected that faster reading with educational progression is
associated with the automation of alphabetic reading and use
of orthographic reading and, consequently, with better RC.
In this case, while in the early years of elementary school,
word recognition would be the most important skill for RC,
and with educational progression, fluency would become more
relevant.

Therefore, more studies are needed and some questions
remained to be further explored. For example, while there
are studies that examined English middle-school student
speakers/learners, less evidence exists in other orthographies,
such as Portuguese, and studies of earlier grades. In this context,
this study investigated the relationship between sentence RC
and word RS in typical readers during elementary school.
Specifically, we wished to elucidate (1) the contribution of RS
to RC after controlling for intelligence, word recognition, and
listening and (2) the differential relationships and contributions
of RS to comprehension in different school grade levels.
Our hypotheses are (1) word RS will present a modest
but significant contribution to the explanatory model of RC,
showing some unique contributions not accounted for by
intelligence, word recognition, and listening and (2) more
consistent relationships and contributions will be established
between RS and comprehension in the earlier grades in our
sample.

MATERIALS AND METHODS

Participants

The participants comprised 223 students from 2nd to 4th grade
in Sdo Paulo, Brazil. From this initial sample, 11 participants
were excluded (10 with histories of academic failure and 1 with
an indicator of intellectual disability as assessed by the Raven

test). The final sample comprised 212 students with 51.4% female
(Mean age = 8.76 years; SD = 1.06), and included 85 students
from the 2nd grade (Mean age = 7.92; SD = 0.727); 52 students
from the 3rd grade (Mean age = 8.65; SD = 0.623), and 75
students from the 4th grade (Mean age = 9.80; SD = 0.658). In
the final sample, there were no students with motor or sensorial
disabilities that would impair their performance in the tests.

Instruments

Words and Non-words Reading Competence Test -
WNw-RCT

The WNw-RCT (Seabra and Capovilla, 2010) assesses
competence in reading isolated words and is comprised of
70 test items, each of which features a picture paired with a
written word. There are seven different types of items: correct
regular words [CR, e.g., the word ‘FADA’ (fairy in English) with
the image of a fairy], correct irregular words [CI, e.g., the word
‘BRUXA’ (witch) with the image of a witch]; semantic changes
[SC, e.g., the word ‘RADIQ’ (radio in English) with the image of
a phone]; visual changes [VC, e.g., the word ‘“TEIEUISAQ’ (the
correct spelling is TELEVISAQ) with the image of a television];
phonological changes [PC, e.g., the word ‘MACHICO’ (the
correct spelling is MAGICO) with the image of a wizard]; weird
non-words [WN, e.g., the word ‘MELOCE’ (a word that does
not exist in Portuguese)], and homophone non-words [HN, e.g.,
the word “TACST (the correct spelling is TAXI) with the image
of a taxi]. The children need to choose the corrected word and
reject any semantic errors or non-words. Despite allowing for
the differential assessment of reading strategies (logographic,
alphabetic, and orthographic), we used the total score in this
study, an index of word-recognition skills.

Contrastive Test of Listening and Reading
Comprehension - CTLRC

The CTLRC (Capovilla and Seabra, 2013) assesses listening and
RC skills. The instrument consists of two subtests: RC and LC,
each with 40 test items arranged in order of increasing difficulty.
For each item, the child must choose between five alternative
figures, the one that corresponds to the sentence heard in the case
of the LC subtest or read in the case of the RC.

Reading Speed Test - RST

Reading Speed Test (Montiel, 2008) was used to assess RS. The
test requires the subject to read isolated words presented in
the middle of the computer screen as quickly as possible. Test
scores show the successes and mistakes and the time required for
reading (speed measure). The RST consists of 60 items divided
into four parts (P1 to P4): 15 irregular words (P1), 15 pseudo-
words (P2), 15 words related to content (i.e., nouns _ P3) and 15
words related to function (such as conjunctions, adjectives, and
adverbs _ P4). In this study, we used only parts 1 and 2 (thus,
30 items). All of the words containing three to four letters were
presented using the Times New Roman font, size 72 in black
ink, and for an indefinite time on the screen. Only the times for
items resulting in 100% reading accuracy were considered in the
analysis.
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Raven’s Colored Standard Progressive

Matrices - RCSPM

The RCSPM assess general intellectual ability (Angelini et al.,
1999), specifically, the reasoning related to the formation of new
creative insights and high-level functions.

Procedure

Our study was approved by the Research Ethics Committee.
Agreement Terms were sent to the students’ parents, asking
for their consent to carry out the research. The WNw-RCT
and CTLRC were collectively applied in the classroom in three
sessions, one for the WNw-RCT and one for each CTLRC subtest
(Reading and LC), allowing for a 1-week interval between tests.
Raven’s Test and the RST were individually applied in two
sessions of 30 min, one for each instrument. The assessment
sessions lasted approximately 30 min each. The assessment
occurred in the middle of the school year.

Statistical Analysis

We performed descriptive and inferential (the ANOVA of
the grade effect) statistics for each reading measurement. For
groups with significant differences between the performances of
the instruments, effect size (ES) analyses were conducted. To
investigate the correlations between RC and other measures,
we performed a Pearson correlation analysis (with the total
sample). A hierarchical linear regression analysis was performed
to investigate whether RS has some unique contribution (Model
3) to RC after controlling for intelligence (Model 1), word
recognition, and listening (Model 2). To investigate differential
correlations between RS and RC as a function of grade level,
we performed a Pearson correlation and a partial correlation
(controlling for word recognition) analysis independently for
each grade level.

RESULTS

Table 1 presents descriptive statistics for each measure as a
function of grade and for the total sample. Significant effects
were found for all measures with increases in scores and speed
(and a decrease in response time) as a function of grade.
ES analyses found some important effects. For reading speed
(RST), ES was moderate between the 2nd, 3rd (d = 0.62) and
4th grade (d = 0.62). For recognition of words and pseudo
words (WNw-RCT), large ESs were found between 2nd and 3rd
grade (d = 1.15) and between 2nd and 4th grade (p = 1.44).
For reading comprehension (RC-CTLRC), large ESs were also
verified between 2nd and 3rd grade (d = 0.97) and 2nd and
4th grade (p = 1.12). For listening (CTLRC-LC), large ESs were
observed between 2nd and 3rd grade (d = 0.86) and between 2nd
and 4th (d = 0.82).

Table 2 presents the correlations between the measurements.
RC had a positive significant relationship of a high magnitude
with listening; of moderate magnitude with word recognition and
a negative significant relationship of low magnitude with RS.

Based on the relationships found, we performed a hierarchical
regression analysis with RC as a criterion variable. Three models

were generated, all with satisfactory fit (p < 0.001). Table 3 shows
the models and coeflicients for each predictive measure.

Model 1 includes only the intelligence measurement and
explains 16% of the variance in RC. Model 2 includes the
measurements of listening and word recognition, and the
predictive power of the model increased to 52.6%. It is worth
noting that with the inclusion of such variables, the contribution
of intelligence is no longer significant. Model 3 adds the speed
measurement. Although modest, the inclusion of this variable
increased the explanatory power of the model in a significant
way, and the contribution of RS for RC was significant, despite
the control of previous variables, which suggests some unique
contribution.

In addition, we explore the relationships between speed
reading measurements and RC throughout the grades. As Table 4
shows, there was a significant, negative, and low relationship
between RC and speed only for the 4th grade, showing that
children who needed more time in word reading (slower
readers) tended to have lower RC. Based on such relationships,
we performed a partial correlation analysis between RS and
RC, controlling for word recognition. For the 4th grade, the
relationship previously found became marginal. Table 5 shows
these results.

DISCUSSION

The first objective of this study was to investigate the contribution
of RS for RC after controlling for intelligence, word recognition,
and listening. First, we conducted an ANOVA to verify the
development of reading ability during the initial elementary
school grades. Results revealed that listening and RC, word
recognition, and RS developed during the 2nd, 3rd, and 4th
grades, and no significant differences were found between the
more advanced grades. These results suggest that, from the 2nd
to 3rd grades, there is an important development of reading
skills in Brazilian students, and there may be a consolidation
in the progression from 3rd to 4th grade. Such differences in
performance along grade levels were expected (e.g., Dias et al,,
2015) and encouraged conducting some analyses separately for
each grade level, as will be discussed later.

The correlation analysis between RC and listening, word
recognition, and RS revealed significant relationships in all
cases. Considering only reading abilities, as expected, listening
and word recognition presented the strongest relationships
with RC, while RS was only connected to low magnitude
with comprehension. Expanding the results of this analysis,
the findings from the regression analysis revealed that even
with intelligence controlled, listening and word recognition can
explain 52.6% of the variance in RC. This evidence corroborates
the value of the components of the SVR (or the cognitive
domain of CMR). Indeed, our data virtually replicate the previous
findings of Joshi and Aaron (2000), who found that listening and
word recognition accounted for 48% of variance in RC in 3rd
graders, and Aaron et al. (2008), who found that these abilities
explain approximately 40% of RC in students from 2nd to 5th
grade.
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TABLE 1 | Descriptive and inferential statistics of grade effect on listening and reading measurements.

N Mean SD F(2,211) p Post-hoc analyses
Word recognition 2 85 56.82 5.504 50.780 <0.001 2<3,4
3 52 62.40 3.560
4 75 64.49 5.134
Total 212 60.91 6.017
Reading comprehension 2 85 2713 11.025 37.153 <0.001 2<34
3 52 35.83 3.730
4 75 36.60 3.915
Total 212 32.61 8.800
Listening comprehension 2 85 35.05 4.290 21.826 <0.001 2<34
3 52 38.10 1.660
4 75 38.00 2.594
Total 212 36.84 3.538
Reading speed 2 85 0.7824 0.28911 12.579 <0.001 2>3,4
3 52 0.6324 0.13680
4 75 0.6448 0.09567
Total 212 0.6969 0.21434

Word recognition: score in WNw-RCT — Words and Non-words Reading Competence Test; Reading comprehension: score in CTLRC-RC — Reading Comprehension
subtest of the Contrastive Test of Listening and Reading Comprehension; Listening comprehension: score in CTLRC-LC — Listening Comprehension subtest of the
Contrastive Test of Listening and Reading Comprehension; Reading speed: one word reading (locution) time (in seconds) in RST — Reading Speed Test.

TABLE 2 | Correlation matrix between speed, word recognition, listening
and reading comprehension (total sample).

Reading comprehension

Reading speed —0.29
p 0.000

Word recognition r 0.58
p 0.000

Listening comprehension r 0.66
p 0.000

In addition, Joshi et al. (2012), examining students from
2nd, 3rd, and 4th grades, found that listening and word
recognition could explain 60% of the variance in RC for Spanish
speakers, while approximately 50% of the variance in RC was
explained for English speakers. In our sample, with Portuguese
(Brazilian Portuguese) speakers, we found that 52.6% of variance
in comprehension can be explained by the component skills.
While Spanish has a transparent orthography, English is an
opaque orthography. Portuguese has irregularities and rules but
in general has a more transparent orthography than English.
Despite this, our findings were more similar to results found in
English rather than Spanish speakers.

The inclusion of RS in the regression increased the explanatory
power of our model to 54.4% (an increase of 1.8%). Although
low, the unique contribution of RS to comprehension was
significant. Results in this area are debatable. For example,
one study found that speed (assessed in a naming speed task)
added 10% to the explanatory power of the RC model (Joshi
and Aaron, 2000), while other evidence revealed contributions
that can vary from 11% in 2nd grade to 2.5% in 5th grade
(Aaron et al., 2008) and from 2% for 4th grade and 1.4% for
5th grade (Johnston and Kirby, 2006). Despite having different
measures of speed, as used with word RS, our results are very

similar to Johnston and Kirby’s (2006), as we also found a low
contribution of naming speed (1.8%) for RC models. Studies
involving reading fluency (instead of naming speed) also support
the relationship between RC and measures of fluency (Klauda
and Guthrie, 2008). For instance, Turkyilmaz et al. (2014) found
that in 5th grade, fluency (including oral reading fluency, silent
reading fluency, and retell fluency) explained 57% of the total
variance in RC, but other predictors were not used in this
study.

In this sense, our first hypothesis (word RS will present a
modest but significant contribution to the explanatory model
of RC, showing some unique contribution not accounted for
by intelligence, word recognition or listening) proved correct;
despite this, we expected the greatest contribution of word RS in
our sample with students in the first years of elementary school.
It is possible that we were not able to find greater contributions
of speed for the model due the fact that speed may already have
an effect upon word recognition; or, alternatively, the impact of
RS on comprehension should not be relevant, for example, for
these younger students, in which the decoding skill is so incipient
that there is no variation among students. According to Yovanoff
et al. (2005), fluency is a more meaningful measurement when
the variation among student reading fluency is maximized. This
hypothesis can be elucidated by our second objective, which is to
investigate the differential relationships and contributions of RS
to comprehension in different school grade levels.

We found a significant relationship between RS and RC
only for the 4th grade. Furthermore, when controlling for word
recognition, such a relationship was only a marginal trend. No
significant relationships were found for 2nd and 3rd grades.
The data reveal that RS only begins to be related to reading
competence in 4th grade, with no correlation in early stages of
elementary school. In this sense, the results corroborated our
second hypothesis, which is that faster reading is expected with
academic progression.
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TABLE 3 | Models from the regression analysis of the prediction of reading comprehension.

Model Beta t p R? R? adjusted

1 (Constant) 16.712 0.000 0.167 0.163
Intellectual ability 0.408 6.482 0.000

2 (Constant) -7.910 0.000 0.533 0.526
Intellectual ability 0.090 1.661 0.098
Word recognition 0.339 6.300 0.000
Listening comprehension 0.458 7.887 0.000

3 (Constant) —5.776 0.000 0.552 0.544
Intellectual ability 0.100 1.882 0.061
Word recognition 0.305 5.643 0.000
Listening comprehension 0.446 7.823 0.000
Reading speed —-0.144 —2.989 0.0083

Intellectual ability: percentile in Raven’s Colored Standard Progressive Matrices.

TABLE 4 | Correlation matrix between reading comprehension and reading
speed in each grade level.

School grade 2 r -0.17
o 0.122

3 r 0.12
p 0.409

4 r —0.30
P 0.009

Significant relations highlighted in bold.

TABLE 5 | Partial correlation matrix between reading comprehension and
reading speed in each grade level, controlling for word recognition ability.

School grade 2 r —-0.14
p 0.198

3 r 0.10
p 0.492

4 r —-0.21
p 0.069

Controlling for Word recognition (score in WNw-RCT). Significant relations
highlighted in bold.

Regarding this finding, it is interesting to note that Aaron et al.
(2008) suggest a trend for the decrease in the effect of speed with
academic progression. Additionally, Klauda and Guthrie (2008)
hypothesize that word-level fluency could be more connected
with comprehension at the beginning of elementary school. Our
results indicated the opposite. Klauda and Guthrie (2008) indeed
claimed that fluency and comprehension should become more
similar (then, more correlated) over time up to the age of 10 or 12,
which is the mean age of our 4th grade students. Furthermore, we
can use developmental data to explain our results. For example,
previous research with Brazilian children suggests that word
recognition is better developed only at 4th grade, with more
use of orthographic strategy; that is, automaticity (and then
speed) may be more important for these students. On the other
hand, students from 3rd grade, but mainly 2nd grade, are very
dependent on decoding skills, which is a slower process, and at
this initial stage of learning, accuracy could be more important

than speed to comprehension (Dias et al., 2015). Therefore, the
significant relationship in this study between RS and RC only for
the 4th grade can be explained because, in these more advanced
grades, the importance of alphabetic reading automation and the
use of orthographic reading automation increase.

Additionally, according to our results, at least 45% of the
variance in RC remains unexplained. In this sense, more
studies are needed to clarify other demands of the reading
competence model. Our study had some limitations, including
the small number of participants, which makes the performance
of regression analyses separated by grade level inviable to.
Additionally, another limitation concerns the study design, of
cohorts of different grade levels, instead a longitudinal study.
This design prevents sure whether the observed differences in
the relevance of RS for RC are, in fact, due to the child’s
developmental stages. Longitudinal studies should be conducted
to ensure that the differences observed here are not due to specific
characteristics of the study sample. Another limitation concerns
the fluency test. We used a word speed test. However, fluency has
been defined as a combination between accuracy, automaticity,
and prosody (Kuhn et al., 2010); therefore, other tests, such as
text RS, can bring different results.

On the other hand, one strength of the current study concerns
the language/orthography feature. As most studies on SVR or
reading competence models and components are performed with
English speaking participants, we expand these data for a different
orthography in working with Portuguese speaking students. In
conclusion, some educational implications may be extrapolated
as the comprehension of cognitive models and theirs components
provide some framework when studying and diagnosing reading
difficulties, providing professionals with guidelines about what
skills to evaluate and how to plan interventions for children with
reading difficulties.

FINAL VIEWS

Findings suggest that RS can contribute to RC beyond the
variance shared with listening and word recognition, but such
contributions were low. The data also reveal a differential
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relationship and contribution of RS in different school grades.
Specifically, only in the 4th grade does RS begin to have
some association to reading competence. The findings add a
developmental perspective to the study of reading models and
expand the previous research on reading components and models
to a more transparent orthography, such as Portuguese.
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Reading Fluency As a Predictor of
School Outcomes across Grades 4-9

Lucia Bigozzi, Christian Tarchi*, Linda Vagnoli, Elena Valente and Giuliana Pinto

Department of Education and Psychology, University of Florence, Florence, Italy

This study analyzed the predictive relationship between reading fluency and school
outcomes across school levels (primary, secondary, and high school), after controlling
on the effect of reading comprehension. The sample included 489 children attending
ltalian primary (grades 4 and 5), secondary (grades 6 and 8), and high schools (grade
9). Students’ reading fluency and comprehension were examined with a standardized
reading achievement test. At the end of the school year, we requested the school reports
of each participant. According to our data, reading fluency predicted all school marks in all
literacy-based subjects, with reading rapidity being the most important predictor. School
level did not moderate the relationship between reading fluency and school outcomes,
confirming the importance of effortless and automatized reading even in higher school
levels. Overall this study emphasizes the importance of identifying evidence-based tasks
that can be administered in a short time and to many different individuals, which are easy
to create, and are linked to school outcomes.

Keywords: reading fluency, reading comprehension, school outcomes, school grades, predictors

INTRODUCTION

Teaching children to read fluently and comprehend a text is one of the main goals of early childhood
education, because of the primary aims of reading which are to achieve one’s goals, develop one’s
knowledge and potential, and participate in society (OECD, 2013). Reading is also a fundamental
skill for school achievement (Hulme and Snowling, 2011), as also shown by studies documenting
the persistence of reading disorders across the life span (Shaywitz et al., 1999). Reading fluency and
comprehension are strictly inter-related, and also correlated with important aspects of academic
life, such as school outcomes (Alvarez-Cafizo et al., 2015), or training success (Krumm et al.,
2008). After primary school, teachers tend to focus on reading comprehension, neglecting the
fostering of students’ reading fluency, the influence of which is believed to fade on school outcomes.
However, this assumption has recently been challenged, and the importance of reading fluency
in adolescence re-evaluated (Rasinski et al., 2009; Ricketts et al., 2014; Zoccolotti et al., 2014).
Moreover, recent literacy theories have documented how text use differs as a function of domains of
academic subjects (Moje Birr et al., 2010), and reading strategies might become less generalizable
as students move into increasingly specific disciplinary knowledge areas in higher school levels
(Shanahan and Shanahan, 2008). This study analyzed the independent contribution of reading
fluency to predict school outcomes in several subjects, after the effect of reading comprehension
having been controlled for at three school levels, primary, secondary and high school in Italian
students.
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The Contribution of Fluency to Reading
Reading fluency is defined as the ability to read rapidly,
accurately, and with the proper expression, and includes three
main components, reading rapidity, accuracy, and prosody
(Kuhn and Stahl, 2003; Alvarez-Caiiizo et al., 2015; Elhassan
et al,, 2015). Although all three components play an important
role for school achievement, the first two ones (i.e., rapidity
and accuracy) are most commonly assessed, in both educational
and clinical contexts. As an implication, the only standardized
measures available, at least in the Italian context, are reading
rapidity and accuracy tests. Hence, this study will focus on the
effect of reading fluency and accuracy on school achievement.

Reading fluency represents an extremely complex process,
as the reader has to integrate perceptual skills to automatically
translate letters into coherent sound representations, lexical
skills to unitize those sound components into recognizable
wholes, and processing skills to identify meaningful connections
within and between sentences, relate text information with
prior knowledge, and make inferences to fill in the gaps in the
text (Fuchs et al., 2001). These skills need to be coordinated
in a seemingly effortless manner: reading fluency reflects this
complex integration and can be used as a reliable measure of
reading expertise. Indeed, effortless and efficient reading fluency
frees up cognitive resources for the higher-level and demanding
comprehension processing of the text (Fuchs et al, 2001). In
this regard, the theoretical foundation is represented by seminal
article LaBerge and Samuel’s (1974). According to these authors,
we are able to perform two or more activities (e.g., fluency and
comprehension) if we alternatively direct our attention between
the activities, or if one of the activities is so mastered that it
is performed automatically. In non-fluent readers, attention is
drained by the decoding activity, and cognitive resources are not
available for the comprehending activity (Pikulski and Chard,
2005).

Certainly, reading, decoding and comprehension components
are correlated (Pinnell et al., 1995; Pikulski and Chard, 2005).
But decoding and comprehension can be separated, or at
least dissociated. For example, when diagnosing a learning
disorder with an impairment in reading, the DSM-V requires
us to specify whether word reading accuracy, reading rate or
fluency, spelling, or reading comprehension are compromised
(American Psychiatric Association, 2013). The possibility that a
compromised fluency might be dissociated from a compromised
comprehension represents evidence that the two skills are
lodged in distinct mechanisms. The relationship between reading
fluency and comprehension is complex, and it is difficult to
determine whether the former is a cause or a consequence of
the latter, although several studies suggest that reading fluency
influences the reading comprehension process (Fuchs et al., 2001;
Rasinski et al., 2005; Nese et al., 2013).

Reading Fluency and School Outcomes

Regarding these two skills, reading fluency has been neglected
by studies, especially in later school levels. However, reading
fluency is an important topic area of longstanding interest, and
it is currently receiving considerable attention (Tichd et al., 2009;
Ari, 2015; Elhassan et al, 2015). Reading fluency represents

a crucial point for teachers to help struggling students meet
school standards. Reading fluency becomes even more important
in school settings based on learning from textbooks and time-
limited assessment to determine students’ outcomes. Indeed,
many scholars consider reading fluency as a curriculum-based
measurement, that is a valid and reliable procedure to monitor
students’ progress on a frequent basis and make instructional
decisions (Tichd et al., 2009; Nese et al., 2013).

However, there is still disagreement on whether the magnitude
of the correlation between reading fluency and high-stakes
assessment scores declines across years (Reschly et al., 2009),
or, instead, whether reading fluency is a key for successful
school achievement even beyond elementary grades (Rasinski
et al., 2005, 2009). This debate is still far from being settled,
because the few studies conducted on this topic have led to
contrasting results, neglecting the differences existing between
languages (i.e., depth of orthography) and school system (i.e.,
school grades to measure students’ outcomes). Regarding the
first point, research on reading fluency growth is limited beyond
grade 5 (Nese et al., 2013), and even those that explored the
predictive power of reading fluency on school outcomes across
grades lead to contradictory results (see Reschly et al.’s meta-
analysis, 2009). Regarding the second point, learning to read
in deep orthographies, characterized by an irregular mapping
between letters and phonemes, is a much slower process than
what happens in shallow orthographies, characterized by a
regular mapping between letters and phonemes (Zoccolotti
et al., 2008). In languages with a shallow orthography, such
as Italian, reading accuracy is reached quite rapidly, making
this parameter a less important indicator of reading proficiency
and school outcomes than reading fluency (Bigozzi et al,
2016a,b). Thus, when assessing reading fluency, it is important
to clearly distinguish the contribution of accuracy from that
of rapidity. Regarding the second point, several studies have
assessed students’ school outcomes through standardized reading
achievement tests. However, more recently some scholars have
proposed school grades as a more ecological measure of school
outcome. School grades have been criticized for low objectivity,
reliability and validity (Krumm et al., 2008), but these issues have
been criticized and disconfirmed by several studies that reported
high correlations between school grades and other academic
criteria (achievement tests, training success, and the like; Krumm
et al., 2008; Rockoff and Speroni, 2010). A few authors even
claimed that school grades might be a better predictor of
graduation rates than standardized test scores, such as SAT scores
(Bowen et al., 2009). School marks represent relevant real-life
criteria to assess school outcomes (Krumm et al., 2008), and this
is particularly true in countries in which school marks assigned
by teachers represent the standard measure for students’ school
achievements and where students progress through school grades
only if they have achieved at least a satisfactory level in each
subject taught.

Finally, past research has demonstrated that comprehending
and learning from text are associated but not overlapping
processes (McNamara et al, 1996). Students might be able
to achieve immediate comprehension of a text, but might
not have learnt the concepts included in it. When students
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become metacognitively aware of the importance of reading
comprehension for school, they begin to put more effort into this
process. Non-fluent readers might invest most of their cognitive
resources in comprehending a text, and this task might drain
cognitive capacity from studying the text for school achievement.
In this sense, reading comprehension might have a positive effect
on school outcomes if reading fluency is effective, efficient and
effortless. To the best of our knowledge, prior studies have not
tested whether reading fluency mediates the relationship between
reading comprehension and school outcomes or not.

Aims of the Study

The aim of this study was to analyze the predictive relationship
between reading fluency and school outcomes across school
levels (primary, secondary, and high school). More specifically,
we expected that: (a) reading fluency contributes to predicting
school marks in all school subjects in which reading plays a main
role, after the effect of reading comprehension being controlled
for; (b) reading fluency mediates the relationship between
reading comprehension and school grades; (c) the contribution
of reading fluency to school outcomes is not moderated by school
level.

METHODS

Participants

The sample included 489 children attending Italian primary
(grades 4 and 5), secondary (grades 6 and 8), and high schools
(grade 9) in a mid-sized city in Central Italy (see Table 1). From
this sample we had previously excluded foreign children and
those who were covered by a certificate attesting the presence
of a Learning Disability. The parents of the participants gave
informed consent for the participation of their children in the
study. The measures were administered at a time agreed on with
the school and with due adherence to the requirements of privacy
and informed consent required by Italian law (Legislative Decree
DL-196/2003). Regarding the ethical standards for research,
the study referred to the last version of the Declaration of
Helsinki (World Medical Association, 2013). The present study
was approved by the Ethics Committee of the Department of
Psychology at the University of Florence, Italy.

In the Italian educational system, schools’ programs are
defined by the National Guidelines for the Curriculum, set by
the Ministry of Education and Research. Students enter primary
school at 6 years of age and stay for 5 years. Students enter
secondary school at 11 years of age and this lasts for 3 years.
At 14 years of age, students have to choose a specialization
and enter high school, which lasts for 5 years. Class sizes are
about 20 students in rural areas and small towns, and 30-35
students in large cities. The purpose of primary school is to
teach the fundamental knowledge and skills to develop basic
cultural competence. The subjects taught are: Italian, English,
History, Geography, Mathematics, Science, Technology, Music,
Art, and Physical Education. The timetable offers the following
options: 24 h a week; 27h a week; up to 30h a week, involving
up to 3h per week for extra-curricular activities); or 40h a
week, including the lunchtime meal. In secondary school, the

TABLE 1 | Sample description.

School Grade N Males Females
Primary 4 143 77 66

5 145 76 69
Secondary 6 70 34 36

8 71 36 35
High 9 60 15 45
Total 489 238 251

minimum teaching time is 30 h per week. The subjects taught are:
Italian (9h per week), in-depth studies in literary subjects (1h
per week), Mathematics and Science (6 h per week), Technology
(2h per week), English (3 h per week), second foreign language
(2h per week), Art (2h per week), Physical Education (2h per
week) and Music (2h per week). In high school the timetable is
27 h per week. The subjects taught depend on the specialization
of the school, but all schools include: Italian, English, History,
Geography, Mathematics, Science, Technology, Music, Art, and
Physical Education. Period assessments take place twice every
year, at the end of each 4-month term. The evaluations in each
subject are the responsibility of the teacher and are expressed in
numerical marks out of 10 (from 0 to 10)!.

Measures

Students’ reading fluency and comprehension were examined
with a standardized reading achievement test (MT Reading Test,
Cornoldi and Colpo, 1995, 2011; Cornoldi et al., 2010). These
tests are standardized instruments currently used in Italy for the
assessment of reading processes (fluency and/or comprehension).
Their reliability and validity has been well established in both, the
construction of the instrument, and in several studies conducted
by multiple investigators (e.g., Levorato et al., 2004; Faccioli
et al.,, 2008; Angelelli et al., 2010; Zoccolotti et al., 2014). For
a more accurate sample selection, we also considered the score
on the standardized reading achievement test, and excluded
students whose performance in reading accuracy, fluency, and/or
comprehension was lower than the 5th percentile, following the
indications of the DSM-5 (American Psychiatric Association,
2013).

Reading Fluency

Each participant was tested individually by a trained
experimenter. The participant was required to read the passage
according to his or her grade level. Instructions emphasized
accuracy and speed (“Read aloud as accurately and rapidly as
you can.”) while paying attention to the text content. The two
components of reading fluency, rapidity (number of syllables
read divided by time in seconds necessary to read them) and
accuracy (number of words misread) were calculated. The
following texts were assigned:

fourth grade, “Lindovina che indovino” (“The fortune-teller
who guessed,” 297 syllables);

Iwww.indire.it/lucabas/ lkmw_img/eurydice/quaderno_eurydice_30_per_web.pdf
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fifth grade, “Vecchi proverbi” (“Old sayings,” 448 syllables);
sixth grade, “Sogni a Hiroshima” (“Dreams in Hiroshima,” 592
syllables);

eighth grade, “Citta da salvare” (“Cities to save,” 576 syllables);
ninth grade, “26 Dicembre 2004” (“26th December 2004, 1123
syllables).

Reading Comprehension

The reading comprehension test was collectively administered
by a trained experimenter. The participant had to silently read
a text and answer multiple-choice questions, with the possibility
of accessing the text. Texts, number of questions (10 or 15)
varied with school levels. Raw scores were converted to z scores
according to standard reference data (Cornoldi and Colpo, 1995,
2011; Cornoldi et al., 2010). The following texts were assigned:

fourth grade, “Il leone e laleonessa” (“The lion and the lioness,”
10 questions, e.g., “What is the savannah?” 241 words);

fifth grade, “Il viaggio delle anguille” (“The eels” journey,” 10
questions, e.g., “Which ocean do eels cross?” 267 words);
sixth grade, “Il pescatore, la volpe e I'orso” (“The fisherman,
the fox, and the bear, 15 questions, e.g., “Which of these
sentences is more important for the development of the plot?”
503 words);

eighth grade, “Don Orione” (“Father Orione,” 15 questions,
e.g., “Which word would you choose to substitute the term
“herd”?” 193 words);

ninth grade, “Piaggia” (“Piaggia,” 15 questions, e.g., “Why was
the rifle considered to be a prodigious weapon?” 333 words).

School Marks

At the end of the school year, we requested the school reports
of each participant, and took note of their scores in each subject
(Italian, English as a foreign language, History, Geography,
Mathematics, Sciences, Technology, Music, Art, and Physical
Education). For most of the subjects we were able to collect
data for all participants. As regards Technology, this subject is
not taught in primary school, thus we collected data only for
secondary and high school students, for a total of 234.

Data Analysis

Each variable’s extreme outliers were identified and eliminated
by observing the relative box-plots. Through examination
of the skewness and kurtosis of each dependent variable’s
probability distribution we verified that all variables were
normally distributed, except for reading accuracy. Thus, reading
accuracy was normalized through a monotonic transformation.

The first hypothesis (independent contribution of reading
fluency on school marks) were explored through a hierarchical
multiple linear regression analysis, with reading comprehension
included in the first step, reading fluency in the second step, and
school marks as dependent variables.

The second hypothesis (mediational effect of reading fluency
on the association between reading comprehension and school
grades) was explored through a mediation analysis. The third
hypothesis (moderating role of school level on the association
between reading fluency and school marks) was explored
through a moderation analysis. Both mediation and moderation

analyses were conducted through PROCESS (release 2.15), an
SPSS Macro created by Hayes (2012). The direct, indirect and
moderation effects were derived from linear regression models.
As suggested by Preacher and Hayes (2008), we used the
bootstrapping strategy to test the mediation hypothesis, as it
is the most powerful method to obtain confidence limits for
specific indirect effects under most conditions. We used 5,000
bootstrap samples to construct bootstrap confidence intervals
for indirect effect. The end points of bootstrap confidence
intervals of the indirect effect were determined through the
bias corrected method. In both tests, reading comprehension
was included as a covariate. In the moderation analysis, the
school moderating effect for each reading fluency component
was tested by controlling the effect of the other component:
when reading rapidity was the independent variable, we included
reading accuracy as a covariate, and when reading accuracy
was the independent variable, we included reading rapidity as a
covariate.

RESULTS

Descriptive statistics for all the variables included in the study are
reported in Table 2.

The correlational analyses show that overall reading
rapidity correlates positively with accuracy. The two reading
fluency components are differently associated to reading
comprehension. Reading rapidity and comprehension did not
correlate at a statistically significant level, whereas reading
accuracy and comprehension were negatively correlated: the
fewer decoding mistakes made, the better the comprehension.
Whereas reading rapidity and accuracy, and reading accuracy
and comprehension correlated at all school levels, reading
rapidity and comprehension correlated in grades 4, 5, 6, and 9,
but not in grade 8 (see Table 3). Table 4 shows the correlation
between reading measures and school outcomes for the total
sample, as well as for each grade.

The multiple regression analyses with hierarchical method
showed that reading comprehension, inserted in step 1,
significantly predicted school marks in all subjects (AR? ranged
from .03 in Music to .16 in History), whereas reading fluency,
inserted in step 2, predicted only grades in Italian, English
as a foreign language, History, Geography, Mathematics, and
Sciences, with AR? ranging between .03 and .06. In terms of
specific contributions, Italian, English as a foreign language, and
History were predicted by both components of reading fluency,
Geography and Sciences were predicted by reading rapidity only,
and Mathematics by reading accuracy only (see Table 5).

The contribution of reading comprehension to school
outcomes was mostly direct, as the mediational effect of
reading rapidity and/or accuracy were either non-significant
(for Geography, Sciences, and Technology) or significant but
marginal (for Italian, English, History, Mathematics, Music,
Art, and Physical Education). Variances explained by partially
mediated models ranged between 3 and 14% (see Table 6).

Overall, school moderated the relationship between reading
fluency and school outcomes, although the percentages of
variance explained by the interaction between school and reading
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TABLE 2 | Descriptive statistics of all variables: participants, mean, minimum, maximum, standard deviation, skewness and kurtosis.

N Min Max M + SD Skewness Kurtosis
Reading fluency — rapidity (syllables/seconds) 489 1.21 7.48 425 +1.18 0.22 + 0.11 —-0.32 £ 0.22
Reading fluency — accuracy 487 0 18 212 £2.29 2.82 £ 0.11 12.49 £ 0.22
Reading comprehension 488 2 15 9.04 +£ 0.18 —0.33 + 0.11 0.59 + 0.22
Italian 489 6 10 8.04 £ 1.14 —0.04 + 0.11 —-0.74 £ 0.22
English as a foreign language 489 6 10 8.10 £ 1.18 —-0.13 £ 0.11 —0.81 £ 0.22
History 489 6 10 8.10 £ 1.24 —0.20 + 0.11 —0.96 + 0.22
Geography 489 6 10 8.02 + 1.21 —0.17 £ 0.11 —0.92 + 0.22
Mathematics 489 6 10 7.95 £1.20 —0.02 + 0.11 —0.87 £ 0.22
Sciences 489 5 10 8.14 £1.18 —0.27 + 0.11 —0.78 £ 0.22
Technology 387 6 10 8.19 £ 1.05 —-0.11 £ 0.12 —0.59 + 0.25
Music 489 6 10 8.36 + 0.97 —0.19 £ 0.11 —0.20 +£ 0.22
Art 489 6 10 8.50 + 0.98 —0.25 £ 0.11 —0.30 + 0.22
Physical Education 489 6 10 8.65 + 0.91 —0.29 + 0.11 —0.08 + 0.22

TABLE 3 | Correlational analysis of reading measures: rapidity, accuracy, and comprehension.

Total Grade 4 Grade 5 Grade 6 Grade 8 Grade 9
Rapidity*Accuracy —0.51* —0.43* —0.49* —-0.61* —0.48" —0.50*
Rapidity*Comprehension 0.05 0.43* 0.30* 0.38* 0.18 0.41*
Accuracy*Comprehension —-0.17* —0.44* —0.29** —0.34* —-0.37* —0.42*

‘D <005 "p<0.01.

TABLE 4 | Correlations between reading measures (rapidity, accuracy and comprehension) and school outcomes (ltalian, English as a foreign language,
History, Geography, Mathematics, Sciences, Technology, Music, Art, and Physical education) for the total sample (n = 489), and broken down by grade: 4
(n = 143), 5 (n = 145), 6 (n = 70), 8 (n = 71), and 9 (n = 60).

Ita Eng His Geo Mat Sci Tech Mus Art P.E
Tot Rap. 0.23* 0.24* 0.20* 0.22** 017 0.20** 0.07 0.08 0.01 —0.05
Acc. —0.25" —0.26™ —0.23" -0.21™ —0.25" —0.20™ —0.08 —0.14* —0.09* —0.05
Comp. 0.38** 0.37** 0.41* 0.34* 0.31* 0.41* 0.27* 0.17* 0.24* 0.21*
Gr. 4 Rap. 0.40** 0.48" 0.44* 0.39** 0.35"* 0.38"* 0.26* 0.23** 0.19* 0.18*
Acc. —0.30" —0.36™ —0.32* -0.26™ —0.30* —0.25" -0.14 —0.24* —0.24* —0.15
Comp. 0.55** 0.56** 0.61* 0.56** 0.51* 0.58™* 0.42** 0.34** 0.33** 0.30**
Gr. 5 Rap. 0.47** 0.31* 0.43* 0.50** 0.43** 0.562** 0.38** 0.28** 017" 0.09
Acc. —0.33* —0.24* —0.32* -0.32* —0.31* —0.34* -0.22* -0.18* —0.22* —0.15
Comp. 0.32** 0.25" 0.33* 0.29** 0.35"* 0.35"* 0.25" 0.23** 0.19* 0.19*
Gr. 6 Rap. 0.61** 0.59"* 0.42* 0.41* 0.38** 0.45** 0.30 0.18 0.47* 0.21
Acc. —0.44* —0.45" —0.43* —0.38" —0.44* —0.36"" -0.21 -0.14 -0.21 —0.04
Comp. 0.67** 0.61** 0.72** 0.63** 0.59** 0.63** 0.41* 0.26" 0.27* 0.28*
Gr. 8 Rap. 0.50** 0.57** 0.51* 0.53** 0.36** 0.45** 0.47* 0.58** 0.33* —0.04
Acc. -0.23 —0.40" —0.35" —0.35" —0.29* —0.32** -0.27* -0.20 —0.09 —0.13
Comp. 0.38 0.28* 0.36* 0.37* 0.34** 0.25* 0.31* 0.12 0.11 0.08
Gr. 9 Rap. 0.78** 0.71* 0.63** 0.59** 0.40** 0.42** 0.41* 0.48* 0.44* 0.22
Acc. —0.55" —0.51* —0.39* —0.38* —0.33" -0.32* —0.39" —0.42* -0.37* —0.35"
Comp. 0.54** 0.563** 0.48* 0.50"* 0.38* 0.43 0.46™ 0.560"* 0.49* 0.41*

“p <0.01; "p < 0.05. Gr., Grade; Tot., Total; Rap., Rapidity; Acc., Accuracy; Comp, Comprehension; lta, Italian; Eng, English as a foreign language; His, History; Geo, Geography; Mat,
Mathematics; Sci, Sciences; Tech, Technology; Mus, Music; RE., Physical Education.

fluency were small (between 1 and 5%). For Italian, reading  analysis of confidence intervals, instead, did not confirm the
rapidity contributed to explaining variance in students’ outcome  moderation effect for reading accuracy. For English, reading
in primary and high school, but not in secondary school. The  rapidity contributed to explaining variance in students’ outcome
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TABLE 5 | Results from the multiple regression analysis with hierarchical
method to control for the effect of reading fluency on school grades.

Step 1: RC Step 2: RF Total R2
AR2 AR2 Rapidity = Accuracy
(8) )

[talian 0.14** 0.05™ 0.14** —-0.12* 0.19**
English as a 0.13* 0.06** 0.14* —-0.13* 0.18*
foreign language

History 0.16™ 0.04* 0.12* —0.11* 0.20*
Geography 0.11* 0.04* 0.15* —0.08 0.15*
Mathematics 0.09* 0.04* 0.05 —0.18* 0.13*
Sciences 0.16™ 0.03* 0.13* —0.07 0.19*
Technology 0.07* 0.00 0.04 —0.01 0.06™*
Music 0.03* 0.01 —0.00 —-0.11* 0.03**
Art 0.05* 0.01 -0.07 -0.10 0.05*
Physical Education 0.04* 0.01 —-0.12* —0.09 0.05*

‘p < 0.05; "p < 0.01. RC, Reading comprehension; RF, Reading Fluency; ns, non-
significant.

in primary and high school, but not in secondary school; reading
accuracy contributed to explaining variance in students’ outcome
only in high school, but not in primary and secondary school.
For history, reading rapidity contributed to explaining variance
in students’ outcome in primary and high school, but not in
secondary school; reading accuracy contributed to explaining
variance in students’ outcome only in primary school, but
not in primary or secondary school. For geography, reading
rapidity contributed to explaining variance in students’ outcome
in primary and high school, but not in secondary school.
For mathematics, school did not moderate the relationship
between reading fluency and students’ outcome. For sciences,
reading rapidity contributed to explaining variance in students’
outcome in primary school, but not in secondary and high
school. For music, reading accuracy contributed to explaining
variance in students’ outcome in high school, but not in primary
or secondary school. For physical education, reading rapidity
contributed to explaining variance in students’ outcome in
secondary school, but in primary or high school (see Table 7).

DISCUSSION

The aim of this study was to analyze whether reading
fluency influences students’ school outcomes in school subjects,
independently of the effect of reading comprehension, and
whether the independent contribution of reading fluency is
moderated by the school level. According to the correlational
analysis, reading fluency and comprehension are associated,
confirming prior studies (Pinnell et al, 1995; Pikulski and
Chard, 2005). More specifically, reading accuracy appears to
be more strictly associated with reading comprehension than
reading rapidity, confirming that reading “fast” does not help
children to adequately process the information included in the
text. It is important to address a deep form of reading fluency,
according to which this construct is part of a developmental

process of building decoding skills that are reciprocally and
causally connected with reading comprehension, rather than just
be considered as “fast reading” (Pikulski and Chard, 2005).

This study emphasizes the fundamental importance of reading
comprehension and fluency in students’ school outcomes.
Reading comprehension and fluency are strictly inter-related
processes, however, according to our data, both contribute
independently to school marks in several subjects.

Firstly, although several studies suggest that reading fluency
influences the reading comprehension process (Fuchs et al,
2001; Rasinski et al., 2005; Nese et al., 2013), results from
the mediational analyses showed that the contribution of
reading comprehension to school marks is mostly direct.
More importantly, this study contributes to re-evaluating the
role played by reading fluency, and confirms that effortless
and automatic reading fluency frees up important cognitive
resources for the comprehension activity, a high-level and
demanding process (Fuchs et al, 2001; Pikulski and Chard,
2005; Ticha et al, 2009; Nese et al, 2013). The efficacy of
reading fluency is especially significant for subjects in which
literacy skills and textbook studying play a primary role
(i.e., Italian, English, History, Geography, Mathematics, and
Sciences). Reading rapidity was the most important predictor
among the two reading fluency components: as suggested by
several scholars, in shallow orthographies, reading accuracy is
reached rapidly, which makes reading rapidity a much more
important indicator of reading proficiency (Zoccolotti et al.,
2008; Pinto et al., 2015). Instead, reading accuracy played an
important role for Geography and Mathematics, probably as
these subjects involve more focused attention on visuo-spatial
elements, besides the verbal one (Schnotz, 2002). Many textbooks
require students to mostly process verbal information, whereas in
Geography and Mathematics, students need to integrate verbal
and graphic information, an activity that requires a slower and
more accurate processing (Massey and Riley, 2013).

The moderation analysis contributed to our understanding of
the relationship between reading fluency and school outcomes.
Overall, the effect was mainly confirmed for primary school,
when students are in the process of reading acquisition (Pinto
etal,, 2015). In secondary school instead, reading fluency appears
to be neglected, except for Italian in which there is still a
strong emphasis on grammar. In secondary school reading
fluency did not influence students’ outcomes. The importance
of reading fluency for school outcomes in primary school is
not questionable, since the teachers’ focus at this level is on
basic literacy skills (Firestone and Herriott, 1982; Alvermann
and Moore, 1991). Once in secondary school, the focus shifts
to subject-matter literacy (Knott, 1986; Alvermann and Moore,
1991). However, secondary school instruction mainly puts
emphasis on factual textual information, with textbooks acting
as sources of information (Smith and Feathers, 1983; Alvermann
and Moore, 1991). Consequently, students do not need to
dedicate many cognitive resources to the reading comprehension
process, which also allows poor decoders to achieve good
school outcomes. Instead, at high school level, reading fluency
brings again an independent contribution to school outcomes.
Several reasons are able to explain this result: (i) in high school
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TABLE 6 | Results from the mediation analysis to control for the mediational effect of reading fluency (rapidity and accuracy) on the association between

reading comprehension and school grades.

Model Total effect Direct effect Indirect effect of rapidity Indirect effect of accuracy
R2 B B B BootLLCI BootULCI B BootLLCI BootULCI
Italian 0.14* 0.20** 0.19* 0.004 —0.002 0.014 0.008* 0.001 0.021
English 0.13** 0.19* 0.18** 0.004 —0.001 0.014 0.009" 0.002 0.024
History 0.16™* 0.23** 0.22** 0.003 —0.002 0.014 0.008* 0.001 0.022
Geography 0.11* 0.18** 0.17* 0.004 —0.003 0.016 0.006 —0.001 0.018
Mathematics 0.09** 0.17* 0.15™* 0.001 —0.001 0.010 0.013* 0.004 0.028
Sciences 0.16** 0.22** 0.21* 0.004 —0.002 0.015 0.005 —0.001 0.017
Technology 0.07** 0.12** 0.12* 0.001 —0.001 0.009 0.001 —0.008 0.011
Music 0.03** 0.07* 0.07* 0.002 —0.005 0.003 0.004* 0.001 0.018
Art 0.05** 0.10** 0.10** —0.002** —0.009 0.001 0.006* 0.000 0.017
Physical Education 0.04** 0.08** 0.08** —0.003 —0.011 0.001 0.005* 0.000 0.015

*p < 0.05; **p < 0.01. ns, non significant.

TABLE 7 | Results from the moderation analysis to control for the effect of school level on the association between reading fluency and school grades,
with reading comprehension as a covariate, reading accuracy as a covariate for reading rapidity, and reading rapidity as a covariate for reading accuracy
(R2, R2 change, unstandardized regression coefficients, lower and higher confidence intervals).

DV v Model Interaction Primary Secondary High
R? AR? B LLCI ucCLI B LLCI ucLli B LLCI ucLlI
Italian Rap. 0.36"* 0.05"* 0.25" 0.13 0.38 0.05 -0.10 0.18 113 0.82 10.45
Acc. 0.34** 0.03** —0.46" -0.92 —0.01 0.79* 017 1.40 —-1.91* —2.98 —0.84
English Rap. 0.31* 0.03** 0.25" 0.12 0.38 0.09 —0.06 0.24 0.97** 0.63 1.31
Acc. 0.29** 0.02** —0.45 -0.94 0.04 0.34 -0.32 1.00 —1.70* —2.86 —0.55
History Rap. 0.33** 0.03** 0.31** 0.17 0.45 -0.02 -0.18 0.14 0.67** 0.32 1.02
Acc. 0.32** 0.01** -0.59* —1.09 —0.08 0.64 -0.03 1.32 —0.61 -1.79 0.57
Geography Rap. 0.33"* 0.03** 0.37** 0.24 0.50 -0.02 -0.18 0.14 0.63** 0.28 0.97
Maths Acc. 0.27** 0.00 —0.67** -1.18 -0.16 -0.13 -0.82 0.55 —0.82 -2.02 0.36
Sciences Rap. 0.27** 0.02** 0.33** 0.19 0.46 -0.04 -0.20 0.12 0.35 —0.01 0.70
Music Acc. 0.21* 0.02** -0.27 —0.69 0.16 0.28 —0.30 0.85 —1.45* —2.45 —0.45
PE. Rap. 0.12** 0.03** —0.02 -0.14 0.09 —0.34** -0.47 —0.21 —0.01 —-0.30 0.29

“p <0.01, 'p < 0.05. Rap., Rapidity; Acc., Accuracy; P. E., Physical Education.

basic literacy skills are no longer sufficient, because of the
complexity of textbooks (Lester and Cheek, 1997); (ii) students
who enter high school with a lack of sufficient reading fluency
are not likely to find instructional support from teachers and/or
remedial programs (Rasinski et al., 2005; Joseph and Schisler,
2009), and (iii) slow readers require significantly more time
in accomplishing school tasks than normally-reading readers
do, which might eventually lead to frustration, task-avoidance
behaviors, and school failure (Rasinski et al., 2005; Archer et al.,
2013). Overall, these results confirm the importance of reading
fluency even in adolescence (Rasinski et al., 2009; Ricketts et al.,
2014; Zoccolotti et al., 2014).

Overall this study emphasizes the importance of identifying
evidence-based tasks that can be administered in a brief time and
by many different individuals, which are easy to create, and are
linked to school outcomes (Tichd et al., 2009; Nese et al., 2013).
As the effect of reading fluency on school outcomes does not

fade after primary school, secondary and high school teachers
should not underestimate the negative impact of ineffective
and non-automatic reading fluency has on students’ learning.
This study also contributes to extend what we know about
learning disorders on normally-developing children. In shallow
orthographies, dyslexic readers have compromised accuracy and
reading rapidity (Bigozzi et al., 2016a), and these compromised
processes hinder student learning. This study confirms the same
effect for the population of students without a learning disorder.

The results of this study are affected by a few limitations.
A few intervening variables might explain the relationship
between reading and learning, both higher-order (e.g., studying
skills, metacognitive variables, or motivational variables, see
Schiefele et al., 2012), and lower order ones (e.g., verbal ability,
see Tilstra et al., 2009). Future studies should also include
these variables in the research design to better explain under
which conditions reading fluency fosters students’ learning and

Frontiers in Psychology | www.frontiersin.org

February 2017 | Volume 8 | Article 200 | 77


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Bigozzi et al.

Reading and School Outcomes

their school outcomes. Moreover, although cross-sectional data
can be used to test mediation, longitudinal data are more
appropriate. Future studies should replicate the results of this
study through a longitudinal research design. Finally, few authors
have emphasized the importance of reading prosody, besides
rapidity and accuracy, for school achievement (Kuhn and Stahl,
2003). However, there is a lack of standardized measures of this
reading fluency component, and future studies should aim at first
validating reading prosody assessment and then analyzing the
specific contribution of this component on school achievement.
Reading fluency is typically considered an important process
for school achievement in beginning readers and in dyslexic
students. This study provides new insights into the importance
of fluent reading for academic outcomes beyond reading
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This paper focuses on reading fluency by bilingual primary school students, and the
relation of text fluency to their reading comprehension. Group differences were examined
in a cross-sectional design across the age range when fluency is posed to shift from
word-level to text-level. One hundred five bilingual children from primary grades 3, 4,
and 5 were assessed for English word reading and decoding fluency, phonological
awareness, rapid symbol naming, and oral language proficiency with standardized
measures. These skills were correlated with their silent reading fluency on a self-paced
story reading task. Text fluency was quantified using non-linear analytic methods:
recurrence quantification and fractal analyses. Findings indicate that more fluent text
reading appeared by grade 4, similar to monolingual findings, and that different aspects
of fluency characterized passage reading performance at different grade levels. Text
fluency and oral language proficiency emerged as significant predictors of reading
comprehension.

Keywords: text reading fluency, bilingual readers, silent reading, comprehension, recurrence quantification
analysis, fractal analysis

INTRODUCTION

An increasing proportion of individuals worldwide grow up bilingual or multilingual (Grosjean,
2013). Following this, many children learn to read for the first time in what would be a second
language (McBride-Chang, 2004). Therefore, it is important to understand what contributes to
reading proficiency and comprehension for bi- or multilingual individuals.

The simple view of reading framework (Hoover and Gough, 1990) places reading
comprehension as a product of word reading (decoding) and listening comprehension. There is
ample evidence from monolingual research to support this view, but more recent findings suggest
a role for fluent reading of text which serves as a bridge between word decoding and reading
comprehension (Pikulski and Chard, 2005; Adolf et al., 2006; Bashir and Hook, 2009). Reading
fluency is found to mediate the relation between reading comprehension and decoding (Silverman
etal,, 2013), and also to partially mediate the relation between reading comprehension and listening
comprehension (Kim and Wagner, 2015).

For second language learners, the simple view of reading is found to hold as it does for
monolinguals (Verhoeven and van Leeuwe, 2012), but the role of reading fluency for bilingual or
second language readers is not clear. While reading fluency is related to reading comprehension
for both monolinguals (Fuchs et al., 2001; Hosp and Fuchs, 2005) as well as L2 readers (Baker and
Good, 1995; DeRamirez and Shapiro, 2006), reading fluency research with bilingual children is
scarce.
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The role of text fluency to reading comprehension for
bilingual children requires further investigation for several
reasons. First, reading fluency is characterized by automatic word
recognition (Samuels, 2006; Kuhn et al., 2010), and developing
automaticity for word identification can be a challenge for
bilingual readers (e.g., Van Heuven et al., 1998; Segalowitz and
Hulstijn, 2005). Bilingual children and adults show slower lexical
access (Gollan et al., 2005; Costa et al., 2006; Liu et al., 2010;
Sandoval et al., 2010) and smaller receptive vocabularies (Oller
et al.,, 2007; Bialystok et al., 2010) compared with monolingual
peers. This may impact on their word fluency. Second, bilingual
readers demonstrate poorer reading comprehension that persists
despite adequate decoding skills (Proctor et al., 2005; Lesaux
et al,, 2008; Chen et al.,, 2012), findings which may be related to
poorer text reading fluency found with such readers’ performance
(Geva et al., 1997; Crosson and Lesaux, 2010; Geva and Farnia,
2012).

Another issue to be resolved is how reading comprehension is
related to text fluency compared with oral language proficiency
in bilingual readers. In most studies, oral reading tasks are
used to gauge text fluency, but oral reading may be more
heavily influenced by oral language proficiency for bilingual
individuals. For instance, lower levels of proficiency may result
in slower articulation or mispronunciations during oral reading
of a second or additional language. This may result in dysfluent
reading (as measured with oral reading rate or prosody), but
may not reflect the reader’s comprehension of the text (e.g.,
Geva, 2006). Thus, oral reading fluency may not be an adequate
gauge of reading proficiency for L2 or bilingual readers (Piper
et al., 2016). For adult bilinguals the relation of oral reading
fluency to reading comprehension is found to be weaker for
L2 compared with L1 readers, ranging from correlations of
0.26 (Lems, 2012) to 0.46 and 0.51 for L2 adults (Jeon, 2012;
Jiang et al, 2012), compared with a correlation of 0.80 for
L1 children (Fuchs et al., 2001). With children, oral reading
fluency may overestimate bilingual children’s comprehension,
if their word decoding skills are more advanced than their
listening comprehension. Lems (2006) noted that when mastery
of decoding skills precedes vocabulary development in L2
readers, they may decode without comprehension, as anecdotally
noted by ELL teachers (DeRamirez and Shapiro, 2006). This
point was supported by Jackson and Lu’s (1992) report of a
dissociation between English oral language scores and reading
fluency in a group of precocious preschool L2 readers. That
is, these children could read as fluently as native speakers did,
but had significantly poorer oral language proficiency. Studies
with primary school children also showed that oral language
proficiency contributes additional variance to comprehension
and that it has a moderating effect on the fluency-comprehension
relation (Crosson and Lesaux, 2010; Geva and Farnia, 2012).

Thus, fluency measured with a silent reading task should
be more independent from oral language proficiency than an
oral reading fluency measure. Only a few studies examined
the relation of silent reading fluency to comprehension in
monolinguals, reporting moderate (r = 0.38 in Fuchs et al., 2001)
to strong correlations (r = 0.75 in Klauda and Guthrie, 2008)
for fourth and fifth graders, respectively. There appear to be no

studies on the relation of silent reading fluency to comprehension
for bilinguals.

Finally, the nature of the fluency-comprehension relation
varies developmentally. Reading fluency is expected to transition
from word-based to word-integration fluency around age 11
(Berninger et al, 2010), including for L2 reading (Geva
and Farnia, 2012). One study with fifth graders suggested
that L2 reading fluency may contribute unique variance to
reading comprehension beyond word reading fluency and oral
language proficiency (Crosson and Lesaux, 2010), supporting a
developmental shift to text fluency as a predictor of L2 reading
comprehension. Geva and Farnia (2012) similarly found that by
Grade 5, word and text fluency formed separate factors for both
L1 and L2 readers, and that text fluency contributed uniquely to
reading comprehension for both groups.

Around the same period reading shifts from oral to silent
mode, which are independent forms of reading (Kim et al,
2011). The use of oral reading for fluency measures, then, may
not be appropriate for readers at this age range when reading
shifts to silent mode, and this may be particularly true for
bilingual readers, as noted above. That is, bilingual readers’ oral
reading fluency may act simply as a proxy for oral language
proficiency in general (e.g., Baker and Good, 1995), and therefore
may underestimate children’s written language ability. For adult
English L2 learners, the correlation of oral and silent reading
fluency varies with English proficiency, such that increased
proficiency yields a closer correlation between the two reading
modes (Lems, 2012).

The focus of the present study is to examine relations between
reading fluency and comprehension in bilingual children across
the age range where fluency shifts from word- to text-level.
To circumvent the above-mentioned issues with oral reading
fluency, we measured silent reading fluency of extended text
passages in addition to comprehension and word fluency,
decoding, and listening comprehension. To appraise silent
reading fluency, we applied complexity measures of recurrence
and fractal scaling to a self-paced reading task, using word
reading times as a series. These complexity measures have
been used as a means of quantifying aspects of the reading
process, such as stability and structure (Wallot et al., 2012).
They are thought to measure the degree to which text and
language performance constrain reading (Wallot, 2015), where
the better a reader can decode and comprehend a text, the
text will have a more systematic influence on reading behavior,
as seen in changes in reading process complexity. In previous
studies with monolinguals, complexity measures from recurrence
quantification and fractal analyses were shown to be a sensitive
gauge of individual differences in silent reading fluency. O’Brien
et al. (2014) reported that complexity measures of stability
and orderliness for reading a text passage varied across age
groups with increasing degrees of reading fluency. Wallot et al.
(2014) further showed that the complexity measures were better
predictors of reading comprehension than reading speed.

In the current study, we examine the relations of fluency and
other factors to reading comprehension for bilingual children,
across the ages where fluency is expected to shift from word to
text level processing. We wanted to examine these relations while
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keeping comprehension difficulty similar across ages, so we held
passage difficulty constant by having children read grade-leveled
passages. To investigate what contributes to reading proficiency
and comprehension for our bilingual readers, we examined
relations between decoding skill, listening comprehension, and
fluency with reading comprehension following the simple
view of reading. We might expect that decoding skills are
relatively less important than listening comprehension within
our bilingual sample. Further, we might expect that fluency
measured for silent reading additionally contributes to reading
comprehension beyond listening comprehension. However, the
nature of fluency—comprehension relations may also vary
by age, with text fluency becoming more relevant later on.
Following these expectations, we address the following research
questions:

1. What are the relative contributions of decoding and listening
comprehension to reading comprehension within bilingual
readers? Does text fluency act as a mediator to reading
comprehension?

2. To what extent are text and word fluency related to reading
comprehension for bilingual children?

3. Does the relative strength of the fluency-to-reading
comprehension relation vary across age groups for word
fluency compared with text fluency?

METHODS

Participants

One hundred and five children in grades 3, 4, and 5 participated
(s = 33, 35 and 37, respectively) from two public schools
in Singapore. The children varied in their home language
backgrounds, including Mandarin, Malay, Tamil, and others, but
all were schooled in English as well as their designated mother
tongue. First and primary language use was ascertained with a
self-report survey, which included items regarding frequency and
domains of use per language, ranking of best language across
modes, and family use. A majority of students reported English
language (EL) as their best language overall (63), while almost
Y% indicated Chinese (CL) was their best language (24) and 18
reported other languages as their best language [these included
Malay (8), Tamil (4) and Burmese, Cantonese, Hokkien, Korean,
Myanmar and Tagalog (6 altogether)].

Measures
All assessments including the story reading task took about 1 h to
complete and were given in one session at the child’s school.

Silent Reading Fluency For Text

Silent reading fluency for text was assessed with an experimental
measure of story reading. Each individual read a grade-
appropriate story in English that was rendered word-by-word on
a MacBook Pro computer using a custom MatLab Psychophysics
Toolbox script (Brainard, 1997). As the participant read the
story, the words accumulated on the screen in a self-paced
manner with a button press for each word (Just et al., 1982).
After filling with text, the screen was refreshed for the next
page of accumulating text. Response times for each word in the

passage were turned into a time-ordered series for submission to
non-linear analyses. After reading the story, 10 multiple-choice
comprehension questions were read aloud. Questions included
literal, inferential, vocabulary from context, and main idea types.
There was one story per grade level (based on “Clever Trevor”
by Sarah Albee for P3, “Clever Beatrice” by Margaret Willey
and Heather Solomon for P4, and “Fionas Luck” by Teresa
Bateman for P5). Stories were modified from published literature
to be close to 1100 words long, as necessitated by the non-linear
analyses. Details of the story lengths and readability indices are
provided in Table 1.

Complexity measures, were derived using two different
non-linear analytic methods: detrended fractal analysis (DFA),
multifractal detrended fluctuation analysis (MFDFA), and
recurrence quantification analysis (RQA). The appendix to this
paper gives a more detailed overview over the three methods,
including details of calculating each measure, prior applications,
and current interpretations of—and hypothesies regarding—
these measures in psychological research.

We used DFA to examine the fractal structure of the series
of word reading response times across a text passage. DFA
describes how variability changes across different time scales,
with a fractal scaling exponent (i.e., H, Hurst) that quantifies the
degree of long-range correlation in the time series. This scaling
exponent, which we refer to in this paper as monofractal structure,
indicates whether word-by-word response times are independent
of each other, or whether there are short-term correlations
between response times (e.g., reading word,, affects the reading
of adjacent wordy 1) or perhaps longer-term correlations across
larger segments of the text (e.g., words within sentences or
paragraphs or whole passages). From previous work (Kloos and
Van Orden, 2010; Kuznetsov and Wallot, 2011; O’Brien et al,,
2014; Wallot et al., 2014), we conceptualize that more proficient
reading is guided and constrained by extraneous text features and
therefore exhibits weaker long-term traces or links across word
reading times during self-paced reading (O’Brien et al., 2014;
Wallot et al., 2014) or fixation duration during reading (Wallot

TABLE 1 | Characteristics of story texts.

STORY P3 P4 P5
Length (words) 1183 1105 1292
Average sentence length (words) 7.2 11.6 11.8
Average word length (letters) 3.9 3.9 4.1
READABILITY INDECES:

ATOS Grade level 2.4 4.4 5.3
Flesch-Kincaid Grade level 1.4 3.0 3.8
WORD FREQUENCIES:

Graded Corpus (WFG) 1427.6 1637.7 1233.2
Total Corpus (WFG) 23062 26236 21108
Singapore Corpus (ICE) 427 382 480

ATOS (Accelerated Reader, 2011); Flesch-Kincaid (Coh-metrix, Graesser et al., 2004);
Mean type frequencies according to WFG = Word Frequency Guide (Zeno et al.,
1995); ICE = International Corpus of English: Singapore Corpus (Nelson, 2002). Stories
correspond to the grade level to which they were admininistered (P3 for grade 3, P4 for
grade 4, P5 for grade 5 students).
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et al,, 2015). Essentially, this means that more proficient, fluent
reading is characterized by reduced scaling, with H relatively
closer to random fluctuations or white noise.

A second variable we estimated is multifractal structure, using
MFDFA, which is an expansion of DFA. Multifractal scaling
captures the degree to which monofractal structure changes in
the response-time series. Multifractal structure signifies that the
series of reading times is heterogenous and exhibits interactions
across time-scales (Thlen and Vereijken, 2010; Kelty-Stephen
et al, 2013), for example where different levels of discourse
(topical, syntactical, semantical, sub-lexical) interact with each
other to guide readers’ comprehension (Booth et al., 2016). It
is expected that multifractal structure may capture a reader’s
adaptive behavior while reading a text for comprehension
(Wallot et al,, 2014). In this case, sudden on-line changes may
occur during reading, perhaps reflecting a more dramatic change
in understanding or insight (Stephen et al., 2009), rather than
more gradual shifts where meaning is built cumulatively from
preceding text (Donald, 2007).

The third non-linear method, RQA, quantifies recurrent
patterns in the reading time series, describing the system’s
stability or orderliness. This analysis yields estimated parameters
of the orderliness or recurrent patterning of a system within the
task’s phase space, quantified as the proportion of data points
that are part of a recurring pattern, and referred to here as
%Determinism. Prior studies show that reading performance
becomes more structured with higher determinism as reading
skill increases (Wijnants et al., 2009, 2012; Wallot et al., 2012),
and determinism is higher in more fluent readers (O’Brien
et al., 2014; Wallot et al,, 2014). It has been suggested that
measures of temporal structure of reading times, such as
RQA %Determinism, capture how well readers utilize the
informational structure of a text, and conversely, how well a texts
constrains the reading process toward efficient and fluent reading
(Wallot, 2015, 2016). Hence, high degrees of %Determinism
should be positively correlated with aspects of reader skill.
In that sense, monofractal structure and %Determinism are
conceptually closely related, but there are differences as well (see
Appendix).

Thus, for our analysis we include three complexity measures
to capture aspects of structure and orderliness of reading times
over the series of the text: monofractal structure, multifractal
structure, and %Determinism.

Word Reading Fluency

Word reading fluency was assessed with the TOWRE (Test
of Word Reading Efficiency) sight word subtest (Torgesen
et al., 1999). This test involves sight word reading of a list
of words, starting from more to less frequent. Scores are
tallied as number of correctly read words within the 45s time
limit.

Decoding

Decoding was assessed with the TOWRE phonemic decoding
subtests (Torgesen et al., 1999). Similar to the above subtest,
this test involves reading of a list of non-words by phonemically
decoding them, and scores are tallied as the number of correctly
read non-words within the 45 s time limit.

Reading Component Skills

Reading component skills including phonological awareness and
rapid symbol naming, two robust predictors of reading ability,
were also assessed and were used descriptively. Phonological
awareness was measured with the CTOPP (Comprehensive Test
of Phonological Processing) Elision subtest (Wagner et al., 1999)
which is a phoneme deletion task. Rapid symbol naming was
assessed with the RAN/RAS (Rapid Automatized Naming and
Rapid Alternating Stimulus Tests) letters subtest (Wolf and
Denckla, 2004).

Oral Language Proficiency

Oral language proficiency was assessed with the WIJIII
(Woodcock-Johnson III) Listening Comprehension Cluster,
which is comprised of the WJIII-Understanding Directions
and Oral Comprehension subtests (Woodcock et al., 2007).
Understanding directions involves listening to increasingly
complex sequences of instructions and responding by pointing
to objects in a picture. Oral comprehension involves listening
to short passages and using semantic/syntactic cues to supply
missing words within the passage.

Data Preparation

Prior to FA, extreme response times of 10s or longer were
removed, a threshold adapted to children’s reading times
(O’Brien et al., 2014). On average, 3.7 data points were eliminated
per participant (SD = 4.0), which amounted to 0.31% of all
data points. The extreme scores were removed because they
can distort the fractal analysis, while the slight disruption
on the series’ time order has minimal impact, as long as a
minimum of 1024 observations are maintained (Holden, 2005,
p- 285-287). There are several methods available to estimate the
scaling relations, including spectral analysis (SA), standardized
dispersion analysis (SDA), and detrended fluctuation analysis
(DFA). DFA results are reported here (Peng et al., 1995), and
were corroborated with the two other methods of FA. To assess
multifractal structure, mulifractal detrended fluctuation analysis
(MFDFA) was used (Kantelhardt et al., 2002).

For RQA, all data in the time-series were entered into
the analysis using the Commandline Recurrence Plots software
(Marwan, 2011). Data are first rescaled relative to the Euclidian
distance separating points in reconstructed phase space (using
time-delayed copies of the time series as surrogate dimensions)
providing an intrinsically scaled metric across the set of data.
%Determinism was calculated using parameters of embedding
delay (1), dimension (5) and radius (0.4) following procedures
described in Webber and Zbilut (2005).

For the standardized assessments of word reading,
decoding, phonological awareness, rapid naming, and listening
comprehension Student’s ¢-statistic was used for the correlation
and multiple regression analyses given the difference in the
current sample from the normative sample.

RESULTS

Descriptives of Reading Skills
Average performance per grade level on the standard reading
and language measures are shown in Table 2, along with the
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TABLE 2 | Mean (SE) standard scores on reading and language tests.

TABLE 3 | Performance measures on the silent passage reading task.

Test Grade 3 Grade 4 Grade 5 Overall Test Grade 3 Grade 4 Grade 5 Overall
(n=33) (n=34) (n=37) (N=105) (n=233) (n=34) (n=237) (N = 105)

READING COMPONENT SKILLS Reading Rate (WMP) 100.2 (32.6) 132.3 (50.4) 134.8 (42.1) 123.0 (45.0)
Rapid Naming 111.4(2.6) 1100@28) 1187(2.3 113.5(1.5) Story 68% (20-100) 76% (20-100) 77% (30-100) 74% (20-100)
Phonological awareness 8.3(0.9) 8.0 (0.5) 8.9 (0.5) 8.4 (0.2) Comprehension

COMPLEXITY MEASURES
Decoding 104.8(2.4) 107.1(2.4) 111.2(1.6) 107.8(1.2) -

%Determinism 0.86 0.92 0.93 0.90
Word reading fluency 111.9@2.1) 1100(1.9) 93.6(2.1) 111.7(1.1)  Monofractal Structure 0.66 0.49 0.44 0.52

Multifractal Structure 0.76 0.97 0.85 0.86
Listening Comprehension  81.9 (2.7) 82.9 (2.6) 89.3 (2.4) 84.8 (1.5)

Rapid Naming (RAN/RAS), Decoding (TOWRE-phonemic decoding), Word reading
fluency (TOWRE-sight words), and Listening comprehension (WJIll) standardized scores
are relative to a mean of 100 (SD = 15). Phonological awareness (CTOPP-Elision) is a
scale score with a mean of 10 (SD = 3).

overall sample mean. Standard scores are presented here, to give
an impression of peer-referenced skill levels across grades, but
it should be noted that the standardized scores are based on
published normative data from monolingual English speakers. As
can be seen most of the averages are within the normal range,
with the exception of Listening Comprehension, which is about 1
SD or more below the mean for P3 and P4 groups.

Performance on the silent passage reading task is presented
in Table 3 for reading rate (wpm) and comprehension scores
and the complexity measures. Notably text comprehension did
not differ across the three grade level groups [F(,, 101y = 1.70,
p = 0.189, n? = 0.032], most likely as a result of matching
the text difficulty appropriately for each grade. Reading speed,
on the other hand, did increase significantly across the grades
[F(2, 101y =9.72, p < 0.001, n% = 0.161], with 3rd graders reading
slower than 4th and 5th graders (p’s < 0.001), but no difference
for 4th and 5th graders in reading speed (p = 0.783) according to
Bonferroni corrected post-hoc tests.

For the complexity measures applied to the text reading
times series, there was a significant increase in %Determinism
of reading times across grades [F(y. 101) = 7.63, p < 0.001, n* =
0.131], indicating that word reading times became more regular
for older readers. Bonferroni corrected post-hoc tests revealed
that 3rd graders showed lower %Determinism of reading times
than 4th (p = 0.003) and 5th graders (p = 0.002), but 4th
and 5th graders did not differ in %Determinism (p = 0.929).
Monofractal structure in reading times also differed across grades
[Fa. 101) = 10.21, p < 0.001, n* = 0.168]. Post-hoc tests with
Bonferroni correction showed that the 3rd grade group had a
greater fractal exponent than both 4th (p = 0.003) and 5th
graders (p < 0.001). This differs from the previous finding with
monolingual children, who showed no age effects of monofractal
structure (O’Brien et al., 2014). Furthermore, we analyzed the
change of multifractal structure in reading times, which increased
with grade F(;, 101y = 5.65, p = 0.005, »* = 0.101. Bonferroni
corrected post-hoc tests revealed that 3rd graders showed less
multifractal structure in reading times compared to 4th graders
(p = 0.004). No other effects were apparent (both p > 0.133).
Figure 1 shows the group means for each of the three complexity
metrics.

Silent reading rate is reported in words per minute, and Story comprehension is percent
correct, with the group’s range shown below.
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FIGURE 1 | Complexity metrics of silent reading fluency for text.
Performance by grade-level groups on %Determinism, monofractal structure,
and multifractal structure measures of silent story reading. Complexity metrics
are computed from the Recurrence Quantification (RQA) and Fractal Analyses
(FA) of individuals’ series of word reading response times across the text
passage. Determinism from RQA is reported in percent of recurrent points,
and monofractal and multifractal structure are reported as Hurst exponents.
*indicates outliers.

To examine relations across all measures, including traditional
literacy and language proficiency tests as well as the silent
reading task, we calculated zero-order Pearson-correlations with
age partialled out. For the standardized tests (CTOPP, TOWRE,
WIIII) we used Student’s t-statistic based on the sample’s mean
and standard deviation. From Table 4, it appears that rapid
naming had a stronger relation to decoding and word fluency
skills than phonological awareness, and a small correlation
with monofractal structure. Phonological awareness was not
systematically related to the complexity measures. Decoding and
word fluency skills, on the other hand, were related to each other,
and showed similar relations with monofractal structure and
listening comprehension, but only word fluency was correlated
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TABLE 4 | Correlations between reading and language measures for the whole sample.

2. 3. 4. 5. 6. 7. 8. 9.

1. Rapid Naming 0.019 —0.368 —0.675 —0.166 0.304* —0.073 —0.136 —0.169
2. Phonological awareness 1 0.247* 0.043 —-0.018 —-0.076 —0.158 0.101 —0.014
3. Decoding 1 0.577 0.220* —0.384 —0.056 0.274 0.154
4. Word reading fluency 1 0.231* -0.417 0.085 0.296 0.259*
5. %Determinism 1 —0.345 0.472 0.271 0.037
6. Monofractal structure 1 0.128 —0.326 -0.310
7. Multifractal structure 1 0.025 0.004
8. Listening comprehension 1 0.534
9

. Reading Comprehension

1

Age Patrtialled Out. *marks p < 0.05; bold marks p < 0.01. Measures include Student’s t-statistic for rapid naming (RAN letters subtest), phonological awareness (CTOPP Elision subtest),
decoding efficiency (TOWRE phonemic decoding subtest), and word reading fluency (TOWRE sight word subtest), and listening comprehension (WJIll), and percent correct for reading
comprehension. Complexity measures for silent reading fluency include %Determinism, and mono- and multifractal scaling exponents.

with reading comprehension. Further, while the complexity
measures for silent text reading showed some interrelationships,
it is only monofractal structure that showed a relation to
reading comprehension scores. This correlation was stronger
than that between word fluency and reading comprehension.
Listening comprehension showed strongest correlation with
reading comprehension for this sample.

Relation of Components of the Simple

View of Reading

To address the first research question hierarchical regression
models were run with reading comprehension as the criterion
measure. Age was entered as the first step, then decoding
was entered into the second step and listening comprehension
scores into the final step. Overall the model accounted for 29%
variance in reading comprehension (see Table 5). Decoding did
not contribute significantly, but listening comprehension did,
accounting for 25% unique variance in reading comprehension
after accounting for the other variables. When the order of
decoding and listening comprehension predictors was reversed,
listening comprehension still accounted for significant variance
and decoding did not contribute any additional variance. This
confirms the first hypothesis that listening comprehension would
be a more potent factor for reading comprehension compared
with decoding in our bilingual sample.

To test the second prediction that fluency plays a mediating
role for reading comprehension and either decoding or listening
comprehension, mediation analysis was run using structural
equation modeling (Lavaan statistics package within R, Rosseel,
2012). First, a model of reading comprehension scores with
decoding as the predictor and one of the text fluency measures
as mediator was run. Only the model with monofractal structure
entered as mediator showed a significant indirect effect (indirect
effect Z = 249, p = 0.013, direct effect Z = 0.33, p =
0.74, R* = 0.115). The models with %Determinism and
multifractal structure showed no significant effects, either direct
or indirect, of decoding on reading comprehension (R*s =
0.02). Second, models of reading comprehension regressed on
listening comprehension revealed significant direct effects with

%Determinism or multifractal structure as a mediator (Z = 6.3,
p’s < 0.01, R”s = 0.27). Only monofractal structure showed a
trend toward a significant mediation effect for the listening and
reading comprehension relation (indirect effect Z = 1.89, p =
0.059, direct effect Z = 5.45, p < 0.01, R? = 0.311).

Thus, in this current bilingual sample, the measure of
decoding skill was a much weaker predictor of reading
comprehension than the measure of listening comprehension
skill, and only showed an indirect effect on reading
comprehension through text fluency (monofractal structure).
Listening comprehension, on the other hand, was directly related
to reading comprehension, and only monofractal structure for
text fluency showed a tendency to mediate this relation.

Relation of Word Level and Text Level
Fluency to Reading Comprehension

To address the second research question hierarchical regression
models were run with reading comprehension as the criterion
measure and fluency measures as predictors. Age was entered
as the first step, then word reading fluency was entered into
the second step. The three complexity measures (%Determinism,
Monofractal structure, and Multifractal structure) were entered
into the last step of the model. Overall the model accounted for
almost 14% variance in reading comprehension (see Table 6).
The model with word fluency and age tended toward significance
(p = 0.06), whereas the addition of the text fluency variables
showed a significant change in explained variance for the
model. Of the three text fluency measures, monofractal structure
accounted for 8% unique variance, while contribution of
variance from the other complexity measures was not significant.
For the reverse order of entry, with text fluency measures
entered in the second step and word fluency in the final
step, text fluency, and age accounted for 11% of the variance
in comprehension, and word fluency did not add significant
variance beyond this.

Word and Text Fluency across Grade
Next we addressed the third research question, and the prediction
that fluency shifts from word level to text level around
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TABLE 5 | Hierarchical Multiple regression predicting reading comprehension from decoding and listening comprehension.

Step Variables entered AR2 [} p Variables entered AR2 B P

1 Age 0.021 0.146 0.14 Age 0.012 0.146 0.14

2 Age 0.023 0.153 0.12 Age 0.287 0.164 0.05
Decoding 0.153 0.12 Listening comprehension 0.529 0.00*

3 Age 0.256 0.165 0.05 Age 0.280 0.165 0.05
Decoding 0.008 0.93 Listening comprehension 0.5627 0.00*
Listening comprehension 0.5627 0.00* Decoding 0.008 0.93

Bold indicates significant change in explained variance. Listening comprehension (WJIll) and Decoding (TOWRE), predictors entered as Student’s t-statistic. *indicates significant effect

of predictor.

TABLE 6 | Hierarchical Multiple regression predicting reading comprehension from reading fluency measures.

Step Variables entered AR2 B p Variables entered AR2 B p
1 Age 0.021 0.146 0.14 Age 0.021 0.146 0.14
2 Age 0.035 0.160 0.10 Age 0.110 0.034 0.74
Word fluency 0.186 0.06 %Determinism —0.156 0.21
Monofractal —-0.397 0.00*
Multifractal 0.125 0.28
3 Age 0.080 0.053 0.62 Age 0.005 0.053 0.62
Word fluency 0.077 0.47 %Determinism —-0.167 0.19
Monofractal —0.365 0.00*
Multifractal 0.126 0.28
%Determinism —-0.167 0.19 Word fluency 0.077 0.47
Monofractal —0.365 0.00
Multifractal 0.126 0.28

Bold indicates significant change in explained variance. Listening comprehension (\WJIll) and Decoding (TOWRE), predictors entered as Student’s t-statistic. *indicates significant effect

of predictor.

TABLE 7 | Relation between reading fluency measures and reading
comprehension for Grade 3.

TABLE 8 | Relation between reading fluency measures and reading
comprehension for Grade 4.

2. 3. 4. 5.
1. Word Fluency 0.415* —0.621 —0.063 0.535
2. %Determinism 1 —0.406* 0.431* —-0.128
3. Monofractal 1 0.259 -0.510
4. Multifractal 1 —0.299

5. Reading Comprehension 1

*marks p < 0.05; bold marks p < 0.01.

fourth grade. It was of interest to see whether there were
different patterns amongst these measures at any juncture
across the hypothesized developmental shift from word- to text-
reading. Intercorrelations for each grade are shown separately in
Tables 7-9. As predicted, the influence of word reading fluency
on reading comprehension declined with age, and was only
significantly correlated in the third grade group. The measures
of text fluency, on the other hand, showed different patterns of
variation over the three age groups. Monofractal structure, like

2. 3. 4. 5.
1. Word Fluency 0.367* —0.346* 0.190 0.019
2. %Determinism 1 —0.296 0.279 —0.095
3. Monofractal 1 0.072 —0.098
4. Multifractal 1 —0.038

5. Reading Comprehension

*marks p < 0.05.

word fluency, was correlated with reading comprehension only
for the P3 group, showing no significant relation for fourth and
fifth grade children. Multifractal structure and %Determinism
showed the opposite pattern, whereby they were not significantly
related to reading comprehension in grade 3 or 4 groups, but were
related in the fifth grade children.

Finally, we regressed reading comprehension on the fluency
measures using stepwise multiple regression with a forward
selection procedure. This allowed us to examine which of the
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TABLE 9 | Relation between reading fluency measures and reading
comprehension for Grade 5.

2 3 4 5
1. Word Fluency -0.102 —0.246 0.154 0.189
2. %Determinism 1 —-0.109 0.602 0.335*
3. Monofractal 1 0.148 —0.186
4. Multifractal 1 0.398*
5. Reading Comprehension 1

*marks p < 0.05; bold marks p < 0.01.

fluency measures improved the prediction model best within
each grade, although results are viewed with caution because
the sample size per grade was small. The regressions confirmed
the above observations from the correlation tables. For grade 3,
significant predictors of reading comprehension included both
word fluency (semipartial correlations, r = 0.373) and the text
fluency measures of monofractal structure (r = —0.313) as well as
%Determinism (r = —0.442) (R? = 0.485, F = 6.1, p = 0.02). For
grade 4, none of the fluency measures contributed significantly
to the prediction of reading comprehension, whereas for grade
5 only multifractal structure of text fluency was a significant
predictor (r = 0.398, R?> = 0.134, F = 6.4, p = 0.016). Thus, there
was an overall shift from word to text fluency over these grade
levels.

DISCUSSION

The current study examined the relation between silent reading
fluency and comprehension for bilingual children across the
age range where fluency is proposed to shift from word-level
to text-level. While some of the findings replicate those with
monolingual readers, there were also some differences with
regard to the interrelations of skills and processes with reading
comprehension, and to age-related variations in fluency of silent
text reading.

Interrelations between the fluency measures and basic reading
related skills showed that rapid naming, but not phonological
awareness, was related to both word fluency and silent text
reading fluency. This follows from prior monolingual research
where rapid naming is a better predictor of word fluency, and
phonological awareness is better for predicting word reading
accuracy (e.g., Schatschneider et al., 2004). Interestingly, rapid
naming was related to the text fluency metric of monofractal
structure, which, unlike word fluency, differs from RAN in that
it is not a simple rate measure, but an indicator of the structure
of reading times across the text.

The text fluency metrics of %Determinism and monofractal
structure were also related to skills of decoding and word fluency,
and all four of these measures were correlated with listening
comprehension. Decoding and listening comprehension tend to
show stronger correlations within monolingual samples (s =
0.40 to 0.60, Foorman et al., 2015) compared with here (r = 0.27),
implying that these skills may be more dissociated or develop
more independently in bilingual readers (e.g., Jackson and Lu,
1992).

Reading comprehension, on the other hand, was not
significantly related to decoding, in contrast to findings with
monolingual readers of similar age (Foorman et al, 2015).
Only listening comprehension, along with word fluency
and the text fluency measure of monofractal structure,
were significantly correlated with reading comprehension.
Listening comprehension was a significant predictor of reading
comphrension, explaining 25% unique variance beyond age
and decoding skills, and showing a direct effect on reading
comprehension. Decoding skills did not show such an impact,
but was only related to reading comprehension indirectly,
mediated by text fluency (monofractal structure). This further
supports the prediction that decoding would play a lesser role in
reading comprehension for bilingual readers. The findings also
support the role of fluency as a mediator between decoding and
comprehension, similar to findings with monolingual readers
(Silverman et al., 2013), and suggests that issues with poor
comprehension are more related to fluency than decoding for
bilingual readers (e.g., Crosson and Lesaux, 2010; Chen et al,
2012; Geva and Farnia, 2012).

Language skills are found to relate to text fluency for
monolingual readers (Cutting et al., 2009), and even moreso
for second language learners (Geva and Zadeh, 2006; Crosson
and Lesaux, 2010). Moreover, individual differences in language
skills contribute more to text fluency than word level fluency
does, and particularly for second-language or bilingual readers
(Geva et al,, 1997; Buly and Valencia, 2002; Geva and Farnia,
2012). While most of the children in this study rated English as
their best language (probably a result of English being the main
language of instruction throughout primary school), about 40%
reported their mother tongue as their better language. Within
this mixed group of bilinguals, neither their age of acquisition
of English (by or after 3 years of age) nor their first language
status (English or other language learned first) had any bearing
on their text fluency performance, as indicated by between groups
comparisons. But regardless of these factors, oral proficiency
in English was related to their reading fluency performance,
according to the correlational and regression analyses.

With regard to the contribution of text fluency to reading
comprehension, it was shown that monofractal structure
contributed significant variance after controlling for age, whereas
multifractal structure and %Determinism did not. This contrasts
with Wallot et al. (2014) wherein %Determinism was the
best predictor of comprehension, while monofractal structure
added unique variance only for oral and not for silent reading.
Methodological differences in that study, including use of a
single story matched to the youngest readers (grade 2), may
explain the difference in findings. That is, while participants in
Wallot et al. (2014) received the same texts and accordingly
showed increases in comprehension score with age, participants
in the present study received text of age-matched difficulty and
accordingly did not show changes in comprehension scores with
age. Alternatively, it may indicate a difference in the manner by
which skilled, fluent reading emerges in monolingual vs. bilingual
readers. That is, the way the reading system is assembled to
perform the task of comprehending text may differ between
monolingual and bilingual readers. For bilingual readers overall,
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the optimal state for comprehension may be a tight coupling of
reading-time performance to the ongoing informational input
provided by the text. Further study is required to confirm
these ideas, especially given the age related differences we
found.

Nonetheless, the finding that processes for silent reading
fluency, as indicated by monofractal structure here, contributes
to reading comprehension coincides with earlier findings with
English language learners. Oral text fluency was found to
uniquely predict reading comprehension by Crosson and Lesaux
(2010) with grade 5 ELLs after controlling for word reading
fluency and oral language proficiency, and by Jeon (2012)
with adult ELLs after controlling for word reading fluency
and pseudoword reading. The present findings with bilingual
children show that monofractal structure for text fluency and
listening comprehension for oral language proficiency are the
strongest predictors of reading comprehension of the stories.
These two factors are also strongly related to each other. Their
negative relation, as seen in the scatterplot (Figure 2) shows that
those with stronger language proficiency also show decreased
monofractal structure of their reading times (indicating increased
text fluency). When broken down by age groups, we can see
that this strong relation may be driven primarily by the youngest
group of third graders. By grade 5, it appears language proficiency
has no bearing on the text fluency metric. Further examination
of the relation of both factors to reading comprehension did
not support a model where text fluency mediates the relation
between listening comprehension and reading comprehension
(e.g., Kim and Wagner, 2015). Instead, both text fluency and
listening comprehension contributed unique variance to reading
comprehension when the other variable was controlled.

With regard to word level compared with passage level
fluency, text fluency showed a stronger relation to reading
comprehension than word fluency, though word fluency did
show some correlation with comprehension despite being
measured with a separate task. Of the text fluency measures,
only monofractal structure showed a significant correlation and
predicted unique variance in reading comprehension (8%). This
is similar to the results with monolingual readers reported in
Wallot et al. (2014). The relation of the monofractal structure
measure and reading comprehension is negative, as found
earlier, suggesting that better reading is a consequence of
processes that are more strongly driven by the structure of
the text. However, the corollary finding, that better reading is
also characterized by cognitive reorganization during reading
as indexed by a positive relation of the multifractal structure
with reading comprehension, was not replicated in this sample.
There was variation across the age groups, however, with
regard to relations between the fluency metrics and reading
comprehension. Differences across age are informative, as these
were not examined previously because the sample size was
smaller (Wallot et al., 2014).

For the complexity measures of silent text reading fluency,
the bilingual readers showed the same pattern in %Determinism
across grade level as monolingual readers of English (O’Brien
et al., 2014). This measure of the degree of order in reading
times across the story text showed increasing structure in
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FIGURE 2 | Scatterplot of individuals’ scores on English oral language
proficiency and silent text fluency. Data representing the correspondence
of oral language proficiency, measured as listening comprehension (Student’s
t-statistic, z), and text reading fluency, measured as monofractal structure of
reading times across the story (Hurst exponent, H). Individuals from
grade-level groups are coded with unfilled circles (Grade 3), light squares
(Grade 4), and dark triangles (Grade 5). Lines of best fit are similarly shown
across the Grade 3 group (dotted line), the Grade 4 group (dashed line), and
the Grade 5 group (solid line).

reading performance with age. In the previous study, second
graders showed less determinism compared with fourth and sixth
graders, who in turn showed less determinism in reading times
than adult readers. In the present study, the shift to greater
%Determinism similarly occurred at grade 4.

We also found a difference across age groups in monofractal
structure of children’s reading times. Third grade children had
greater monofractal exponents (H) compared with the older
children. This differs from previous results (O’Brien et al.,
2014), wherein the monolingual readers showed no age related
differences in monofractal structure. In that study, one story
rated as grade 2.5 (ATOS) was given to all age groups, effectively
inducing greater levels of fluent reading with increasing age.
Here, the reading texts were roughly matched to age groups: the
3rd grade group read a 2.4 ATOS level story, while the other
groups read 4.4 and 5.3 ATOS leveled texts. While word lengths
were similar across the three stories, sentences were on average
longer for the 4th and 5th graders’ stories. Perhaps the more
complex language represented in the higher level texts allowed
for, or demanded more, attention to text structure, yielding lower
fractal scaling that is more constrained by faster time scales with
less long-range dependencies, closer to random fluctuations that
are expected to reflect a closer constraining by the text.
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Age had a differential effect on multifractal scaling than it did
on monofractal scaling—showing an increase in the former and
a decrease in the latter across the grade level groups. This finding
follows the predicted outcome that more fluent reading is related
to a constraining of performance to faster time scales driven
by text structure, as reflected in smaller scaling exponents in
monofractal structure, whereas it is also characterized by a higher
degree of adaptive changes as the reader processes the meaning of
the text, as reflected in larger exponents in multifractal structure.
A larger multifractal exponent indicates that, whereas reading is
constrained by small timescale features of the text (e.g., word by
word, or within-phrase features), the reader is also attuned to
larger timescale features (e.g., in the plot or setting of the story).

Examining the correlational analyses separately for each
grade, we found that the relation of comprehension to
monofractal scaling was significantly negative only at grade 3,
whereas the relation to multifractal scaling was positive and only
significant at grade 5. %Determinism showed the same pattern
as multifractal scaling, where the relation to comprehension
was only significant by grade 5. The developmental differences
show that these metrics for “silent fluency” may capture
different aspects of what we mean by fluency—as primarily text-
driven speed earlier on, but with a later emphasis on order
and also adaptive aspects of fluency that contribute to better
comprehension.

It should be noted that reading comprehension did not
differ across the age groups, so these changes in relation to
fluency aspects are not simply due to improved comprehension
generally. Further, although the older readers showed both
decreased monofractal and increased multifractal structure and
determinism as a group, it appears that individual differences
in reading comprehension were only related to the multifractal
structure and determinism for the P5 group. For the P3 children,
the better comprehenders looked more like the older groups, with
lower monofractal structure than their peers. That is, for the older
readers good comprehension may act as a dynamic attractor
state (as indicated by higher %Determinism) where current
processing is constrained by what has already been read, but is
also responsive to how well new information is integrated with
previous context (as indicated by higher multifractal structure)
(e.g., Paulson, 2005). For the younger readers, on the other hand,
good comprehension appears to coincide with reading activity
focused at small timescales (e.g., single word level, as indicated by
lower monofractal structure), and follows the concept that these
readers are still at the stage where they are “glued to the print”
(Chall, 1996). At this stage, the difference between better and
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Aim of the study is to verify the semantic associative abilities in children with different
language onset times: early, typical, and delayed talkers. The study was conducted on
the sample of 74 preschool children who performed a Perceptual Associative Task, in
order to evaluate the ability to link concepts by four associative strategies (function,
part/whole, contiguity, and superordinate strategies). The results evidenced that the
children with delayed language onset performed significantly better than the children
with early language production. No difference was found between typical and delayed
language groups. Our results showed that the children with early language onset
presented weakness in the flexibility of elaboration of the concepts. The typical and
delayed language onset groups overlapped performance in the associative abilities.
The time of language onset appeared to be a predictive factor in the use of semantic
associative strategies; the early talkers might present a slow pattern of conceptual
processing, whereas the typical and late talkers may have protective factors.

Keywords: semantic associative ability, visuoperceptive semantic, early language, delayed language, typical
language

INTRODUCTION

In the early age, children acquire the concepts observing the context and are able to organize
efficiently and functionally their knowledge: progressively, the concepts develop and the semantic
store emerges by using of different associative strategies. The use, recall, and functional
organization of the concepts in the semantic store represent the basis of semantic competence. In
that mechanism, the language represents an important cognitive factor: linguistic and conceptual
development converge together in the process of early words learning (Arunachalam and Waxman,
2010). The developmental progression of knowledge is based on features of concepts: the children
start from perceptual categorization to arrive to abstract categorization in order to structure the
semantic store. In this process, the language represents an important increasing factor of semantic
system in childhood. The language appearance in early infancy and its development represents
improvement of knowledge competence (Bloom, 2000; Mandler, 2000; Booth et al., 2006; Fulkerson
and Waxman, 2007; Waxman and Gelman, 2009). Arunachalam and Waxman (2010) designed
mappings about the infant sensitivity to relations between words and concepts: within first year,
children set words to commonalitites among objects; in second year, they define precise mappings
between kinds of concepts (i.e., categories of objects, properties of objects, relations among objects).
Afterward, different traiettories of mappings develop: in first time mapping of nouns emerge and
then the mapping for adjectives and verbs. That is due to the different informational requirement
for them.
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An interesting investigation is analyzing the effect of language
onset time like an advatange and/or a disvantage factor in the
semantic development. Children’s language emerges typically
in range 12-24 months of age, but some children present a
variability in terms of to begin talking: some children speak before
that time and are called early talkers, whereas some else after that
timing and are named late talkers.

Several studies have been conducted on the different language
onset time having as focus the expressive language, the
morphology and sintax, as that they represent the weaker
language endowment (Rescorla, 1989, 2009; Rice et al., 2008;
Rescorla and Turner, 2015). Most relevant researches have been
conducted on the late talker profile identifying him as child at
2-3 years with delayed vocabulary and sintax but not significant
neurological, sensory, or cognitive deficits (Desmarais et al,
2008). Moreover, Rescorla (2013) highlighted like some late
talkers have expressive language delay only, whereas others have
delayed receptive language.

By contrast the linguistic involvement, few studies have been
focused on the effect of language onset time on the semantic
competence, in particular on the use of semantic strategies basilar
for the knowledge processing.

Previously, our research group investigated the semantic
associative using in developmental age showing the first step of
semantic processing in terms of associative strategies’ using. Our
findings highlighted that beginning at 4 years old, children were
able to use the semantic associative relations but that competence
increased during cognitive development. In particular, the ability
to associate concepts using different strategies has been showed
being active since the preschool age. Our research evidenced the
progression of semantic associations and the roles they have in
the semantic store buinding (Di Giacomo et al., 2012). Perceptual
and then linguistic processes co-occur to develop semantic
abilities. The child becomes semantically competent during
preschool and early school development using sequentially
perceptual and verbal encoding (Murphy, 2002; Needham et al.,
2006; Coley, 2007; Nguyen, 2007; Di Giacomo et al., 2010, 2012;
Herrmann et al., 2012).

Lately, we oriented our focus on the observation of the
semantic strategies and the relation with the early or delayed
language onset time; we have been interested to evaluate if
semantic competence develops independently of language onset
time, and finally, if children with early or delayed language
acquisition develop semantic ability at different times; to our
knowledge, few researchers have focused their interest on this
topic.

Overall aim of the present study is to verify the semantic
associative abilities in a preschool population tailored for
different language onset time (early, delayed, and typical). We
wanted to analyze if linguage expressive could be related to the
flexibility of conceptual processing.

The study was conducted on a preschool sample from a
population with language development in progress, and we
assumed that the increase in linguistic competence from 3
to 6 years of age would provide a better analysis of the
possible influence of language on conceptual development by
visuoperceptual elaboration.

MATERIALS AND METHODS

Subjects
The participants are 74 preschool children (39 female and 35
male) with mean age 4.1 years (SD = 0.8) distributed in three
groups defined by phase of language onset: (i) the Early Language
(EL) group included 17 children with mean age 3.9 (SD = 0.8)
with early language onset (Mean = 7.8 months and SD = 0.5);
(ii) the Typical Language Language (TL) group included 39
with mean age 4.4 (SD = 0.8) and with typical language onset
(mean = 11.3 months and SD = 1.2); (iii) the Delayed Language
group (DL) included 18 children with mean age 3.8 (SD = 0.7)
with delayed language onset (mean = 17.3 months and SD = 2.9).
The distribution of the sample in the three groups was made on
the basis of pediatric evaluations, parents’ reports on the basis
of Rescorla’s criteria (Rescorla, 1989): age of acquisition of first
words, age of gesture indication, and age of spontaneous use of
first phrases (Table 1).

Excluded children have been n.74 because their performance
have been under theresold by Raven test (see Test).

All children lived with both parents.

Test

A standardized psychological battery was administered.

Ravens Colored Progressive Matrices (Italian Adaptation
Belacchi et al., 2008) is a non-verbal test widely applied in the
evaluation of general intelligence, and is composed of 36 items.
The subject was asked to choose from a set of six, the piece that
was missing in a target pattern. The standard score was analyzed.
The Raven’s Colored Progressive Matrices was used to measure
the cognitive competence of the subjects in order to exclude those
with cognitive deficits/difficults.

Prova di Associazione Semantica (PAS, Semantic Associative
Task, Di Giacomo and Passafiume, 2014) is a visuoperceptual task
to evaluate the semantic associative abilities. It was carried out on
native Italian speaking children. The task was composed of two
sets: Naming and Matching tasks.

Naming Task

The Naming task consists of 40 drawing items representing
objects applied in the Matching task. The examinator asks the
subject to say the name of the drawn object (Figure 1). The
Naming task is a preliminary test to measure the children’s ability
to recognize the targets used in the Matching task (cut-off is 75%
correct respnses). The score is the sum of correct responses.

Matching task

Matching task is composed of 40 items and each item includes
one target object [and three other objects (see Figure 2)]. The
examinator asks to the subject to indicate which one of the three
choises (objects) is related better than others to the target. The
items investigate four semantic associative relations: (i) Function,
(ii) Part/Whole, (iii) Contiguous, and (iv) Superordinate). The
associative relations were as follows: the Function category
consists of pairing an object with its use (e.g., scissors and
to cut); the Part/Whole category consists of pairing an object
with its single part (e.g., fish and fin); the Contiguous category
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TABLE 1 | Demoghaphic data of the participants.

Variables Sample F p
Early language Tyrpical language Delayed language

N° (Total n = 74) 17 39 18

Male 10 14 11

Female 7 25 7

Age 3.9 (£0.8) 4.3 (£0.7) 3.8 (£0.7)

Age mother 37.9 (+£5.6) 36.7 (+5.5) 39.7 (+5.4)

Age father 40.8 (£5.4) 40.5 (+£6.3) 42.3 (+£2.6)

Gesture age 7.5 (£1.15) 8.2 (+£1.7) 12.1(£3.2) 32.4 0.00*

First word age 9.2 (+2.5) 10.9 (£1.9) 15.6 (£4.2) 18.2 0.00*

Raven test 14.2 (+4.4) 17.2 (+4.9) 14.2 (45.3) 2.4 0.09

t Raven test 5.4 (£3.7) 4.8 (£1.7) 3.4 (+1.5) 2.6 0.08

*statistically significant.

FIGURE 1 | Example of Matching item.

consists of pairing an object with its complement (e.g.,. pencil and
eraser); the Superordinate category consists of pairing an object
with its class membership (e.g., dog and animal). Three trial
items applied. The score was the sum of the correct responses.
The Cronbach a value is: function = 0.83; part/whole = 0.86;
contiguity = 0.80; superordinate = 0.80).

In addition, the time was measured for the subject’s
completion of the Naming and Matching tasks.

Procedure

The children have been recruited in pediatric ambulatory and
kindergarten school. The children have been evaluated by
Psychologists in individual sessions lasting 45 min in a quiet and
dedicated room. The scoring of psychological tests was get by
judges were blind by the study’s objectives. Parents have been

proposed a individual interview lasted at least 1 h in order to
have more information about linguistic ability of their children.
Written informed consensus by parents was mandatory and
obtaneid.

Data was inserted in the Case Report form builded for this
research.

Ethic Statement

The study was carried out with the Positive Opinion of Ethic
Commetee of University of LAquila (Italy).

Plan Statistical Analysis

The data were submitted to statistical analysis with value
a < 0.05. The statistical analysis were performed through the
Statistica software.
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FIGURE 2 | Example of Naming item.

TABLE 2 | Raw scores of age groups in the experimental tasks.

Tests Age groups
3-years-old 4-years-old 5-years-old

Naming 29.6 (+7.0) 34.4 (+ 3.7) 34.9 (+£3.2)
Matching 30.5 (£5.8) 37.9 (£ 1.1) 34.4 (+6.9)
Function 7.9 (£1.5) 9.1 (£0.8) 9.6 (+£0.6)
Part/Whole 7.2 (+£1.5) 8.9 (£1.5) 9.0 (+0.8)
Contiguity 7.9 (£1.4) 9.0 (+0.9) 9.6 (+0.6)
Superordinate 7.3 (£2.3) 9.2 (+0.9) 9.6 (+0.7)

Descriptive statistics (mean and standard deviation for
numeric variables, frequencies, frequencies for categorical
variables) were processed for all variables examined.

An ANOVA analysis was applied to match the semantic
performance difference in three groups (TL, EL, and DL), and
then we conducted the post hoc analysis (Tukey test). Suddenly,
we conducted MANOVA to compare the age groups and the
language onset time groups to evaluate the effect of aging and
the language onset time on the semantic performance. The aging
effect is expected.

RESULTS

Aim of the research was to analyze the semantic associative
performance in early developmental age. Our focus has been the
use of associative strategies in the range age 3-6 years old, in a
tailored sample by different language onset time.

one way ANOVA: F(4, 140)=10,39, p=,000
42

40| =% Naming task
~#- Matching task

38

36

32
30

28

26

3 years old 4 years old

AGE GROUP

5 years old

FIGURE 3 | Comparison of age groups performance in Naming and
Matching tasks.

TABLE 3 | Raw scores of language onset time groups in the experimental
tasks

Tests Language onset time groups
Early Typical Delayed
language language language
Naming 31.9 (£3.9) 34.4 (+4.5) 33.7 (£6.3)
Matching 32.5 (+5.7) 36.0 (+4.7) 34.4 (+6.9)
Function 8.3 (£1.3) 9.2 (£1.1) 8.7 (£1.7)
Part/Whole 7.5(£1.8) 8.7 (£1.2) 8.6 (+1.5)
Contiguity 8.3 (£1.2) 9.0 (£1.9) 8.5 (+£2.2)
Superordinate 8.2 (£2.1) 8.9 (£1.7) 8.4 (+2.2)
3x2 ANOVA: F(2, 71)=5,13, p=,008
40
N
By ]
37
36
é 35
g 34
= 33
32
31
30
& Early Language Typical Language Delay Language
FIGURE 4 | Representation of the perfromance of EL, TL, and DL
groups in Matching task. **statistically significant.

First, we wanted to analyze the influence of age in the
elaboration of semantic associative strategies. The sample has
been divided in three groups by the chronological age: (i) 3-year-
old group was composed of 21 subjects, (ii) 4-year-old group was
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FIGURE 5 | Representation of the Matching task performance by age and language onset groups.

Delay Language

composed of 26 subjects, and (c) 5-year-old group was composed
of 27 subjects. In Table 2, we reported raw score.

A MANOVA 3 (age groups) x 2 (tasks: Naming, Matching)
evidenced significant difference among the three groups in
the two tasks [Naming: F(2,71) = 8.4; p = 0.001, and
n? = 0.19; Matching: F(2,71) = 23.5; p < 0.0001, and
n? = 0.39]. The Post hoc analysis (Tukey test) showed that
in the Naming task, the 3-year-old group was significantly
different from the 4-year-old (p < 0.002), and 5-year-old
groups (p < 0.001) while no significative difference were found
between the 4- and 5-year-old groups. Significant differences
were also found in the Matching task: the 3-year-old group

was less able than the 4-year-old (p < 0.001) and 5-year-
old groups (p < 0.004; Figure 3). The expected results
have confirmed out the previous data (Di Giacomo et al,
2012).

Then, we have conducted a statistical analysis to evaluate the
performance of the three language onset time groups (EL, TL, and
DL) in the associative test (Naming and Matching task). Table 3
reported the raw score of the sample distributed in language onset
time. A 3 x 2 MANOVA showed differences between language
onset time groups in semantic tasks [F(4,140) = 2.94; p = 0.02,
and 1?2 = 0.78]. The Post hoc analysis (Tukey test) evidenced
different performance between language onset groups only in
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FIGURE 6 | Representation of time execution in Naming and Matching tasks.

Delay Early Typical Delay

5 years old

the Matching task: the EL group’s scores were lower than TL
(p < 0.001) and DL (p < 0.004) groups (Figure 4).

Besides, a 3 (language onset time groups) x 3 (age groups) x 4
(types of semantic associations: function, part/whole, contiguity,
and superordinate) MANOVA showed a significant difference
among the age groups [F(8,124) = 2.3; p < 0.001, and
n? = 0.25] and the onset language groups [F(8,124) = 5.34;
p < 002, and n*= 0.13], but no significant interaction
between age and language onset time groups. This result
is interesting: the aging effect isn’t affect the semantic
associative performance of children with different language onset
time (Figure 5).

Finally, we have analyzed the execution time (f) of sample
in Naming and Matching taskes. A 3 (EL, TL, and DL
groups) x 3 (age groups) x 2 (t Naming and Matching
tasks) MANOVA evidenced significant differences in language
onset time groups [F(4,128) = 2.7; p < 0.03, and n? = 0.78]
and age groups [F(4,128) = 3.4; p < 0.01, and 1?2 = 0.09];
Tukey test showed in EL performance resulting slower than
TL and DL groups in Matching task (p < 0.001); TL and
DL groups performance appear similar. The post hoc on age
groups performance evidenced the older children (4- and 5-year-
olds) faster than younger (3-year-olds) (t Naming: p < 0.05,
t Matching: p < 0.008) (Figure 6).
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DISCUSSION AND CONCLUSION

The present study proposed to analyze the impact of the language
onset time in the development of associative strategies using.
Particularly, we wanted to verify if the semantic ability in early
childhood could be affected by language onset time, reflecting
specific features as well as linguistic competence.

Our data showed that language onset time does not seem to
affect directly the use of examined semantic associative abilities.
The children improve their using of associative strategies during
cognitive development, without significant linkage to verbal
production. The data evidenced that the children with delayed
language are able to use the associative strategies as well as the
children with typical language: these performance appear in the
elaboration of information and in execution time of semantic
task.

Our findings showed developing semantic ability isn’t related
primarly to the language onset time. The performance of Delayed
Language Onset Group didn’t be different from the Typical
Language Onset Group on the Matching Task; morevor, DL
performance have differed from EL in both measurements
(correctness and execution time). The early language children
have been less efficient than the other subjects of two groups
in the concepts association and the use of single associative
relations. The early language group appeared weak in the use of
contiguity and part/whole relations.

Our results suggest that semantic association competence
and the age of linguistic production aren’t directly linked, even
though the early word production could predict a weakness in the
managing of the linkage of the concepts; in contrary, the delayed
linguistic production didn’t seem to influence the development of
associative strategies.

Several studies demonstrated the delayed lexical activation
could reflect a weakness in language development and favoring
bloomer and/or late talker outcomes (Rescorla, 2005; Rice et al.,
2008). Rice et al. (2008) conducted a follow up study of the
evolution of the performance of late talking children at 3-
year-old: the research demonstrated the persistence of linguistic
impairment connected to the syntactic and grammatical deficit
and a relative deficit in the semantic quotient (verbal task) with
important involvement of spontaneous language.

Rescorla (2009) showed that the linguistic difficulties
persisted into adolescence. Follow-up studies evidenced such
as the language that initially have evolution difficulties during
the develop maintain critical even if supported linguistic
rehabilitation interventions. These conclusions are supported
by several reports (Rescorla, 2005; Rice et al., 2008). Our research
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Purpose: To study reading comprehension performance profiles of children with
dyslexia as well as language-based learning disability (LBLD) by means of retelling tasks.

Method: One hundred and five children from 2nd to 5th grades of elementary school
were gathered into six groups: Dyslexia group (D; n = 19), language-based learning
disability group (LBLD; n = 16); their respective control groups paired according to
different variables — age, gender, grade and school system (public or private; D-control
and LBLD-control); and other control groups paired according to different reading
accuracy (D-accuracy; LBLD-accuracy). All of the children read an expository text
and orally retold the story as they understood it. The analysis quantified propositions
(main ideas and details) and retold links. A retelling reference standard (3-0) was also
established from the best to the worst performance. We compared both clinical groups
(D and LBLD) with their respective control groups by means of Mann-Whitney tests.

Results: D showed the same total of propositions, links and reference standards as
D-control, but performed better than D-accuracy in macro structural (total of links)
and super structural (retelling reference standard) measures. Results suggest that
dyslexic children are able to use their linguistic competence and their own background
knowledge to minimize the effects of their decoding deficit, especially at the highest
text processing levels. LBLD performed worse than LBLD-control in all of the retelling
measures and LBLD showed worse performance than LBLD-accuracy in the total retold
links and retelling reference standard.

Those results suggest that both decoding and linguistic difficulties affect reading
comprehension. Moreover, the linguistic deficits presented by LBLD students do not
allow these pupils to perform as competently in terms of text comprehension as the
children with dyslexia do. Thus, failure in the macro and super-structural information
processing of the expository text were evidenced.

Conclusion: Each clinical group showed a different retelling profile. Such findings
support the view that there are differences between these two clinical populations in
the non-phonological dimensions of language.

Keywords: reading comprehension, retelling, simple view of reading, dyslexia, recall pattern
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INTRODUCTION

Reading comprehension assessment by retelling a previously
read text enables direct access to the expression of mental
representation built by the reader (Leslie and Caldwell, 2009;
Reed and Vaughn, 2012) without any interference or facilitation.
It also evidences one’s competence to both identify relevant
information of the previously read text and integrate these ideas
into a cohesive and coherent global scheme (Orrantia et al., 1990;
Leon, 1991; Garcia Madruga et al.,, 1996). Retelling, allows for
an outlining of different levels of comprehension, these being
the reading processing product resultant from the micro, macro
and super-structures (Squires et al., 2014; Kida et al., 2015).
The identification of the total retold ideas is a direct measure
of how the reader operates with the basic units of the text —
the propositions - and it reflects his ability to keep them in
mind (Orrantia et al.,, 1990; Carlisle, 1999). These abilities are
intricately connected to the micro-structural comprehension,
therefore, to the local information processing level (Kintsch and
Keenan, 1973; Frazier and Fodor, 1978). The total retold ideas,
mainly when considering the importance of each one to the
textual chain (main ideas or details), gives clues of the reader’s
abilities to choose relevant information from the text and to
start the global processing of the text macro-structure. After
choosing, generalizing and leaving ideas out, skills involved in
this process, the reader starts establishing connections between
each piece of information, in other words, the links. Retelling
also provides the product of global processing at a macro-
structural level. Such product may be assessed by the total links
made between the retold ideas, and by the retelling reference
standard (Squires et al., 2014). The measurement provided by
the retelling standard takes into account the analysis of the
set of retold links considering its relevance for the text central
chain. For that reason, such measurement helps determine the
comprehension level achieved by the reader and, therefore,
the way he reaches the text super-structure. The reference
standard of the retelling of expository texts evaluates the way
the reader organizes his ideas toward an established central
goal (Bustos Ibarra, 2009; Squires et al.,, 2014), guided by his
knowledge of the text structure (Richgels et al., 1987; Roller,
1990).

Hence, the set of retelling measurements - total retold ideas,
total links and the retelling reference standard — may provide
hints of how the reader builds his understanding of the text
and at what level of processing difficulties remain when reading
comprehension does not take place (Owens et al., 1979; Orrantia
et al., 1990; Bernhardt, 1991).

Reading comprehension difficulties result from varied types
of reading deficits, identified by the reader’s performance
in automatic recognition of written words and/or in oral
comprehension. Three clinical groups are known: (1) Readers
with specific reading comprehension deficits; (2) Readers with
specific decoding deficits - dyslexia; (3) Readers with both
deficits - known as language-based learning disability (LBLD)
deficits (Catts et al., 2003) or also as mixed deficits (Catts et al.,
2005b; Cain and Oakhill, 2006). The differences between the
latter two clinical groups are primarily in non-phonological

language dimensions. Children with LBLD show, besides a
phonological processing impairment, a typical dyslexia symptom,
significant deficits of oral comprehension (Aaron, 1991; Catts and
Kahmi, 2005) with hindrance to vocabulary, morph syntax, and
text structural processing, even when their non-verbal abilities
are preserved. These linguistic deficits are, therefore, broad and,
they interact directly with reading competences, resulting in
different manifestations, thus making reading problems in the
LBLD group more evident and, equally broad (Catts, 1993; Catts
etal., 1997, 2005a; Bishop and Snowling, 2004).

Although children with dyslexia and with LBLD knowingly
show difficulties of very different nature, it is acknowledged that
reading comprehension can be impaired in both cases. Children
with dyslexia may present reading comprehension difficulties
influenced by their decoding deficits, despite their good oral
comprehension. Their slow and inaccurate word recognition
may limit sentence and text processing speed, thus resulting
in comprehension impairments (LaBerge and Samuels, 1974;
Perfetti, 1985; Shankweiler et al., 1999). Pupils with learning
disabilities, in turn, show deficit in reading comprehension as
a consequence of poor decoding abilities and of more general
language deficit (Stanovich and Siegel, 1994; Ellis et al., 1996;
Aaron et al.,, 1999).

Literature has not yet shown if retelling allows for an
identification of different performance profiles in reading
comprehension among the different cases of reading impairment.
The presence of heterogeneous groups (poor readers, reading
disabled children, and children with learning disabilities) in the
searched studies does not help understand the effects of the
deficits in different competences (decoding and language) upon
reading comprehension.

Studies showed that these children with learning difficulties,
designated to the sample upon their teachers’ recommendation or
chosen according to the identification of deficits in their reading
performance on specific evaluation tests, significantly retold less
pieces of information. Furthermore, they showed worse oral
discourse management of the retelling due to their difficulties
in adequately choosing main ideas rather than details (Williams,
1991; Curran et al., 1996; Carlisle, 1999; Reed and Vaughn, 2012).
Even in studies that encouraged retelling, requesting children to
add more pieces of information at the end of their narrative,
showed that there was no retelling expansion. The retelling of
children with academic learning difficulties showed no expansion
of number of ideas (Bridge and Tierney, 1981; Zinar, 1990; Reed
and Vaughn, 2012), as opposed to the performance of good
readers.

When considering such particular nature of deficits that affect
children with dyslexia and children with LBLD, it is expected
the investigated clinical groups (D, LBLD) to show distinct
performance profiles in reading comprehension at different levels
of text processing. The chances of the retelling identify the quality
of mental representation generated by the text, by means of
measuring the total of retold ideas (main and details), links and
the reference standard that each one of those clinical groups
grasped, would help understand which strategies of base-text
construction could be impaired. Then, it is necessary to compare
the performance of each clinical group with the performance of
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its pairs of the same age, gender, school grade, as well as with
pupils of the same reading accuracy level.

Cain et al. (2000) proposed an experimental design based
on the use of comparison by pairing levels of competence.
The idea of this design is to compare an interest group
with pairs of the same age and school grade as a means
of controlling the effect of variables, such as language
development and schooling, upon reading performance.
Moreover, comparing accuracy competence groups helps
not only to demonstrate if the performance of a clinical
group is below its pairs of the same level of development
and schooling, but also to advance in understanding the
cause of reading difficulties (Frith and Snowling, 1983; Siegel
and Ryan, 1988). The comparison between comprehension
competence of a clinical group and younger pupils of
equivalent decoding competence may help determine
what is the most probable explanation for the relationship
between both competences: is reading comprehension
proficiency due to linguistic development or to decoding
competence? If the group without complaints of reading
difficulties, paired by age, gender and schooling shows better
reading comprehension competence, we may suppose that
decoding competence may interfere in comprehension
access, once this competence distinguishes these groups.
However, if the performance of pupils with difficulties
is better than pupils paired by level of accuracy, for
example, we may presume that the schooling and/or the
language development, a distinguishing factor between the
groups, may favor comprehension performance. At last, if
the performance of pupils with difficulties is worse than
the group paired by level of accuracy, it is presumable
that, once decoding is controlled, the deficits in language
competence may interfere in the performance of pupils with
difficulties.

This experimental design is intended to help clarify the
nature of reading comprehension difficulties faced by children
with dyslexia and by children with language-based learning
disabilities. Findings are intended to help in the comprehension
of the necessary supports and to facilitate the planning of
required intervention by each of these groups of readers.

Purpose
This study aimed at characterizing oral retelling profiles made by
children with dyslexia and LBLD, after reading an expository text.

First, we intended to identify the points of comprehension
breakdown at different text processing levels (micro structure,
macro structure, and super structure), as well as to measure the
effects of deficits based on the expected performance according to
age and schooling. For such, clinical groups were compared with
its controls of the same level of development and schooling.

Afterward, we meant to understand those comprehension
breakdowns (micro-structure, macro-structure, and super-
structure) based on the language competence shown by the
clinical groups. For such, the decoding variable was controlled
through pair ups according to accuracy level.

Thus, we tried to answer the following research questions
starting from the designed hypotheses.

(a) Do children with dyslexia, who present restricted decoding
difficulties, necessarily show reading comprehension
impairments? At what text processing level do decoding
difficulties interfere to the point of impairing reading
comprehension? Can  skilful language competence
compensate for decoding deficits? Also, at which level
processing of textual information could language favor
reading comprehension?

In the light of those questions, we adopted the following
hypotheses:

- Children with dyslexia (D) will show reading
comprehension difficulties when compared with the
group paired by two development parameters — age and
schooling (school grade and school system) - (D-control).
By that, it may be possible to assume that the presented
decoding deficits may generate negative effects on reading
comprehension.

- Children with dyslexia will show better performance
when compared with the reading accuracy level group
(D-accuracy). By that, it may be possible to assume
that children with dyslexia are able to employ their
most skilful language competences and to make use of
their knowledge, built throughout their longer schooling
period, in favor of reading comprehension performance.
For that reason, they will show better chances of
processing information than younger children with the
same decoding competences.

(b) Will children with LBLD, who show both decoding and
language competence difficulties, present specific alterations
at certain levels of reading comprehension, or a broader
compromised profile in processing textual information?
At which levels of processing textual information may
the deficits present in language interfere in reading
comprehension activities?

In turn, for children with LBLD, we proposed the
following hypotheses:

- Children with LBLD will show difficulties in every level
of processing of textual information when compared with
the children of the same level of development, gender and
schooling (LBLD-control).

- Children with LBLD will show similar or worse
performance when compared with pupils of the same
reading accuracy level (LBLD-accuracy). That result
will allow us to assume that their language competences
will not be enough to compensate for their decoding
difficulties, making their reading comprehension
performance similar or even worse than this control
group. Such result will depend on the extent of the effect
of linguistic competences this population has.

MATERIALS AND METHODS

The sample consisted of 105 students, native Brazilian Portuguese
speakers from the 2nd to the 5th grades of Elementary
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School, without complaints nor indicators of hearing or visual
impairment, neurological, behavioral or cognitive disability. They
comprised six groups: (a) D: 19 children (53% male, average age:
127 months, SD = 16.1) with clinical developmental dyslexia
diagnostic; (b) D-control: 19 children (53% male, average age:
123 months, SD = 15) without complaints of reading difficulties.
This group was paired up with D according to age, gender, school
system and schooling parameters; (c) D-accuracy: 19 children
(47% male, average age: 123 months, SD = 2.1) paired up with D
according to reading accuracy; (d) LBLD: 16 children (81% male,
average age: 122.5 months, SD = 14.7) with clinical diagnostic
of LBLD; (e) LBLD-control: 16 children (81% male, average age:
121 months, SD = 10.4). This group was paired with LBLD
according to age, gender, school system and schooling; (f): LBLD-
accuracy: 16 children (44% male, average age: 86.5 months,
SD = 3.9) paired with LBLD according to reading accuracy.

Clinical group participants (D abd LBLD) were recruited
through cross-disciplinary diagnostics (neurologist, neuro-
psychologist, psycho-pedagogue, and speech therapist) carried
out at Laboratério de Investigacdo dos Desvios de Aprendizagem
do Centro de Estudos da Educagdo e da Satde da Faculdade de
Filosofia e Ciéncias - CEES/FFC/UNESP Marilia — SP (Learning
Deviation Investigative Laboratory of the Centre of Health and
Education Studies of the Philosophy and Science College -
CEES/FFC/UNESP Marilia - SP) and at Laboratério dos Desvios
de Aprendizagem do Hospital das Clinicas da Faculdade de
Medicina - HC/FM/UNESP - Botucatu - SP (Learning Deviation
Laboratory of the Clinics Hospital of Medicine College -
HC/FM/UNESP - Botucatu - SP).

D pupils showed (1): an expected intelligence quotient (1.Q
equal to or higher than 80) in psychological evaluation, (2)
the presence of significant discrepancy between the verbal and
the execution quotients, with differences leaning toward the
execution IQ, with lowering score in the digit subtest and
good performance at vocabulary and arithmetic subtests taken
according to the expected values for the age at WISC-III
(Wechsler, 2002); (3) low performance in the reading of both the
isolated word task, according to parameters established for the
standard test for the Brazilian school population (Stein, 1994) and
the pseudo words (Arduini et al., 2006; Salgado and Capellini,
2008); (4) performance impairment of phonological short-
term memory, according to the expected schooling parameters
(Kessler, 1997; Tabaquim, 2008); (5) poor performance in the
rapid serial naming task (Denckla and Rudel, 1974) according
to parameters of the Brazilian school population (Simaées, 2006);
(6) performance impairment in the phonological awareness task,
showing a lowering of more than 1.5 dp of the total score for the
schooling (Capovilla and Capovilla, 1998).

Language-based learning disability participants met the
following inclusion criteria (Puranik et al., 2006): (1) history of
previous language impairment or academic difficulties in early
school years; (2) intellectual quotient below average (minimum
1.Q of 80 points) with the absence of discrepancy between the
verbal and the execution intellectual quotient at the WISC-
III psychological assessment (Wechsler, 2002); (3) the same or
better performance than the percentile 25 (below average level)
at the Raven’s Progressive Matrices, with schooling parameters

taken into account (Raven et al., 1988); (4) good performance
at the Wisconsin Card Sorting test classification, with schooling
parameters taken into account (Heaton et al., 2005); (5) poor
performance in the tasks of reading isolated words, according
to the Brazilian schooling population parameters for writing and
Arithmetic (Stein, 1994).

The control group participants were recruited in Elementary
Schools of the same city. Besides meeting the recruitment
criteria established for the whole sample, these children did not
show history of speaking nor language impairment, of academic
or reading difficulties, neither suggestive signals of sensory
alterations, neurological and cognitive impairment, according to
their teacher’s designation.

The study of pairing up clinical groups (D and LBLD) with
their controls of the same age, gender, schooling and school
system (D-control and LBLD-control) in relation to the age
variable was carried out by means of the one-way analysis of
variance (ANOVA One Way), making use of age (in months) as
a dependent variable. Bonferroni Tests were performed in order
to verify the existence of differences between the pairs of groups.
Results showed that there were no differences between the groups
[D and D-control: F(1,36) = 0.46, p = 0.500, 1> = 0.907; LBLD
and LBLD-control: F(2,35) = 6.38, p = 0.500, 1% = 0.026].

Mann-Whitney test was used to assess the pairing up of
clinical groups (D and LBLD) with their controls according
to age and schooling (D-control and LBLD-control) and with
their controls according to reading accuracy (D-accuracy and
LBLD) for the decoding variable. Rate (number of words read per
minute) and accuracy (number of correct words read per minute)
were used as dependent variables and group as a fixed factor.

The comparison of the decoding variables (rate and accuracy)
resultant from the single item task (Pinheiro, 2011) showed that
the clinical groups (D and LBLD) presented lower figures when
compared with their control pairs according to age, gender, and
schooling (Table 1). In turn, the comparison between the clinical
groups and their controls, paired according to their level of
reading, showed similar figures (Table 2). Results proved the
decision of pairing up these groups appropriate, considering the
adoption of the experimental design.

Procedures
Protocol of Retelling after Reading
Four expository texts were carefully written about subjects that
were not part of the private and public school programs, neither
in their previous grades nor in the intended evaluated grade.
Such criterion aimed at minimizing the effects of the participants’
previous knowledge of the reading comprehension assessment.
The texts proved appropriate for each school grade. A previous
study revealed that the texts were appropriate for: readability
(analyzed through the Flesch Index), syntax complexity (Indexes:
number of words and sentences of the texts, number of sentences
within paragraphs, occurrence of content words, pronouns per
syntagma, and number of linkers) and vocabulary complexity
(Type/Token Index), attested parameters that interfere in
comprehension (Aluisio et al., 2008; McNamara et al., 2010;
McNamara et al., 2012). All of these measurements were achieved
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TABLE 1 | Study of the sample pair up based on reading fluency variables - Comparison between clinical groups and control groups according to age,

gender and schooling.

Variables Groups
D D-control LBLD LBLD-control
(N=19) (N=19) (N =16) (N =16)
Reading rate Mean 25.9 56.5 23,1 63,1
SD 11.2 11.3 8,4 19,1
u 9.50 11.00
P-value p < 0.001 p < 0.001
Results D < D-control LBLD < LBLD-control
Reading accuracy Mean 11.9 49.2 8,5 54,6
SD 9.1 12.2 5,5 6,3
z 9.00 6.50
P-value p < 0.001 p < 0.001
Results D < D-control LBLD < LBLD-control

Mann-Whitney test. D, Dyslexia Group,; D-control, Dyslexia control group by age, gender, and grade; LBLD, Language-based learning disability group; LBLD-control,
Language-based learning disability control group by age, gender and grade. Significant at p < 0.05.

TABLE 2 | Pairing up data between clinical groups and their control groups paired according to reading accuracy upon reading fluency variables.

Variable Groups
D D-accuracy LBLD LBLD-accuracy
N =19) (N =19) (N = 16) (N =16)
Rate Mean 25.9 24.0 23.1 27.6
SD 11.2 8.12 8.4 156.2
U 1563.50 119.50
P-value 0.219 0.234
Results D = D-accuracy LBLD = LBLD-accuracy
Accuracy Mean 11.9 11.6 8.7 9.1
SD 9.1 10.3 5.5 6.3
U 170.5 124.50
P-value 0.625 0.237
Results D = D-accuracy LBLD = LBLD-accuracy

Mann-Whitney test. D, Dyslexia Group; D-accuracy, Dyslexia control group by reading accuracy; LBLD, Language-based learning disability group; LBLD-accuracy,
Language-based learning disability control group by reading accuracy. Significant at p < 0.05.

through the CohMetrix-Port computerized tool (Scarton and
Aluisio, 2010) and were compared with the expected parameters
for texts of each researched school grade (Kida, 2015). These
reference figures were established based on the analysis of 15
schoolbook collections of the Portuguese Language (total of
918 texts), approved by the Plano Nacional do Livro Didético
(Schoolbook National Plan) - PNLD 2013 (Brasil, 2012),
intended to the teaching of pupils from the 2nd to the 5th
grades of Elementary School. Changes were made in the texts
once comparisons showed inadequacies on a certain assessed
parameter. Such changes assured that the final texts had the
desirable syntax complexity and readability for each school
grade.

The analysis of the retellings was carefully sifted through three
assessors based on the propositions of each text. Such analyses
were compared and the propositions classified, under consensus,
as main ideas and details. For such, the importance of each

proposition for the main chain of the text and the nature of the
conveyed information (explicit or implicit) were considered. The
identified propositions composed the screening and allowed for
the identification of total retold ideas, a parameter used to assess
the processing of text micro-structure (Sdnchez, 2002; Bustos
Ibarra, 2009).

Assessors also identified the existing links in the text (Sdnchez,
2002; Bustos Ibarra, 2009). Links were understood as causal
connection between main ideas, between main ideas and details
or between details. Every identified link composed the screening
and allowed for the assessment of the quality of the global
processing of textual macro-structure.

Another adopted parameter was the retelling standard
reference, established according to the following criteria (Coté
et al., 1998; Gonzales, 2008; Bustos Ibarra, 2009): Standard 3-
presence of all the links between main ideas, together with,
at least, one link between main ideas and details; Standard
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2-presence of links between main ideas, without the presence of
links between main ideas and details; Standard 1-presence of, at
least, one link, no matter its classification; Standard 0-absence of
causal connections of any type. These standards were established
to reflect different ways of organizing memorized ideas toward
the central objective of the text, thus allowing for the observation
of the super-structural processing of the text by the reader (Bustos
Ibarra, 2009).

Data Collection Procedures

The assessed children were instructed to read the text that was
assigned for their school grade the habitual way they read for
comprehension (oral or silently). No time limit was defined. They
retold the previously read information when they considered they
were ready. Their retellings were recorded for later transcription
and analysis.

Procedures of Data Analysis

Procedures of analysis of inter-rater agreement

Four speech therapists were trained to analyze the retellings.
After training, transcriptions of 200 retellings (50 of each school
grade) from previous researches were used and helped achieve
the inter-rater agreement. Such measure intended to guarantee
reliability. To estimate the Reliability Indexes, the Kappa inter-
observer agreement measurement was used, establishing 0.70 as
a minimum level (Urbina, 2007). The resulting indexes for each
one of the texts are in Table 3.

Procedures of retelling analysis

Once the inter-observer agreement was proven, the participants’
retelling transcriptions were distributed among the four coders.
It was a blind assessment as for age, gender, and schooling of
participants, as well as their groups.

Coders identified each one of the ideas and retold links and
scored one point for each piece of information identified. Then,
they summed the total ideas and links. Eventually, they identified
the retelling standard with its respective scorings.

Gross results of total ideas and links were converted based
on z-scores, as lower, average, and upper levels, to which 0, 1,
and 2 scores were, respectively, assigned (Kida, 2015). The data
resulting from the analysis of each retelling were tabulated and
submitted to statistical analysis.

Data Analyses
The normality test indicated the presence of non-normal
distribution for the analysis variables. The comparative analysis
of performance of clinical groups with their respective controls -
comparison of independent groups, two by two — was carried out
through the Mann—Whitney test for the total ideas, total links and
retelling standard. The significance level adopted was p < 0.05.
The extent of the effect size for the Mann-Whitney test was
assessed by approximation of the distributions of test statistics for
the Z distribution, once this is a non-parametric test. Thus, the
following calculation was made: r = Z//N. The analysis criteria
for effect size (proposed upon the Cohen r) and adopted for this
study were: great effect = 0.5; average effect = 0.3; low effect = 0.1
(Fritz et al., 2012).

The statistical pack IBM SPSS Statistics — version 22 (pt) — was
used in the analysis mentioned above.

RESULTS

Study Results of the Retelling Profile of

Children with Developmental Dyslexia

Table 4 shows that children with dyslexia (D) presented
performance similar to their pairs of the same age, gender and
schooling (D-control) for the variables of total ideas and of retold
links, as well as of retelling standard after reading.

The comparative investigation of total retold ideas showed
that D retold less central ideas, significantly differing from its
pairs of the same age and schooling (D: 0.42/D-control: 1.11;
U = 150.00, p = 0.004, r = 0.542, I.C. 95%: lower limit = —0.7,
upper limit = —1.09). However, D and D-control performances
were similar when compared with the total retold details (D: 0.58/
D-control = 0.89; U = 21.00, p = 0.154).

Comparisons between children with dyslexia (D) and their
pairs of the same level of reading accuracy (D-accuracy)
showed that children with dyslexia presented better performance
evidenced by the greater number of retold links (r = —0.1286,
LI.C. 95%: lower limit = —0.905, upper limit = —0.1667) and by
the retelling score (r = 0.1286, I.C. 95%: lower limit = —0.905,
upper limit = —0.1664), as observable in Table 5.

The comparative investigation of the total retold ideas showed
that dyslexic children (D) presented similar performance to the
observed in children with the same level of accuracy (D-accuracy;
Main ideas - D: 0.42/D-accuracy: 0.11; p = 0.096; Details: D:
0.58/D-accuracy: 0.26; p = 0.096).

Study Results of the Retelling Profile of
Children Diagnosed with
Language-Based Learning Disability
(LBLD)

Table 6 shows the results of the comparison between the
performance of children with LBLD and their pairs of the same
age, gender, and schooling (LBLD-control) as for the total ideas,
links and retelling standard. LBLD showed significantly poorer
performance than LBLD-control in every measure of retelling
(Total retold ideas: r = 0.1286, I.C. 95%: lower limit = —0.0872,
upper limit = 0.1770; Total retold links: » = 0.0952, 1.C. 95%:
lower limit = —0.0431, upper limit = 0.1473; RRS: r = 0.0168,
L.C. 95%: lower limit = —0.0076, upper limit = 0.0262). The
comparative analysis showed that children from the LBLD
group presented similar performance both in main ideas and
details (Main ideas: LBLD: 0.25/LBLD-control: 1.06, U = 44.00,
p = 0.268, r = 0.0169, L.C. 95%: lower limit = —0.0713,
upper limit = 0.1050; Details: LBLD: 0.25/LBLD-control:
0.87, U = 44.00, p = 0.236, r = 0.0233, L.C. 95%: lower
limit = —0.0102, upper limit = 0.0364).

The performance of children with LBLD and of their pairs
of the same level of accuracy (LBLD-accuracy) showed to be
similar in every variable of retelling performance, as observable
in Table 7.
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TABLE 3 | Inter-rater Agreement index for variables of analysis of retelling after reading expository texts assigned to each school grade.

Retelling analysis variables Expository texts

2nd grade 3rd grade 4th grade 5th grade
Tot_ID 0.730 0.817 0.704 0.703
Tot_Links 0.928 0.898 0.752 0.801
RRS 0.862 0.961 0.760 0.850

Kappa Test. Tot_ID, total of ideas retold; Tot_links, total of links retold; RRS, retelling reference standard. Cut-Off: 0.70.

TABLE 4 | Reading comprehension performance of D and D-control in retelling task.

Group Mann-Whitney test Result
D D-control

Tot_ID Mean 0.63 1.00 p =0.354 D = D-control
SD 0.495 0.577

Tot_Links Mean 0.263 0.895 p =0.402 D = D-control
SD 0.452 0.809

RRS Mean 0.263 0.895 p =0.258 D = D-control
SD 0.452 0.567

Tot_ID, total of ideas retold; Tot_links, total of links retold; RRS, retelling reference standard; SD, standard deviation; D, Dyslexia Group, D-control, Control group by age,
sex and grade.

TABLE 5 | Reading comprehension performance of D and D-accuracy in retelling task.

Group Mann-Whitney test Result
D D-accuracy

Tot_ID Mean 0.632 0.315 p =0.488 D = D-accuracy
SD 0.495 0.477

Tot_Links Mean 0.263 0.105 p = 0.005*** D > D-accuracy
SD 0.452 0.315

RRS Mean 0.2683 0.105 p = 0.005%** D > D-accuracy
SD 0.452 0.3153

Tot_ID, total of ideas retold; Tot _links, total of links retold; RRS, retelling reference standard; SD, standard deviation,; D, Dyslexia Group; D-accuracy, control group by
reading accuracy; significant at p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 6 | Reading comprehension performance of LBLD and LBLD-control in retelling task.

Group Mann-Whitney test Result
LBLD LBLD-control

Tot_ID Mean 0.437 1.187 p = 0.002*** LBLD < LBLD-control
SD 0.512 0.403

Tot_Links Mean 0.125 1.125 p = 0.003*** LBLD < LBLD-control
SD 0.341 0.806

RRS Mean 0.062 0.875 p = 0.047** LBLD < LBLD-control
SD 0.250 0.719

Tot_ID, total of ideas retold; Tot_links, total of links retold; RRS, retelling reference standard; SD, standard deviation; LBLD, Language-based learning disability group;
LBLD-control, control group by age, sex, and grade; significant at p < 0.05; *p < 0.05, **p < 0.01, ***p < 0.001.
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As for the retold ideas, however, the typical children paired
according to level of accuracy (LBLD-accuracy) retold as much
main ideas and details as the children with LBLD (Main ideas:
LBLD: 0.25/LBLD-accuracy: 0.56, U = —16.00, p = 0.346; details:
LBLD: 0.25/ LBLD-Ac: 0.75, U = —44.00, p = 0.579).

DISCUSSION

Profile of Retelling of Children with

Developmental Dyslexia

The comparison between the performances of children with
developmental dyslexia and typical children of the same age,
gender, and schooling showed that decoding problems did not
interfere in the performance measured by the most general
parameters of the retelling (total ideas and retold links, reference
standard). These results oppose the initial hypotheses.

Puranik et al. (2008) also observed similar performance within
pupils with developmental dyslexia and their controls of the same
age and schooling assessed through a written retelling task. Both
groups showed the same total retold ideas. The authors assign the
good performance of the dyslexia group to the children’s skilful
language competences, which allowed them to compensate for
their reading decoding deficits.

However, even considering the fact that the total retold ideas
did not affect group performances at the present study, children
with important reading decoding impairment showed poorer
performance as for the number of main ideas retold. Such
result shows that children with dyslexia were less efficient than
typical readers of the same age and schooling in identifying
and choosing main ideas, an important competence for textual
processing at its macro-structural level. These children’s worse
performance in retelling main ideas suggests that decoding
difficulty interfere in the use of macro-rules employed in the
construction of the mental representation of the text (Kintsch,
1988, 1998), causing loss of recent information as well as
difficulty in leaving out less relevant data (Weaver and Dickinson,
1979).

Similar results were found by Snyder and Downey (1991)
and Nascimento et al. (2011). These finding showed that
retelling after reading with a smaller number of main ideas

happened among readers with poor performance in reading
fluency, evidenced by the low rate and accuracy estimates in
tasks of reading recognition of isolated words. However, in
this study, decoding automaticity failures and the effects they
implied to the processing of syntactic information impaired
comprehension of the connections of ideas (Snyder and Downey,
1991; Nascimento et al., 2011). The absence of readiness for
information processing at a micro-structural level did not allow
poor readers to draw their attention and their meta-cognitive
resources to process high-level information (identification of the
main subject of the text and recognition of the textual structure),
primal in regulating macro-rule employment (Orrantia et al.,
1990; Snyder and Downey, 1991; Garcia Madruga et al,
1996; Nascimento et al., 2011). Inefficient use of macro-rules
(choosing and leaving information out based on its importance
for the chain of the text) determined the effects on the
progressive construction of the mental representation during
reading.

Overall, literature implies that competition between the
decoding and the comprehension competences may impair
access to the meaning of words and to the quality of syntactic
processing (Vogel, 1975) and, consequently, interfere in the
construction of a mental representation and/or the transference
of information to the long-term memory (Shankweiler and
Liberman, 1972; Juel, 1988; Shankweiler et al., 1999; Bowey,
2000). Furthermore, studies suggest that the natural limitation
of the operational memory to manage information during
reading at the presence of decoding problems compromises
reading comprehension. Competition between decoding and
comprehension by the operational memory builds a barrier
that can restrict the use of language high-level processing
systems, required by the global comprehension of the previously
read content (Perfetti and Lesgold, 1977; Snyder and Downey,
1991).

Data analysis of the present study did not reveal, as expected, a
worse performance of the group of children with developmental
dyslexia for macro and super-structural measurements, in other
words, for total links and retelling standard.

That way, although the decoding effects on reading
comprehension are known, a theoretical view seeks to explain
how underlying competence differences may influence reading

TABLE 7 | Reading comprehension performance of LBLD and LBLD-accuracy in retelling task.

Group Mann-Whitney test Result
LBLD LBLD-accuracy

Tot_ID Mean 0.437 0.625 p =0.239 LBLD = LBLD-accuracy
SD 0.512 0.500

Tot_links Mean 0.125 0.375 p < 0.001 LBLD < LBLD-accuracy
SD 0.341 0.619

RRS Mean 0.006 0.187 p < 0.001 LBLD < LBLD-accuracy
SD 0.250 0.403

Tot_ID, total of ideas retold; Tot_links, total of links retold; RRS, retelling reference standard; SD, standard deviation; LBLD, Language-based learning disability group;

LBLD-accuracy, control group by reading accuracy; significant at p < 0.05.
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at an interactive and compensatory perspective (Stanovich,
19805 Perfetti and Roth, 1981). Evidences that the nature of the
parallel processing of reading may compensate for decoding
difficulties have been broadly demonstrated. Children with
dyslexia show better competence at using contextual facilitation
than typical readers, because of the adequacy of their oral
comprehension competence (Nation and Snowling, 1988).
Attention to contextual information within texts frequently
serve children with dyslexia to solve decoding ambiguities
based on the collection of hints and the use of their previous
knowledge, always through the action of their preserved
cognitive and linguistic competences (Nation and Snowling,
1988).

A study carried out by Shankweiler et al. (1999) showed that
pupils with reading decoding difficulties can compensate such
difficulties with the use of their good linguistic competences
through a “top-down” processing. But, contradicting the
results of the present study Shankweiler et al. (1999) indicate
that this compensatory competence is limited, viewing that
it was not able to level the performance of dyslexic pupils
to the one of typical readers. Lots of authors argue that the
competence of compensating decoding impairments is more
often observable in students with dyslexia who have been
studying for a longer period of time, such as adolescents
and adults (Campbell and Butterworth, 1985; Simmons and
Singleton, 2000). At a younger age, compensation seems
to contribute only to literal processing of information,
not reaching interferential competences (Miller-Shaul,
2005).

Although compensation may be a hypothesis, data
observation allows us to suppose that the similar performance of
pupils with dyslexia and their pairs of the same age and schooling
happened because of the low performance of the control group.
When considering the control of the school system variable
(private or public), impairment becomes evident as for the
performance of reading comprehension also of readers taken as
proficient by their teachers.

National assessment of reading comprehension in Brazilian
Primary Schools and Middle School/Junior High (from the
Ist to the 9th grades) shows that 45% of students with
4 years of schooling, after the beginning of the literacy
process, present low reading comprehension levels (Brasil, 2014).
Although they manage to deal with explicit information, to
make connections between the text information or, to a certain
extent, make use of their knowledge of the world, most of
these students can only use these competences in simple texts
(Bridon and Neitzel, 2014), below the expected level for their
schooling.

Data collected from the control of the decoding effects
on reading comprehension showed that the performance of
children with dyslexia was significantly better, considering the
number of retold links and the retelling standard achieved
when compared with its pairs of the same level of accuracy.
Data suggest that better language competence and the
experience reached through a longer schooling period of
children with dyslexia provide them with greater competence
of connecting the processed ideas at a macro-structural

level, as well as of incorporating them into a broader textual
scheme.

These findings corroborate the hypothesis that decoding
difficulties may be minimized when two linguistic competences
are present. Thus, it may be assumed that the best language
competences of children with dyslexia can be used in favor
of a more efficient processing of the macro-structure of the
text, having, therefore, greater competence in integrating main
identified ideas (total links) and in its integration into a general
textual scheme (reference standard of the retelling).

Orrantia et al. (1990) defend the idea that competent readers
use varied cognitive operations to achieve global meaning
(Meyer, 1984; Kintsch, 1998): choice, generalization, integration,
and suppression of propositions. However, when these strategies
come together with recognition of the global structure of the
text, organization and integration of the propositions chosen
at a coherent global scheme are even more efficient. These
high-level competences are connected both to a good language
development, for integration and choice, and to the reading
experience, for recognition of the global structure of the text
(Garcia Madruga et al, 1996). That way, although children
with dyslexia presented the same possibilities of identifying and
retelling main ideas than pupils of the same level of reading, their
greater reading experience has probably allowed them to transfer
such gains to the processing of certain macro and super-structural
levels of the text, results corroborated by Weaver and Dickinson
(1979) and Kornev and Balciuniene (2014).

Profile of the Retelling of Children
Diagnosed with Language-Based

Learning Disability

Children with LBLD showed important difficulties in reading
comprehension, presenting poorer performance at all text
processing levels when compared with their pairs of the same
age and schooling. This group’s language difficulties were also a
key factor for its comprehension performance to level to younger
children with the same reading accuracy for text processing at its
macro and super-structural levels.

These results confirm that LBLD suffer the effects of decoding
deficits and it does not show the same compensation competence
evidenced in the performance of children with dyslexia, once
they present important deficits in linguistic abilities and essential
competences for reading comprehension. These findings are
possibly explained by language deficits, which prevent efficient
activation of mechanisms implicated in reading.

Studies carried out with pupils with LBLD found less retold
main ideas when compared with pupils of the same age and
schooling (Williams, 1991; Curran et al., 1996; Carlisle, 1999;
Puranik et al., 2008). Under control of the vocabulary variable,
Carlisle (1999) also demonstrated that pupils with learning
disabilities showed to be less able to understand and use textual
structure as support to integrate the most important ideas of
the text. Hansen (1978) points out that these pupils tended
to present greater number of intrusions, in other words, they
presented a greater number of pieces of information that did
not belong to the text, a frequent behavior among children
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with important comprehension difficulties. Also, literature meta-
analysis indicates that lots of studies report procedures that
encourage pupils with learning disabilities to complement their
retellings and, on the contrary, this strategy does not result in
improvement of the total retold ideas or even the establishment
of connections between the pieces of information (Reed and
Vaughn, 2012). All of these findings suggest that the presence
of language deficits restrains text processing at macro and super-
structural levels, required for a global comprehension of what was
read.

One of the explanations about comprehension difficulties
presented by pupils with LBLD goes beyond decoding
interference. It considers the influence of deficits in integrating
information based on syntax problems, resulting from difficulties
expressed throughout language development. Among the
observed interferences, difficulties to accomplish inferences such
as anaphora (Oakhill et al., 1986) and the worst performance
of referential continuity in stories (Garnham et al, 1982)
must also be highlighted. These manifestations would cause
problems in understanding the role of linking elements and
the organization of pieces of information - conjunctions and
discourse markers - and would make the text processing at
its macro and super-structural levels difficult, expressed by
restricted number of retold links and by the worst reference
standard of the retelling.

It is important to point out that, among limitations of
the present, the low effect size found does not allow for the
generalization of findings presented so far. New studies must be
carried out in order to broaden evidences found in the present
research.

CONCLUSION

The reading comprehension assessment through a task of oral
retelling after reading indicated that children with dyslexia
and with LBLD showed difficulty in making sense of a read
expository text. However, the groups presented impairments
at different levels of text processing and different coverage of
reading comprehension deficits.

Children diagnosed with developmental dyslexia showed
more restricted impairments at macro-structural levels,
considering the lower efficiency demonstrated to identify and
choose main ideas when compared with typical pupils of the
same age and schooling.

Children diagnosed with LBLD showed broader difficulties,
impairing every level of text processing, in other words, micro,
macro and super-structural levels.

The comparison of clinical groups with the performance
of their typical pairs of the same reading accuracy also
confirms the existence of differences in performance profile of
dyslexic children and of children with LBLD. Such difference
is possibly due to the distinct conditions of development of
non-phonological dimensions of language observed in clinical
groups.

Children diagnosed with developmental dyslexia showed
better competence in retelling links between ideas present in

the previously read text, and also achieved better retelling
standards than pupils of the same decoding level. These
findings suggest that the language competences and the
knowledge acquired throughout schooling provide these children
with better abilities to connect processed ideas at a macro-
structural level, as well as to incorporate them into a broader
textual scheme. Pupils with LBLD showed greater difficulty to
connect ideas and also to build a global representation of the
text.

At last, the different performance profiles in reading
comprehension identified in the investigation of clinical groups
with different types of Reading Disabilities suggest the possibility
of achieving important indicators by means of the retelling
after reading task. These indicators may help in a more
precise diagnostic of reading comprehension impairment,
making it more precise and specific. The study also shows
the viability of using the retelling protocol as a means of
accessing the mental elaboration built during reading, in
which it is possible to determine the points of breakdown
that may compromise reading comprehension. Its directive
analysis may also be fundamental for clinical use, since,
the precise identification of the comprehension level where
difficulties remain allows for a more specific intervention
upon these deficits. Besides, better understanding of difficulties
may bring important educational developments as it enables
the adoption of facilitating strategies and more assertive
adaptations.
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In orthographic reading, the transposed-letter effect (TLE) is the perception of a
transposed-letter position word such as “cholocate” as the correct word “chocolate.”
Although previous studies on dyslexic children using alphabetic languages have reported
such orthographic reading deficits, the extent of orthographic reading impairment in
dyslexic Japanese children has remained unknown. This study examined the TLE in
dyslexic Japanese children using the color-word Stroop paradigm comprising congruent
and incongruent Japanese hiragana words with correct and transposed-letter positions.
We found that typically developed children exhibited Stroop effects in Japanese hiragana
words with both correct and transposed-letter positions, thus indicating the presence
of TLE. In contrast, dyslexic children indicated Stroop effects in correct letter positions
in Japanese words but not in transposed, which indicated an absence of the TLE.
These results suggest that dyslexic Japanese children, similar to dyslexic children using
alphabetic languages, may also have a problem with orthographic reading.

Keywords: dyslexia, Japanese, orthographic reading, Stroop, transposed-letter effect

INTRODUCTION

Dyslexia is a developmental disorder characterized by reading difficulty in children and adults
of normal intelligence who have the motivation to read accurately and fluently (Shaywitz and
Shaywitz, 2005). The prevalence of dyslexia varies depending on the linguistic system. For instance,
dyslexia is estimated in ~5-12% of participants who used English as a primary language (Katusic
et al., 2001). Dyslexia has also been found in participants with non-alphabetic languages, such as
Japanese, but at much lower percentages (Uno et al., 2009). This suggests that differences in the
architecture of English and Japanese may be associated with a propensity to dyslexia at least partly;
therefore, research that compares dyslexia in different language systems may provide important
insights into its mechanism.

The underlying mechanisms of dyslexia have thus far remained largely unclear (Gabrieli,
2009; Dehaene et al., 2010). According to Coltheart’s dual-route model (Coltheart et al., 2001),
written words are processed in either lexical (orthographic) or sub-lexical (phonological) reading
routes. For dyslexic users of alphabetic languages, both these routes are believed to be impaired
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(Gabrieli, 2009; Peterson and Pennington, 2012). In phonological
reading, dyslexia can cause deficits in both the segmentation of
a speech stream into phonological units and the association of
each unit with its corresponding letter (Shaywitz and Shaywitz,
2005). Japanese writing has three different character systems:
hiragana, katakana, and kanji. Dyslexia has been estimated to
occur in ~0.2, 1.4, and 6.9%, for each system respectively
(Uno et al,, 2009). Previous research has reported that Japanese
school-age children with kana (hiragana and katakana) dyslexia
have difficulty associating each phonological unit with its
corresponding letter but have no difficulty segmenting the speech
stream into phonological units (Ogawa et al., 2014). This suggests
that different mechanisms may be involved in English and
Japanese dyslexia. These could be associated with some of the
characteristics of kana, such as its psycholinguistic grain size
and orthography-to-phonology translation relationships, that are
quite different from alphabets (Wydell and Butterworth, 1999).

Previous studies involving alphabetic languages have reported
orthographic process deficits in dyslexics (O'Brien et al., 2011;
Kezilas et al., 2014; Ziegler et al., 2014). Some Japanese dyslexics
have also exhibited difficulty in reading texts after acquiring a
reading knowledge of kana characters (Yoshida and Tsuzuki,
2015). As most kana characters express one sound (Wydell
and Butterworth, 1999), any difficulties faced after acquiring a
reading knowledge of kana characters cannot be explained by
phonological reading deficits. One possibility is that dyslexic
children may also face difficulties with the orthographic process;
that is, recognizing a word as a whole, along the lexical reading
route. However, whether orthographic reading is also impaired
in Japanese dyslexics remains unclear. In orthographic reading,
letter positions within a word can be loosely perceived (Carreiras
et al., 2015). For instance, a transposed-letter nonword such as
“cholocate” is frequently misperceived as the word “chocolate.”
This transposed-letter effect (TLE) has been reported in various
European and non-European alphabetic languages, such as
English (Perea and Lupker, 2003; Johnson et al., 2007), French
(Schoonbaert and Grainger, 2004), Spanish (Perea and Carreiras,
2006a,b), and Basque (Dunabeitia et al., 2007). The TLE can be
assessed using the color-word Stroop paradigm (Arsalidou et al.,
2013). Arsalidou et al. (2013) revealed that the Stroop effect, that
is, the interference observed when a color word and the actual
printed color of the word are incongruent (e.g., the word “red”
printed in blue), was observed in correct words (e.g., purple) as
well as in transposed-letter nonwords (e.g., prulpe) in English
(Arsalidou et al., 2013). Therefore, orthographic reading deficits
can be evaluated by the presence or absence of the TLE in the
color-word Stroop paradigm.

In this study, we examined orthographic reading deficits
in dyslexic Japanese children with TLE using the color-word
Stroop paradigm. To confirm the suitability of this experimental
procedure (Experiment 1), we first examined whether TLE
was observed in normal Japanese adults reading Japanese kana
words using the color-word Stroop test. Thereafter, we examined
orthographic reading impairments in dyslexic Japanese children
(Experiment 2). If these children suffered from orthographic
reading deficits, they were not expected to display or display a
small TLE compared with normal Japanese children.

EXPERIMENT 1

Materials and Methods

Ethics Note

This study was conducted in accordance with the principles
expressed in the Declaration of Helsinki and the Ethical
Guidelines for Medical and Health Research Involving Human
Subjects by the Japanese Ministry of Health, Labour, and Welfare.
All experimental protocols were approved by the Institutional
Ethics Committee of the Primate Research Institute, Kyoto
University (permission number, H2012-09).

Participants

Participants included 22 Japanese adults (11 males and 11
females; mean age = 26.37; SD = 3.55) with no psychiatric
or neurological conditions. All had normal or corrected-to-
normal visual acuity and adequate color vision. All participants
provided informed written consent to participate in this
study.

Color-Word Stroop Test

In the color-word Stroop test (Stroop, 1935), participants are
asked to name the ink color in which a congruent color word
is written (i.e., the word “red” written in red ink: congruent
condition) or the ink color of an incongruent color word (i.e.,
the word “blue” written in red ink: incongruent condition).
Stroop effects are determined by comparing the reaction time
(RT) in the incongruent condition with the RT in the congruent
condition. Three colors were used for the Japanese characters in
this test. Given that creating transposed-letter nonwords requires
a relatively longer word length (four Japanese characters), purple
[RGB (128, 0, 128)], lime [RGB (0, 255, 0)], and aqua [RGB (0,
255, 255)] were selected, which are commonly used colors that all
participants were familiar with (Figure 1).

A
o3& SHEY
B
SHEY #IT V5
C
L& SEAY
D

LSbE HWNT 5

FIGURE 1 | Four conditions used in the color-word Stroop test. In the
color-word Stroop test, three color (purple, lime, aqua) words were employed.
The following four conditions were utilized: (A) correct words written in
Japanese hiragana with congruent color (e.g., “purple” written in purple ink);
(B) correct words with incongruent color (e.g., “purple” written in lime ink); (C)
transposed-letter nonwords with congruent color (e.g., “prulpe” written in
purple ink); and (D) transposed-letter nonwords with incongruent color (e.g.,
“prulpe” written in lime ink).
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All participants could read and name the colors accurately.
The test was conducted as a computerized manual response
paradigm controlled by a custom-written software, Visual Basic
6.0 (Microsoft Corporation, Redmond, Washington, USA), and
was run on a personal computer so that each participant pressed
a button in response when they saw the stimulus on the screen.
In this study, the RT was measured using a manual response
paradigm.

To familiarize the participants with the test, one 20-trial
training session was conducted before the actual test session.
Stimuli created with MS P Gothic font, size 72, bold style, were
presented without time limits in the center of a color monitor’s
visual field ~30 cm from the participants. During inter-trial
intervals, a fixation mark (a white plus sign) was shown in the
center of the visual field. Inter-trial intervals varied pseudo-
randomly between 1500 and 2000 ms (increments of 100 ms).
Responses were provided by pressing pre-defined buttons on
the 10-digit keyboard without feedback. Colored stickers were
placed on the relevant keys to reduce memory demands. Each
participant’s matching of colored stickers and key positions were
randomly assigned. Participants were instructed to respond to the
ink color of the stimuli as quickly and as accurately as possible.
Stimuli included the following four conditions: (a) correct words
written in Japanese hiragana with congruent color (e.g., “purple”
written in purple ink); (b) correct words with incongruent
color (e.g., “purple” written in lime ink); (c) transposed-letter
nonwords with congruent color (e.g., “prulpe” written in purple
ink); and (d) transposed-letter nonwords with incongruent color
(e.g., “prulpe” written in lime ink) (Figure 1). In the transposed-
letter nonwords, the word’s first and last letters were kept in
place while the middle letters were transposed. The four different
stimuli conditions were pseudo-randomly presented with equal
frequency (18 trials for each condition), thus resulting in 72 trials
per session. Both accuracy and RTs were recorded.

Data Analysis
Mean RTs were calculated for the trials with correct responses.
RTs in trials greater and smaller than 2 SD from each participant’s

mean were eliminated from subsequent analysis as outliers
(5.05%, SD = 1.39).

The Stroop effect, which was used as a dependent variable
in the statistical analyses, was calculated using the following
formula: [Incongruent RT/Congruent RT] (cf. [(Incongruent
RT — Congruent RT)/Incongruent RT x 100] (Mayas et al.,
2012), [(Incongruent RT — Congruent RT)/Congruent RT x
100] (Naccache et al., 2005).

The manipulation of the letter positions that affected the
Stroop effect were examined using an analysis of covariance
(ANCOVA) on the Stroop effects for the correct and transposed-
letter words, with the WORD CONDITION (correct word vs.
transposed-letter nonword) as the fixed within-subject factor and
controlled for gender and individual error rate. Furthermore,
to examine whether the Stroop effect itself existed, we ran
a one-sample f-test on the Stroop effect for the correct or
transposed-letter words. Statistical analyses were conducted
using the freeware “R 3.2.3” (R Development Core Team) as
“SPSS Statistics 22”7 (IBM Japan, Ltd).

Results

The average error rate was 3.47% (SD = 4.28). The mean RTs with
correct and transposed-letter positions are shown in Figure 2A,
and the Stroop effects for correct words and transposed-letter
nonwords are shown in Figure 2B.

The ANCOVA results were as follows: as a parameter, gender
showed no significance in the regression for both correct word
condition [B = 0.08, p = 0.24] and transposed-letter nonword
condition [8 = 0.04, p = 0.21]; the error rate also showed no
significance in the regression for both correct word condition
[8 = 1.34, p = 0.11] and transposed-letter nonword condition
(8 = 0.36, p = 0.40].

As no significance was observed in the regression for
either gender error rate, we ran a paired ¢-test on the Stroop
effects of the correct and transposed-letter words with WORD
CONDITION (correct word vs. transposed-letter nonword). The
Stroop effects showed no difference between the word and
transposed-letter nonword [t(3;) = 0.61, p = 0.54].
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FIGURE 2 | Stroop effects for correct hiragana words and transposed-letter hiragana nonwords in normal adults. (A) Graph showing RTs for the congruent
(con) and incongruent (incon) conditions of the correct words and transposed-letter hiragana nonwords. The error bars indicate standard errors. (B) Similar graph
showing Stroop effects for the correct words and the transposed-letter hiragana nonwords. The asterisks represent a significant difference (*p < 0.05, **p < 0.001).
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The one-sample ¢-test revealed statistically significant Stroop
effects in both the correct words [t(2;) = 2.27, p = 0.01, Cohen’s
d = 0.34] and the transposed-letter words [t(,;) = 3.43, p = 0.001,
Cohen’s d = 0.23].

Discussion

In this experiment, Stroop effects were observed for both correct
words and transposed-letter nonwords, and neither error rate nor
gender confounded the Stroop effects in adults. Therefore, these
results suggested that normal Japanese adults utilize orthographic
reading when recognizing transposed-letter nonwords in the
color-word Stroop paradigm.

EXPERIMENT 2

Materials and Methods

Participants

Participants were 20 typically developing (TD) children (11
male and 9 female) (mean age = 11.27; SD = 1.01; range
= 10.08-13.00) without psychiatric or neurological conditions,
and 11 dyslexic children (7 male and 4 female) (mean age =
11.65; SD = 0.35; range = 10.91-13.00). Table 1 summarizes
the information on the dyslexic children, indicating their gender,
full-scale IQ, and age. All participants had been diagnosed by
a child psychiatrist at a general hospital or a child consultation
center, and all demonstrated difficulty in reading Japanese
compared to their peers. They had been receiving special training
because of their dyslexia for 1 to 4 years, and they could
therefore read hiragana words well when there were limited
words shown; however, they could not correctly read many words
in longer texts. The Intelligence Quotient (IQ) was measured
using the Japanese version of the Wechsler Intelligence Scale for
Children (either WISC-III or WISC-IV). Age [th9) = —1.14,
p = 0.26] and Full-scale IQ [tp9) = 1.94, p = 0.06] and
was the same for both the TD and dyslexic participants. All
participants had normal or corrected-to-normal visual acuity
and adequate color vision. The participants’ parents provided
informed written consent for their children’s participation in this
study.

TABLE 1 | Information on the dyslexic children in the study.

ID Gender FlQ Age

1 Female 101 18y0Om
2 Male 100 12y0m
3 Male 104 12y0m
4 Male 79 12y0m
5 Male 103 11y1im
6 Female 90 11y6m
7 Male 97 11y4m
8 Female 101 11y3m
9 Female 112 11y2m
10 Male 88 11y2m
11 Male 93 10y 11m

Color-Word Stroop Test

The same color-word Stroop test as described in Experiment 1
was used. All participants could accurately read and name the
colors. When the children demanded breaks during the test, short
breaks of no longer than 10 min were given.

Data Analysis

Mean RTs were calculated for trials with correct responses. RTs
>4s and RTs in trials greater and smaller than 2 SD from each
participant’s mean were eliminated from subsequent analysis as
outliers (TD children: 4.72%, SD = 1.71; dyslexic children: 7.07%,
SD = 2.73).

The Stroop effects as a dependent variable were calculated
using the following formula: [Incongruent RT/Congruent RT]
(cf. [(Incongruent RT — Congruent RT)/Incongruent RT x
100] (Mayas et al, 2012), [(Incongruent RT — Congruent
RT)/Congruent RT x 100] (Naccache et al., 2005).

To examine the Stroop effect in each word condition for the
TD/dyslexic participants, we ran an ANCOVA on the Stroop
effects of the correct and transposed-letter words with WORD
CONDITION (correct word vs. transposed-letter nonword)
as the fixed within-subject factor and GROUP CONDITION
(TD vs. dyslexia) as the fixed between-subject factor, with
gender, error rate, FIQ, and age as covariates. To examine
whether the Stroop effect exised, we ran a one-sample ¢-test
on the Stroop effect of the correct or transposed-letter words.
Statistical analyses were conducted using the freeware “R 3.2.3”
(R Development Core Team) as “SPSS Statistics 22” (IBM Japan,
Ltd).

Results

The average error rates were 4.44% (SD = 3.32) in the TD
children and 4.29% (SD = 5.57) in the dyslexic children;
therefore, no significant difference was observed between the
groups [t(29) = —0.09, p = 0.92].

Mean correct word RTs for the TD and dyslexic children are
shown in Figure 3A, and the Stroop effects in the TD and dyslexic
children are shown in Figure 3B. In addition, Mean transposed-
letter nonwords RTs for the TD and dyslexic children are shown
in Figure 3C, and the Stroop effects in TD and dyslexic children
are shown in Figure 3D.

The ANCOVA results were as follows. There were regression
parallels between GROUP CONDITION and gender [F(;, 21) =
2.50, p = 0.12], GROUP CONDITION and error rate [F(; 2y
= 0.40, p = 0.53], GROUP CONDITION, and FIQ [F(;,)) =
0.29, p = 0.59], and GROUP CONDITION and age [F(;, 21) =
0.28, p = 0.59]. Gender showed no significance in the regression
for the transposed-letter nonword condition [ = —0.015, p =
0.70]; however, it was significant in the regression for the correct
word condition [ = —0.068, p = 0.09]. Error rate, similarly,
showed no significance in the regression for the transposed-letter
nonword condition [ = 0.134, p = 0.24] but was significant
in the regression for the correct word condition [ = —0.794,
p = 0.07]. The FIQ showed no significance in the regression
for both the correct word condition [ = 0.002, p = 0.27] and
the transposed-letter nonword condition [8 = 0.000, p = 0.83].
Age showed no significance in the regression for the correct
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FIGURE 3 | Stroop effects for correct hiragana words and transposed-letter hiragana nonwords in TD and dyslexic children. (A) Graph showing the RTs
for the congruent (con) and incongruent (incon) conditions of the correct hiragana words with TD and dyslexic children. (B) Graph showing the Stroop effects for the
correct hiragana words with TD and dyslexic children. The asterisks represent a significant difference ("o < 0.05, *o < 0.01). (C) Graph showing the RTs for the
congruent (con) and incongruent (incon) conditions for the transposed-letter hiragana nonwords with TD and dyslexic children. (D) Graph showing the Stroop effects
for the transposed-letter hiragana nonwords in TD children, but not in dyslexic children. The asterisk represents a significant difference (**p < 0.001).
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word condition [ = —0.003, p = 0.87] but was significant
in the regression for the transposed-letter nonword condition
[B=—0.044, p = 0.04].

As no significance was observed in the FIQ in the regression,
the interaction between WORD CONDITION and gender, error
rate, or age, we ran an ANOVA on the Stroop effects of the correct
and transposed-letter words with WORD CONDITION (correct
word vs. transposed-letter nonword) as the within-subject factor
and GROUP CONDITION (TD vs. dyslexia) as the between-
subject factor.

Table 2 summarizes the variance sources. No main effect was
observed for GROUP CONDITION [F(;, 59) = 0.36, p = 0.55,
1% = 0.004] or WORD CONDITION [F(;. 29, = 0.06, p = 0.80,
ng = 0.001]. A significant trend was observed in the interaction
between GROUP CONDITION and WORD CONDITION
[F1. 29) = 3.72, p = 0.06, n& = 0.039].

The simple main effect of the WORD CONDITION was
not significant for either the TD children [F(; 59y = 1.97, p
= 0.17] or the dyslexic children [F(; ,9) = 1.84, p = 0.18].
However, the simple main effect of the GROUP CONDITION
was marginally significant for the transposed-letter nonword
condition [F(;, 29y = 3.43, p = 0.07] but not for the correct word
condition [F(;, 29y = 0.77, p = 0.38].

We used a one-sample ¢-test to examine whether the Stroop
effect existed for each condition. For the correct word, the one-
sample f-test revealed statistically significant effects in both the
TD children [t(;9y = 2.50, p = 0.01, Cohen’s d = 0.24] and the

TABLE 2 | Summary of variance sources tested using a TD and dyslexic
children ANOVA.

Source df F p 2

G
GROUP CONDITION 1 0.36 055  0.004
WORD CONDITION 1 0.06 080  0.001

GROUP CONDITION x WORD CONDITION 1 3.72 0.06 0.039

The symbol 'Ié represents generalized eta squared statistics.

dyslexic children [t(1) = 2.02, p = 0.03, Cohen’s d = 0.20]. For
the transposed-letter nonword, the one-sample ¢-test revealed
statistically significant effects in the TD children [t(9) = 3.87,
p = 0.0005, Cohen’s d = 0.46) but not in the dyslexic children
(t(10) = 1.06, p = 0.15, Cohen’s d = 0.03).

Discussion

In Experiment 2, TD and dyslexic children showed different
Stroop effect tendencies for the correct word and transposed-
letter nonword tasks. Dyslexic children showed a Stroop effect
in the correct word condition but not in the transposed-letter
nonword condition; however, the TD children indicated clear
Stroop effects for both the word and transposed-letter nonword
conditions. This result suggests that the dyslexic children who
participated in this study can use phonological reading but face
problems with orthographic reading. This does not contradict the
fact that the dyslexic children participating in this study could
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read hiragana words well when there were limited words shown
but could not read several words in longer texts correctly.

If the hypothesis that dyslexic children were not expected
to display or display a small TLE compared with normal
Japanese children is true, the interaction between GROUP
CONDITION and WORD CONDITION should be significant.
In this experiment, the interaction was marginally significant
but failed to achieve statistical significance. This may be
attributed to the small sample size or large variance of
dyslexic children. Because of many individual differences in
dyslexic children, larger sample sizes will be required in future
studies.

GENERAL DISCUSSION

In this study, we found that both normal adults and TD
children exhibited Stroop effects in Japanese hiragana words
with transposed-letter positions, indicating the presence of TLE
in orthographic reading. In contrast, Stroop effects for words
with transposed-letter positions were not observed in dyslexic
children, which was consistent with previous research on dyslexic
children in other languages (O’Brien et al., 2011; Kezilas et al.,
2014; Ziegler et al., 2014) and indicated that dyslexic Japanese
children may also face difficulties in orthographic reading.

The current study demonstrated the TLE in Japanese hiragana
using the Stroop paradigm, as has been previously shown for
English (Arsalidou et al., 2013). Although, the unit size (syllable)
of hiragana is greater than the unit size (phoneme) for the Roman
alphabet, the letter position of a hiragana word may affect its
orthographic readability similarly to that of Western languages
that use the Roman alphabet. Consistent with our findings, two
previous studies have examined TLE in Japanese kana using
different experimental paradigms (Perea and Perez, 2009; Perea
et al,, 2011). Using a masked priming lexical decision paradigm,
Perea and Perez (2009) reported that the lexical decision time
for the word “a.me.rika [7 X ) #]” was faster when the prime
was a transposed-letter nonword “arimeka [7 Y 4 %] than
the control nonword “a.ka.hoka [7 71 7 751 ].” Perea et al. (2011)
also found that while using the silent reading paradigm, fixation
time on the target word was shorter when the parafoveal preview
was the transposed-letter nonword (arimeka [7 U X #]-
ame.rika [7 X Y #]) than the control nonword (a.ka.ho.ka
[7 % 7k #] —amerika [7 X U #]). A major limitation of
these studies was that the experimental procedures often used
unfamiliar words, especially for young children, it was therefore
difficult to distinguish whether the low task performance was
due to orthographic reading deficits or whether the words used
in the task were unfamiliar to the participants. The color-
word Stroop paradigm overcomes this problem as the words
used in this paradigm can be fixed to only include familiar
words.

People showing TLE can recognize letters with a high
abstraction level. For people who have difficulty with the
orthographic process, it may be difficult to recognize the same

character or letters in different fonts or handwritten characters.
This could be supporting evidence for why dyslexics have
difficulty reading even after they have acquired the characters or
words.

This is the first report suggesting that orthographic reading
is possibly impaired in Japanese dyslexics. From this and our
previous study (Ogawa et al., 2014), Japanese dyslexics have
been found to struggle with both phonological and orthographic
reading, as in dyslexics from alphabetic language backgrounds
(Gabrieli, 2009; Peterson and Pennington, 2012), although the
percentage of dyslexics in Japan is much lower than in countries
with speakers of alphabetic languages (Uno et al., 2009).

In particular, these results are very important for
understanding and supporting dyslexic Japanese children
who have difficulty reading texts even after having learnt how
to read the kana characters, which cannot be explained by
phonological reading deficits. This study suggests that these
children may have difficulty with the orthographic process and
may need special support specific to whole word recognition.
This study included a small sample of dyslexic children. In
the future, to ensure generalizability, larger sample sizes, and
additional tests are required.

In conclusion, our study suggested that dyslexic Japanese
children have difficulty in orthographic reading and that the
Stroop paradigm was a useful tool in assessing the orthographic
process for Japanese dyslexics.
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On the Development of Parafoveal
Preprocessing: Evidence from the
Incremental Boundary Paradigm

Christina Marx, Florian Hutzler*, Sarah Schuster and Stefan Hawelka

Centre for Cognitive Neuroscience, University of Salzburg, Salzburg, Austria

Parafoveal preprocessing of upcoming words and the resultant preview benefit
are key aspects of fluent reading. Evidence regarding the development of
parafoveal preprocessing during reading acquisition, however, is scarce. The
present developmental (cross-sectional) eye tracking study estimated the magnitude
of parafoveal preprocessing of beginning readers with a novel variant of the
classical boundary paradigm. Additionally, we assessed the association of parafoveal
preprocessing with several reading-related psychometric measures. The participants
were children learning to read the regular German orthography with about 1, 3, and
5 years of formal reading instruction (Grade 2, 4, and 6, respectively). We found
evidence of parafoveal preprocessing in each Grade. However, an effective use of
parafoveal information was related to the individual reading fluency of the participants
(i.e., the reading rate expressed as words-per-minute) which substantially overlapped
between the Grades. The size of the preview benefit was furthermore associated
with the children’s performance in rapid naming tasks and with their performance
in a pseudoword reading task. The latter task assessed the children’s efficiency in
phonological decoding and our findings show that the best decoders exhibited the
largest preview benefit.

Keywords: reading fluency, reading acquisition, eye movement control during reading, incremental boundary
paradigm, visual word recognition

INTRODUCTION

While our eyes move across continuous texts in a sequence of fixations, we extract information not
only from the word which we are currently fixating, but also from the not-yet fixated, upcoming
word (Rayner, 1998). This parafoveal preview gives us first orthographic and phonological (and
potentially lexical) information about the upcoming word (Schotter et al., 2012). Parafoveal
preprocessing therefore accelerates foveal word recognition and hence contributes to fluent
reading. Evidence regarding the developmental trajectory of parafoveal preprocessing, however,
is limited.

Two gaze-contingent techniques are commonly used for investigating parafoveal preprocessing:
(i) the moving window paradigm (McConkie and Rayner, 1975) and (ii) the invisible boundary
paradigm (Rayner, 1975). Within the moving window paradigm, a text outside a predefined
“window” to the left and right of the current fixation is masked, for example, by Xs. The
text within the window is presented unmutilated. By means of this paradigm, a reader’s
perceptual span can be estimated, that is, the minimal window size by which the reader is not
affected by the parafoveal masks. Research using this paradigm demonstrated that the perceptual
span for adult readers ranges from 3 to 4 letters left and 14 to 15 letters right of fixation
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(e.g., McConkie and Rayner, 1975). By contrast, the perceptual
span of beginning readers undergoes development, that is, it
increases with reading experience. To illustrate, 2nd and 4th
Grade children have a smaller span compared to adults, that is,
about 3-4 letters to the left and about 11 letters to the right
of fixation. Children from Grade 6, however, already show an
adult-like span size (Rayner, 1986; Hiikio et al., 2009; Sperlich
etal., 2015). In sum, evidence from the moving window paradigm
suggests that children utilize information beyond the currently
fixated word.

The most commonly used technique to study effects of
parafoveal preprocessing of the upcoming word is the invisible
boundary paradigm (Rayner, 1975). Within this paradigm an
invisible boundary is placed before a theoretically relevant target
word. As long as the reader fixates to the left of the boundary,
a valid or an experimentally manipulated preview is presented
(e.g., a X-mask, that is, a string of X’s preserving the length
of the target word or a same-shape/different-letter mask, that
is, a sequence of different letters preserving the target word’s
length and shape). Contingent on crossing the boundary, the
manipulated parafoveal preview is replaced with the target word.
In order to estimate the preview benefit, fixation durations
for valid previews are compared to those of manipulated (e.g.,
X-masked) previews. Research utilizing this paradigm showed -
for adult, proficient readers - that the magnitude of the preview
benefit is around 30-50 ms (Rayner, 2009).

Recent findings, however, indicated that the classical variant
of the boundary paradigm does not provide an accurate estimate
of the preview benefit (Hutzler et al., 2013; Kliegl et al., 2013;
Marx et al., 2015). To be specific, when parafoveal masks are
used as a baseline, they inflict processing costs and hence
inflate the estimated preview benefit. A recent study from our
lab revealed such an erroneous overestimation of the preview
benefit in beginning readers (Marx et al., 2015). In the light
of these recent findings, we adapted the classical approach and
introduced the incremental boundary technique for investigating
the development of parafoveal preprocessing in children (Marx
et al., 2015). In short, instead of using parafoveal masks, we
manipulated the salience of the parafoveal previews by gradually
reducing its visual integrity (i.e., displacing a certain amount
of pixels of the preview). In so doing, we can assess whether
increasing salience leads to shorter processing times, that is, to
a preview benefit (see Jacobs et al.,, 1995 for the logic of this
within-condition baseline).

To date, three studies, which used the classical variant of the
invisible boundary paradigm, provided evidence on parafoveal
preprocessing in children. One study examined whether children
from Grade 2, 4, and 6 extract information from a second
constituent of a compound word (e.g., ball in basketball; the
boundary was between basket and ball; Hiikic et al., 2010).
This condition was compared to a condition which presented
(space-separated) adjective-noun pairs (e.g., little ball). The
authors reported that even 2nd Graders profited (in terms
of shorter subsequent fixations) from “parafoveal” information
when it was connected to the fixated word (i.e., the compound
condition) compared to the adjective-noun condition. Another
study examined whether 8 to 9-year-old children benefit

from parafoveal phonological information (i.e., by presenting
pseudohomophone previews) and orthographic information (i.e.,
by presenting transposed-letter previews; Tiffin-Richards and
Schroeder, 2015). They found that children - in contrast to
adults - showed a pseudohomophone preview benefit, that is,
they profited from the availability of phonological information
in the parafovea. The third study investigated - in 4th Graders
and adults - the influence of available orthographic information
in parafoveal vision by transposing the letters of the initial
trigrams of the previews (Pagin et al., 2015). Interestingly,
the authors found similar effects for both groups, that is,
children and adults alike were able to preprocess orthographic
information. In sum, evidence suggests that 2nd Graders use
parafoveal information from the second noun in a compound
word pair and also benefit from phonological information
presented parafoveally (Hiikio et al., 2010; Tiffin-Richards
and Schroeder, 2015). Regarding the orthographic aspect of
parafoveal preprocessing, however, it is still unclear whether the
transposed letter manipulation induced preview costs on its own
and hence resulted in an overestimation of the preview benefit (as
demonstrated in Marx et al., 2015, for same-shape/different-letter
masks).

The Association of Reading Fluency,
Phonological Decoding, and Rapid
Naming with Parafoveal Preprocessing
during Reading

In addition to the development of parafoveal preprocessing,
we were interested how the capability of using parafoveal
information for subsequent foveal word recognition relates to
reading fluency and the children’s performance in reading-
related tasks. We therefore assessed the relationship between
the children’s reading rate in the present sentence reading task
and the estimated gain of parafoveal preprocessing. Additionally,
we assessed the relationship between parafoveal preprocessing
and the performance of reading lists of (unrelated) words and
pseudowords. Reading pseudowords taps into the children’s
efficiency of phonological decoding. The German orthography
is very regular, that is, the grapheme-phoneme correspondence
is highly consistent (in contrast to the irregular English
orthography). Evidence suggests that the gain in reading fluency
of children learning to read a regular orthography is primarily
due to a more efficient phonological (i.e., sublexical) decoding
than due to the emergence of lexical processing (i.e., whole-word
recognition; Wimmer, 1993; Rau et al., 2014; Gagl et al., 2015;
see Ziegler and Goswami, 2005, for a theoretical account). Thus,
it will be of interest how the children’s individual performance
in the pseudoword reading task relates to their capability of
parafoveal preprocessing.

Furthermore, we were interested in the relationship between
rapid naming (RN) and the preview benefit. In RN tasks,
participants are instructed to quickly and accurately name
“simple” stimuli, such as objects, digits, or letters. The items are
usually arranged in several lines over a page (and thus allowing
for parafoveal preprocessing). A wealth of studies reported a
correlation between RN and reading performance (e.g., Wolf,
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1991; Wolf et al., 2000; Norton and Wolf, 2012). Expectedly, RN
is considerably slower in younger readers than in older and more
experienced readers. One probable cause for this speed difference
in RN could be that the more experienced readers benefit from
parafoveal information, whereas the younger readers do so to
a much reduced extent. As yet, a direct demonstration of such
a relationship is not available. Pertinent evidence, however, was
provided by a recent eye movement study which demonstrated
that normally developing (Chinese) readers extract information
from the parafoveal items in RN, whereas in impaired (i.e.,
dyslexic) readers parafoveal preprocessing was markedly limited
(Panetal., 2013; see also Jones et al., 2008). A possible explanation
for a relationship between parafoveal preprocessing during
reading and RN (of digits) is that the increasing automaticity in
processing of these (highly overlearned) symbols frees attentional
resources which, in turn, can be devoted to the preprocessing of
the next (i.e., parafoveal) item. Finally, an additional task assessed
visual attention without the requirement of verbal processing.
To be specific, we used a child-friendly adaptation of the d2-
task (Brickenkamp et al., 2010) which assesses general processing
speed, the efficiency of allocating visual attention and visual
discrimination.

To sum up, the present eye movement study investigated
parafoveal preprocessing during oral sentence reading in children
of Grade 2 (with about 1 year of reading experience), Grade 4
(~3 years) and Grade 6 (~5 years). We obtained the estimates
of the extent of parafoveal preprocessing by means of the
novel incremental boundary paradigm (Marx et al., 2015). Our
main objective was to assess the developmental course of the
preview benefit. In particular, we were interested whether 2nd
Grade readers already exhibit beneficial effects of parafoveal
preprocessing. Additionally, we assessed how the children’s
reading fluency, their efficiency of phonological decoding (i.e.,
pseudoword reading) and their performance in RN relates to the
extent of parafoveal preprocessing during reading.

MATERIALS AND METHODS

Participants

A total of 92 children with normal or corrected-to-normal vision
participated in the study. Pupils were recruited from five different
schools (from the city of Salzburg and the surrounding area).
We obtained parental consent and - on the day of testing —
children agreed to participate. For participation, the children
received a small gift (e.g., a small ball, soap bubbles). The initial
sample contained 31, 30, and 31 children from Grade 2, 4, and 6,
respectively. In the present study, we were interested in normal
reading development. Thus, children with a below-average and
above-average reading speed - defined as a reading quotient of
less than 70 (n = 1) or more than 130 (n = 4; see below) —
were excluded from any further analysis. One additional child
was excluded from the analysis due to massive data loss in the eye
tracking task. The final sample consisted of 29 2nd Graders (15
females; 25 right hander; 5 children had migration background
and were bilingual; age: 8;5 y;m, SD = 055), 27 4th Graders (13
females; 27 right hander; 7 bilinguals with migration background;

age: M = 10;4, SD = 0;6) and 30 6th Graders (17 females; 30 right
hander; 12 bilinguals; age: M = 12;6, SD = 0;6). The children
with a monolingual and bilingual background were comparable
in their reading performance, as indexed by the reading speed test
(see below; group comparison: t < 1).

The experiment was conducted in accordance with the Code
of Ethics of the World Medical Association (Declaration of
Helsinki) and it was approved by the local ethics committee of
the University of Salzburg (“Ethikkommission der Universitat
Salzburg”).

Material

Reading Fluency

All children conducted a paper-pencil reading speed test.
We used the Salzburger Lese-Screening SLS [Salzburg Reading-
Screening] (Grade 2 and 4: SLS 1-4; Landerl et al., 1997; Grade
6: SLS 5-8; Auer et al.,, 2005; see Figure 1A for an illustration).
These tests presented (age-adequate) lists of sentences which
either conveys facts of basic knowledge (e.g., “A week has 7 days”)
or violations of basic knowledge (e.g., “Strawberries are blue”).
The task of the children was to read the sentences silently and
to mark each sentence as correct or incorrect within a time-
limit of 3 min. As evident from the examples shown above, the
decision as to the “correctness” of the sentences was easy and
hence the number of correctly marked sentences is a measure of
reading speed. Task performance can be expressed as a reading
quotient (M = 100, SD = 15) based on age-norms from large-
sized norming samples. In addition, we conducted a subtest of
the Salzburger Lese- und Rechtschreib-Test [Salzburg Reading and
Spelling Test] (SLRT II; Moll and Landerl, 2010; see Figure 1B
for an illustration). The subtest required reading aloud words
and pseudowords. The measure was the number of correctly read
words and pseudowords within a time limit of 1 min.

Rapid Naming

For assessing RN ability, we conducted two variants of the RN
task. One presented numerals from 1 to 6; the other presented
the respective dice faces (see Figure 1C). Each RN task consisted
of 50 items in a 5-column by 10-row matrix. All RN stimuli
were listed in random order with the constraint that adjacent
items were not the same. Numerals were presented in an Austrian
schoolbook font (20 point). Dices were presented in the same size.
The children were familiarized with the test with a short practice
array (two rows by five columns per stimulus type). They were
timed with a stopwatch while naming the items aloud. The time
was then converted to an items-per-minute measure.

Visual Attention

The visual attention task we used (i.e., the “Smiley task”) was
modeled on the d2-R test (Brickenkamp et al., 2010). In the
original version, participants are required to mark “d’s which
were adorned with two quotation marks, but have to discard
similar letters (e.g., “p”s) with two quotation marks or “d”s with
only one quotation mark. In our more child-friendly version,
the letters were replaced by line-drawings of happy and unhappy
faces (i.e., “smileys” and “frownies”; see Figure 1D). Children
had to mark the smiley faces adorned with two quotation
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FIGURE 1 | lllustrations of (A) reading speed assessment (silent reading), (B) the word and pseudoword reading task (reading aloud), (C) the two

versions of the rapid naming task, and (D) the visual attention task.
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marks. Distractors were smileys and frownies with less or more
quotation marks (frownies with 2 marks also served as distractor
items). Items were presented in nine lines with 47 smiley faces
in each line (30 smiley faces; with an average of 20 right choices)
per line. For each line, the children had 20 s whereupon they had
to stop and start with the next line. We considered the mean
number of correctly marked smiley faces within 1 min as our
measure of attention (more specifically, the test assesses general
processing speed, serial allocation of visual attention and visual
discrimination).

Eye Tracking Task

For the eye tracking task we presented 90 sentences in which we
embedded one target word per sentence (i.e., N = 30 sentences
for Grade 2 children; N = 60 sentences for Grade 4 children;
N = 90 sentences for Grade 6 children). The target words were
exclusively nouns and had a mean length of five letters (range:
4-6 letters) and a mean frequency (occurrences per million)
of 105 according to the SUBTLEX-DE norms (Brysbaert et al.,
2011). Note that we used the same sentences as in a previous
study from our lab (Marx et al., 2015). The target words were -
according to a Latin square design — rotated between the three
salience conditions for each Grade. Sentences were constructed
in such a way that at least three words preceded and at least one
word followed the target word (M = 5.4 and 2.5, respectively).
The pretarget words were of medium-length and (on average)
high-frequency adjectives. Specifically, the mean length of the
pretarget word was 5.26 letters (SD = 0.84; range: 4-8) and
the mean frequency of their lemma-form (i.e., the uninflected

form of the word) was 204 per million (word-form: M = 85
per million). The length of the experimental sentences ranged
from 6 to 12 words (M = 8.84, SD = 1.11). The sentences were
typed in a bold and mono-spaced font. Each character had a
width of 8 pixels on the display screen (whose specifications are
provided in the “Apparatus” section). From a viewing distance
of 50 cm a single character had a width of ~0.4° of visual
angle.

The salience manipulation (i.e., visual degradation) of the
stimuli was administered by using the pixmap-package (Bivand
et al., 2008) and an in-house R-script. We had three preview
conditions (i.e., parafoveal salience manipulations). In each
preview condition all letters of the target and all words
thereafter were degraded, that is, a certain amount of black
pixels was displaced. The amount of displaced pixels were 0,
10, and 20% for our three levels of degradation (henceforth,
we refer to the levels as high, medium, and low salience).
An example sentence of our experimental set-up is shown in
Figure 2.

Nele hat sich am rechten ‘Khie vérlefit-

Nele hat sich am rechtenE Knie verletzt.

FIGURE 2 | lllustration of our salience manipulation of the parafoveal
preview of the target words. The upper panel shows a sentence with the
medium salience level of the preview. The lower panel illustrates the location
of the invisible boundary (dashed line) and the undegraded target and
post-target words which appeared after crossing the boundary.
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Procedure

Psychometric Assessment

At first, we administered the reading speed test in the children’s
classrooms. The further psychometric assessments (as well as
the eye tracking experiment) were conducted over 2 days
during which children were seen individually in a quiet area
detached from the classroom. On a rotating basis, first and
second day procedure and order of tasks were counterbalanced
across participants, whereby the psychometric measures lasted
approximately 40 min and the eye tracking task lasted
approximately 20 min.

Eye Tracking

First, we performed a horizontal 3-point calibration routine
to familiarize the children with calibrating the eye tracking
system. This routine was repeated until the child achieved
an average tracking error below 0.5° of visual angle. Then,
five familiarization trials for the sentence reading task were
administered after which the calibration was repeated — now
with a more stringent criterion (average tracking error < 0.3°).
Then, we presented the 30, 60, or 90 experimental sentences
(dependent on Grade; see section “Eye Tracking Task”). A trial
started with a fixation check, that is, the presentation of a
fixation cross at the left side of the screen (vertically centered).
Calibration was repeated when the fixation check failed (but
not later than the presentation of 20, 35, or 50 sentences for
Grade 2, 4, and 6, respectively). When the system detected a
fixation on the fixation cross, the sentence was presented. Display
changes were realized with the invisible boundary technique
(Rayner, 1975). The boundary was placed at the very end of the
pretarget word. Crossing the boundary triggered the presentation
of the identical target (and post-target) word(s) — in cases where
a high salience preview was presented - or the unmutilated
target (and post-target) word(s) — in cases where a medium
or low salience preview was presented. The children read the
sentences aloud. The experimenter noted reading errors (mostly
minor misarticulations, such as, e.g., improper lengthening or
shortening of vowels with frequent immediate self-correction by
the children).

Apparatus

Eye movements were recorded monocular for the right eye with
a sampling rate of 500 Hz with an EyeLink 1000 (SR Research,
Canada). We used the Desktop mount configuration with the
“remote” setup which compensates for head movements (by
tracking a target sticker on the children’s forehead). The children
sat at a viewing distance of approximately 50 cm to the 17 inch
CRT-monitor (640 x 480 pixel resolution with a 200 Hz frame
rate).

Eye Movement Measures

We reasoned that the effect of parafoveal preprocessing will be
most evident in the initial fixation on the target words. Thus, we
considered first fixation (FF) duration as our primary dependent
variable. Additionally, we report single fixation duration (SF;
i.e, when target words were processed with a SF) and gaze
duration (i.e., the sum of all fixations on a target word during

first pass reading). Furthermore, we report the initial landing
position (ILP), that is, the location of the FF on the target
words.

Data Treatment and Analysis

In total, we administered 5,190 trials (i.e., 29, 27, and 30 children
from Grade 2, 4, and 6 read 30, 60, and 90 sentences, respectively;
see above). After removal of trials with data loss and outlying
fixation times on the target words, 3,860 and 3,851 trials remained
for the analysis of FF and gaze duration, respectively. The
criteria for outliers were fixations times shorter than 80 ms and
longer than 2.65 standard deviation above the individual mean
of the participant. For the analysis of SF, we only obtained a
total of 1,938 trials, because children seldom processed a word
with a SF (see “Results” section). Eye movement data were
analyzed by means of linear mixed effects (LMM) modeling
using the Imer-function of the Ime4-package (Bates et al., 2015)
running within the R environment for statistical computing (R
Core Team, 2015). For our global eye movement measures we
considered each word except the sentence-initial word and the
target word (whose parafoveal preview was manipulated). The
model assessed — as fixed effect - the linear effect of Grade and
accounted for the random effects of subjects (i.e, the individual
children) and items (i.e, the target words). The syntax for
this model was measure ~ grade + (1| subject) + (1| item).
For the analyses of the experimental effect of our salience
manipulation on FE SE and gaze duration we used a
more sophisticated model specification whose syntax was as
follows: measure ~ salience + grade + salience:grade + (1 +
salience + grade + salience:grade | subject) + (1 |item). The model
examined - as fixed effect — the linear effects of Grade and
salience and the two-way-interactions between these effects.
Besides these fixed effects, the model accounted for the random
effects of subjects on the intercept of the model and on the
slopes of the salience and Grade effects as well as for random
effects of the items. Following standard convention, fixed effects
were considered as significant when the corresponding t-value
was greater than 1.96 (which corresponds to an alpha-level of
p < 0.05). We log-transformed FE SF, and gaze duration (by
the natural logarithm) before entering the analyses, because their
distributions were right skewed (the figures, however, presents
untransformed data).

RESULTS

Reading Rate and Psychometric Measures

Mean task performances as a function of Grade are presented
in Table 1. The first line of the Table 1 presents the mean
reading quotient of the children from Grade 2, 4, and 6:
The groups of children exhibited, on average, normal reading
rates (compared to the respective age-norms of M = 100
and SD = 15). Accordingly, a univariate ANOVA revealed
no group differences; F < 1.1. In absolute terms, reading
rate almost doubled from Grade 2 to Grade 6 as evident
from the word-per-minute measure of reading aloud lists of
unrelated words; F(2,85) = 42, p < 0.001. The gain in reading
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TABLE 1 | Means and standard deviations of the psychometric measures
and global eye movements.

Grade 2 Grade 4 Grade 6
Mean SD Mean SD Mean SD

Psychometric measures
Silent reading [RQ?] 103 11 101 12 98 16
Reading aloud words 50 12 71 22 95 21
Reading aloud p-words® 33 7 41 13 56 17
Rapid naming

Dices 79 19 102 16 115 22

Digits 98 25 134 25 153 32
Visual attention 42 6 56 10 69 12
Eye movement task
Words per minute 74 18 102 26 131 28
Reading errors [%)] 23 23 10 8 6 5
N of fixations per word 1.9 0.3 1.7 0.4 1.5 0.2
Fixation duration [ms] 451 110 360 82 288 45
Saccade length [letters] 3.7 0.8 4.2 0.7 4.6 0.6
Regressions [%] 18 9 19 9 15 6

@Readling Quotient, ®pseudowords.

speed was significant between each Grade (post hoc pairwise
comparisons: ts > 4.15, ps < 0.001). Likewise, reading aloud
lists of unrelated pseudowords showed an improvement with
Grade; F(2,85) = 25, p < 0.001 (post hoc pairwise comparisons:
ts > 2.96, ps < 0.01). Furthermore, the number of words-
read-per-minute (assessed in our eye tracking experiment; lower
section of Table 1) increased with Grade; F(2,85) = 40, p < 0.001.
Pairwise comparisons revealed that the difference was significant
between each Grade (ts > 3.98, ps < 0.001). Likewise, the
reading accuracy (assessed in our eye tracking experiment)
improved with Grade; Kruskall-Wallis x> = 17.48, p < 0.001.
The differences were significant between each Grade (Mann-
Whitney Us < 265, p < 0.04). Furthermore, children became
faster in both versions of the RN task; main effect of Grade:
F(2,83) = 31.90, p < 0.001. Improvements — for both versions
of the task - were evident between all Grades; ts > 2.55,
ps < 0.02. With regard to differences between the RN versions,
the children’s performance was faster for the digit version than
for the dice version; main effect of RN version: F(1,83) = 241,
p < 0.001. This difference was more pronounced in Grade 4
and 6 than in Grade 2; Grade by RN version: F(2,83) = 9.54,
p < 0.001. For our measure of visual attention (i.e., the “Smiley
task”), we observed a continuous improvement with Grade;
F(2,85) = 55, p < 0.001 (pairwise comparisons: all ts > 4.3,
ps < 0.001).

Global Eye Movement Measures

As evident from the lower section of Table 1, the mean number of
fixations per word decreased with Grade; b = -0.207, SE = 0.040,
t = -5.13. This reduction was significant between both, Grade 2
and 4; b = -0.240, SE = 0.093, t = -2.58, and Grade 4 and 6;
b = -0.175, SE = 0.079, t = -2.20. The mean fixation duration
decreased with Grade; b = -0.184, SE = 0.024, t = -7.76, and

the difference was significant between Grade 2 and 4, and Grade
4 and 6; b = -0.189, SE = 0.053, t = -3.54 and b = -0.180,
SE = 0.048, t = -3.77, respectively. The mean forward saccade
length increased with Grade; b = 0.462, SE = 0.087, t = 5.30
(b = 0468, SE = 0.192, t = 2.43 and b = 0.458, SE = 0.163,
t = 2.81 for the Grade 2 - 4 and 4 - 6 comparisons). Finally, there
was a linear, but insignificant trend toward fewer regressions with
Grade; b =-0.019, SE = 0.010, t = -1.82.

Target Words

The target words were rarely skipped (M < 3.6% for each
Grade) and seldom processed with a SE i.e., in only 12, 20, and
28% of the trials for Grade 2, 4, and 6, respectively. Figure 3
presents fixation time measures on the target words in relation
to our salience manipulation of the target words  parafoveal
preview and Grade. As evident from Figure 3, fixation durations
became progressively shorter with Grade. This development
toward shorter fixation durations was reflected by a main effect
of Grade (see Table 2 for model estimates and the corresponding
t-values). Critically, all Grades exhibited shorter FF durations
for high-salience than for low-salience previews of the target
words. For the undegraded (high-salience) previews, the means
of FF were 526 ms (SD = 112 ms), 349 ms (SD = 79 ms), and
294 ms (SD = 37 ms) for Grade 2, 4, and 6, respectively. For
the low-salience previews, the means were 571 (SD = 134), 408
(SD = 54), and 338 ms (SD = 39) resulting in mean differences
of 45, 59, and 44 ms for Grades 2, 4, and 6, respectively.
Accordingly, the LMM revealed a main effect of salience but the
interaction between salience and Grade was not significant (see
Table 2).

Remember that the children seldom processed the words
with a SF and, thus, the analysis of SF duration should not be
overrated. In short, Figure 3 shows that Grade 4 and Grade 6
exhibited shorter SF durations for high-salience than for low-
salience previews of the target words. The children from Grade
2 did not exhibit such an effect. Accordingly, the LMM revealed
an interaction between salience and Grade; the main effect of
salience did not reach significance. Separate LMMs for each
Grade revealed significant effect of salience in each Grade. The
fixed effects of salience, however, were much higher for the
children of Grade 4 (b =0.111, SE = 0.027, t = 4.18) and Grade 6
(b=0.134, SE = 0.108, t = 12.42) than for the children of Grade
2 (b = 0.073, SE = 0.033, t = 2.20). It is noteworthy that - as
evident from Figure 3 - SF were, on average, longer than FF (see
“Discussion”). Pairwise comparisons (independent of the level
of salience) revealed that this difference was significant for each
Grade; all ts > 5.1 (df = 19, 26, and 29 for Grade 2, 4, and 6,
respectively), all ps < 0.001.

The LMM for gaze duration did not reveal a significant main
effect of salience, but a significant interaction between salience
and Grade. Separate models revealed that the fixed effect of
salience was significant in Grade 4 (b = 0.065, SE = 0.021,
t =3.10) and Grade 6 (b =0.098, SE = 0.015, t = 6.55). For Grade
2, the effect of salience did not reach significance (b = 0.052,
SE =0.028, t = 1.85).

Figure 4 presents the ILP of the children in relation to Grade
and the salience of the parafoveal preview. As evident from
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FIGURE 3 | Mean first fixation (FF), single fixation (SF), and gaze duration on the target word of the children from Grades 2, 4, and 6 in relation to the
salience of its parafoveal preview. The lines show the linear trends of fixation durations in relation to salience. The gray shadings depict 1 SEM as estimated with
the smooth-function (method = “I m”) of the ggplot-package (Wickham and Chang, 2015).

TABLE 2 | LMM estimates of fixed effects (upper part) and estimates of variance (lower part) for first fixation and single fixation duration and gaze

duration.

First fixation duration Single fixation duration Gaze duration
Fixed effects b SE 1t b SE 1tl b SE ¢
Intercept 6.045 0.046 132.54 6.277 0.065 96.68 6.792 0.070 97.26
Salience 0.063 0.023 2.67 0.056 0.032 1.74 0.037 0.024 1.58
Grade -0.227 0.031 7.41 -0.303 0.040 7.64 -0.404 0.044 9.23
Salience x grade 0.012 0.014 0.81 0.039 0.018 2.21 0.030 0.015 2.01
Random effects Variance SD Variance SD Variance SD
Intercept: ltem 0.007 0.08 0.014 0.12 0.023 0.15
Intercept: Subject 0.054 0.23 0.121 0.35 0.146 0.38
Salience 0.015 0.12 0.030 0.17 0.008 0.09
Grade 0.002 0.04 0.005 0.07 0.005 0.07
Salience x grade 0.004 0.06 0.006 0.08 0.002 0.05
Residual 0.145 0.38 0.073 0.27 0.223 0.47

Model: log(duration) ~ salience + grade + salience:grade + (1 + salience + grade + salience:grade | subject) + (1 |item).

Figure 4, increasing Grade-level is associated with progressively
more rightward fixation locations (i.e., toward the word center);
b =0.209, SE = 0.079, t = 2.63. In absolute terms, however, the
increase of ILP was rather small (less than half a letter from Grade
2to Grade 6). Critically, there was neither a main effect of salience
nor an interaction of salience with Grade; both |ts| < 1.06.

Correlations of the Psychometric

Measures and Parafoveal Preprocessing
Our procedure of assessing the association of parafoveal
preprocessing with individual differences in the psychometric

measures was as follows: we obtained the individual preview
benefit of the participants from the random effect of the LMM of
FF (by means of the ranef-function). The random effect expresses
to which degree the slope of the individual participants deviates
from the average slope of the whole sample. We then computed
the proportional reduction of FF in relation to the salience of
the parafoveal preview by dividing the individual slopes of the
participants by their mean FF duration (see Figure 5).

Figure 6 shows the correlation between the following
measures: (i) the individual gain that parafoveal preprocessing
provided for foveal processing of the target words (i.e., our
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FIGURE 4 | Mean initial landing position (ILP) on the target words in
relation to Grade and the salience of the parafoveal preview of the
target words.

estimate of the magnitude of the preview benefit; see Figure 5),
(ii) the ILP on the target words, (iii) the reading rate as expressed
by words-per-minute (from the eye tracking experiment), the rate
of reading aloud columns of (iv) words and (v) pseudowords, the
performance in (vi) the dice-version and (vii) the digit-version
of the RN task, and (viii) the performance in the visual attention
task (VA; i.e., the “Smiley” variant of the d2-test). The left panel of
Figure 6 shows the correlations for all participants irrespective of
Grade; the right panel shows the correlations when we partialled-
out the effect of Grade. Contrasting full versus partial correlations
gives us indications as to whether an association of a variable
with our index of parafoveal preprocessing (i.e., “gain”) reflects
“merely” a Grade-related improvement in both measures or
whether there is a specific (Grade-independent) relationship.
As evident from the left panel of Figure 7, the reading rate
measures and the performance in the two versions of the RN
task were highly (inter-)correlated. Furthermore, reading rates
and RN were highly correlated with the performance in the VA
task. Partialling-out Grade reduced the size of the correlations
of RN and VA with the reading rate measures. Critically, our
estimate of the usage of parafoveal information for subsequent
foveal word recognition (gain) correlated (moderately) with our

various reading rate measures and with RN (see also Figure 7).
These correlations were significant even when we partialled-out
the effect of Grade. The gain due to parafoveal preprocessing was
not correlated with the ILP on the target words and not with VA.
ILP was reliably associated with reading rate during reading the
experimental sentences (i.e., from the eye movement assessment).
This association remained significant when we partialled-out
Grade. The correlations between ILP and the reading rates for
words and pseudowords, RN and VA were insignificant after
controlling for Grade.

Figure 7 shows the relationship between the estimated gain
due to parafoveal preprocessing and selected psychometric
measures (with the individual scores of the participating
children). From the top-right corner to the bottom-left corner,
Figure 7 shows how the gain measure relates to the reading
rate from the eye tracking/sentence reading task, the word-
list reading task, the pseudoword-list reading task and the
RN-digit task. Average reading rates were task-dependent
(RN digits > reading words in sentences > reading list of
words > reading pseudowords; see Table 1). Figure 7 shows
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FIGURE 5 | Exemplary illustration of our procedure of estimating the
“gain” that parafoveal preprocessing provides for the subsequent
foveal processing of the target words. The proportion [p] of gain was
multiplied by 100 in order to achieve a gain estimate in the unit of percentage.
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FIGURE 6 | Correlations (Pearson’s r) between the proportional reduction of first fixation duration in relation to the salience of the parafoveal preview
(Gain [FF]), the ILP on the target words (ILP), the word-per-minute (wpm) rate of reading aloud sentences (RR; obtained from the eye tracking task),
the wpm-rate of reading aloud lists of words (R r-words) and pseudowords (R p-words), the items-per-minute measure of the two versions of the
rapid naming task (i.e., RN digits and dice faces) and the performance in the visual attention task (VA). The (Left) panel presents the correlations
irrespective of the Grade-level of the children; the (Right) panel shows the correlations after partialling-out Grade. The size of the correlations is represented by the
size (and the color) of the circles; correlations of r > 0.23 were significant (o < 0.05); insignificant correlations are marked with an X. For creating this Figure, we used
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FIGURE 7 | Relation between the percentage of gain (preview benefit) with psychometric measures (reading rate from the eye tracking task, reading
real words, reading pseudowords, and rapid naming digits). Positive values (i.e., values above the bold dashed line) indicate gain that is the proportional
reduction of the first fixation duration in relation to the salience of the parafoveal preview of the target words (see Figure 5 and main text for details).
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that we observed stable gains due to parafoveal preprocessing
when the children read more than 100 words-per-minute in
the sentence reading task. For reading lists of words and
pseudowords, the respective figures were ~75 and ~50 items-
per-minute. For RN of digits, we observed relatively stable gains
when the children’s rate was greater than 150 items-per-minute.

Finally, we assessed which of the four rate measures is the most
potent predictor of the ability of gaining parafoveal information
from the upcoming word. To this end, we fitted a linear model
with the four predictors and submitted this model to the stepAIC-
function of the MASS-package (Venables and Ripley, 2002). This
function performs a stepwise model selection on the basis of the
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Akaike information criterion (AIC). This analysis revealed that
the performance in the pseudoword list reading task is the best
predictor of the preview benefit in our sample of German-reading
children.

DISCUSSION

The main objective of the present developmental eye tracking
study was to examine when children begin to effectively utilize
parafoveal information during reading. In an earlier study from
our lab (Marx et al., 2015), we found that children with about
3 years of reading experience (i.e., children in Grade 4 of
primary school) exhibited a substantial preview benefit — similar
to children with about 5 years of reading experience (Grade
6). Thus, we assumed that parafoveal preprocessing emerges
early during reading acquisition. In the present study, we tested
children from Grades 2, 4, and 6.

For the assessment of the magnitude of parafoveal
preprocessing we used a recently developed paradigm which
combines the classical invisible boundary paradigm (Rayner,
1975) from the field of eye movement research with the rationale
of the incremental priming technique (Jacobs et al., 1995) from
the field of visual word recognition. The rationale behind
administering this novel technique was that recent evidence
indicated that the application of parafoveal masks — which is
the traditional approach for estimating the preview benefit in
the context of the invisible boundary paradigm - may lead
to an overestimation of the preview benefit (Hutzler et al.,
2013; Kliegl et al., 2013; Marx et al.,, 2015). The incremental
boundary technique (which systematically manipulates the
salience of the parafoveal preview of the target words; see
“Introduction”) is much less susceptible to such a bias (Marx
etal., 2015).

The main finding of the present study is that children from
Grades 2, 4 and 6 exhibited substantially shorter FF durations
with increasing salience of the parafoveal preview, that is, they
exhibited a preview benefit. For FF duration on the target words,
the incremental boundary approach (i.e., comparing mean FF
duration for high-salience with those of low-salience previews)
revealed estimates of the size of the preview benefit of about
45 ms for children of Grades 2 and 6 and for children of
Grade 4 the size was about 60 ms. These figures translate to
a shortening of fixation duration of about 8% in Grade 2 and
of about 15 and 13% in Grade 4 and 6 when preprocessing
of a valid (ie., high salience) preview is possible compared
to instances in which parafoveal preprocessing is hindered (by
a visually degraded preview). Thus, we found clear evidence
of a parafoveal preview benefit on FF duration for all of the
Grades.

The instances in which the children processed the words
with a SF were rare — even in the most experienced readers
of Grade 6 (<30%). The low number of SF cases indicates
that our children (learning to read the regular German
orthography) achieve visual word recognition primarily due to
serial (grapheme-phoneme) decoding - even when they already
have considerable reading experience (for similar results and

interpretation see Rau et al, 2014 and Gagl et al, 2015).
For the children of Grades 4 and 6, however, we observed
a preview benefit on SF duration (i.e., reliable effects of our
manipulation of the parafoveal preview). Replicating previous
findings (e.g., Hawelka et al, 2010), the mean duration of
SEF were longer than the average duration of FF on the
target words. Processing words with a SF has been considered
as reflecting whole-word recognition and the prolongation
of SF in comparison to FF may reflect the completion of
lexical processing, that is, accessing whole-word phonology
and word meaning (Hawelka et al., 2010). Thus, parafoveal
preprocessing seems to be beneficial for whole-word recognition
even if this manner of word recognition is still comparatively
rare (as indicated by the small proportion of singly fixated
words).

In addition to fixation times, we assessed the ILP on the
target words in relation to the Grade-level of the children and
to the salience of the preview. The motivation for including
this measure was twofold. First, we were interested in the
development of the visual scanning behavior during the initial
years of reading acquisition. Second, we were interested in
the relationship between the extent of parafoveal preprocessing
(indexed by the size of the preview benefit) and the saccadic
targeting of the upcoming word. With regard to the first
aspect, experiments using single word presentation (with French
children) revealed that beginning readers quickly acquire an
adult-like tendency to fixate at the optimal viewing position, that
is, (slightly left of) the word center (Aghababian and Nazir,
2000). This shift in targeting the center of a word - as opposed
to targeting a word’s initial letters — was previously attributed
to the progress from laborious sublexical grapheme-phoneme
conversion toward more efficient whole-word recognition
(MacKeben et al., 2004; Hawelka et al., 2010; Rau et al., 2015).
The efficiency of processing a word by means of sublexical
decoding, however, is supposed to be largely dependent on the
orthographic depth of the to-be-learned language. To illustrate,
a recent eye movement study, which directly compared sentence
reading in German (a shallow orthography) and English (a deep
orthography; Seymour et al., 2003; Share, 2008) — showed that
the German readers relied more on small-unit decoding than
their English peers (Rau et al, 2015). Supporting the notion
of such a small-unit decoding strategy, recent eye movement
studies in regular orthographies reported that beginning readers
tend to aim the incoming saccade at the word beginning (Gagl
et al., 2015). To illustrate, Gagl et al. (2015) reported - for
an experiment with single word presentation - that German-
reading children of Grade 2 and 4 fixated the word beginning
with little influence of word length on initial fixation location.
Likewise, in our previous study (Marx et al., 2015), we found
that the ILP of children of Grades 4 and 6 (in a sentence reading
task with valid and invalid previews of target words) was at the
beginning of the target words. In the present study, we found a
significant developmental trend of initial fixation location toward
the word center. Furthermore, the ILP was reliably correlated
with the reading rate (even when the Grade-level was partialled-
out). The size of the Grade effect, however, was — in absolute
terms — small (half a letter from Grade 2 to Grade 6). Thus, our
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finding conforms to the notion that the progress from grapheme-
phoneme conversion toward whole-word recognition proceeds
slowly in regular orthographies.

With regard to our second interest, we found no association
of the ILP with the extent of parafoveal preprocessing. This was
even the case, when we correlated these two measures irrespective
of Grade (i.e., without partialling-out Grade). The absence of an
association between the preview benefit and the ILP conforms
to the assumed decoupling of oculomotor control and visual
attention (as it is implemented, for example, in the E-Z Reader
model of eye movement control during reading; Reichle et al.,
1998, 2003). In the conceptualization of the E-Z reader model,
the processing of the length of the next word is considered
as a basal visual, pre-attentive process. Accordingly, we did
not find an association of the ILP with our measure of visual
attention (i.e., our variant of the d2-test which assesses the serial
allocation of visual attention and visual discrimination) after
accounting for Grade-level effects (i.e., after partialling-out age-
related improvement in visual attention). The mechanism that
oculomotor control and visual attention operates independently
can explain the fact that mature readers frequently skip words
during reading. The fact that we did not find an association
between the amount of parafoveal preprocessing and saccadic
aiming in beginning readers could indicate that the functional
separation of visual attention and oculomotor planning is already
in place during reading acquisition (when word skippings are still
very rare).

The Association of the Parafoveal
Preview Benefit with Rapid Naming and

Pseudoword Reading

We administered two versions of the RN task, that is, a “standard”
version which required the naming of digits (ranging from 1 to
6) and an equivalent version in which we substituted the Arabic
numerals with the corresponding dice faces. The rationale for the
administration of these two versions was that we assumed that the
children of Grade 2 (with only about 1 year of formal education)
might not yet exhibit automaticity in processing (in future over-
learned) orthographic representations (i.e., the Arabic numerals).
The ensuing expectations were that (i) the children from Grade
2 would exhibit a more similar performance in the two RN
versions, whereas the older children would perform better in
the digit version and (ii) that the association of RN of digits
may become stronger with increasing Grade-level. A recent eye
movements study by Pan et al. (2013) indeed showed that the
eye-voice span is larger during RN of digits than during RN
of dice faces (which was interpreted as reflecting the higher
automaticity of processing Arabic numerals). Moreover, this
effect was markedly more pronounced in typically developing
readers than in dyslexic readers (indicating a less automatized
processing of Arabic numerals in the latter group). The present
findings conform to the notion of heightened automaticity for
over-learned orthographic symbols. In each Grade, the children
performed better in the digit-version than in the dice-version
of the RN task, but the difference was more pronounced in the
higher Grades. However, the performance in both versions was

associated equally with our estimate of parafoveal preprocessing
and this association did not depend on reading experience (i.e.,
Grade level). The similar association of RN dice faces and digits
with parafoveal preprocessing may reflect the shared requirement
of coordinating the serial allocation of visual attention (in the
direction of reading) and accessing a phonological representation
as figured by the visual scanning hypothesis of the relationship of
RN with reading (e.g., Kuperman et al., 2016).

The best predictor of parafoveal preprocessing was the
children’s performance in the pseudoword reading task. The task
assessed the children’s efficiency of phonological decoding. As
aforementioned, the developmental transition from sublexical
decoding to (lexical) whole-word recognition seems to be a slow
process in regular orthographies (e.g., Rau et al., 2014) and hence
the improvement in reading rate with increasing experience is —
at least partly — due to a gain in the efficiency of phonological
decoding (e.g., Wimmer, 1993; Gagl et al.,, 2015). The present
finding adds to this notion by showing that children who excelled
on the pseudoword reading task exhibited the largest preview
benefit.

Limitations and Future Directions

One could conceive the present study’s requirement of reading
aloud as a limitation for studying the development of the preview
benefit, because reading aloud may reduce the extent to which
readers engage in parafoveal preprocessing. To illustrate, Ashby
et al. (2012) found - in adult participants - that the preview
benefit is diminished in oral reading compared to silent reading.
However, silent reading is unusual for children - particularly
in the early years of primary schools. Another limiting issue,
one could argue, is the high variance in the performance of the
children from Grade 2. The variance in our dependent measures
was much lower in Grade 4 and 6. This pattern conforms to
the prediction of, for example, the rate-amount model (Faust
et al., 1999) that increasing average efficiency is accompanied
with a reduction in variance. To account for a global factor such
as general processing speed (e.g., Zoccolotti et al., 2008) was,
however, beyond the scope of the present study.

With regard to future directions, the present study (together
with the Marx et al,, 2015 study) showed that the incremental
boundary technique is an adequate tool for studying the
emergence and the development of parafoveal preprocessing in
developing readers. Future studies may apply the technique to
study further aspects of parafoveal preprocessing (for which the
evidence s, as yet, based primarily on samples of adult readers).
Such aspects are, for example, the relative importance of a word’s
initial versus its final letters for parafoveal preprocessing (e.g.,
Briihl and Inhoff, 1995; Gagl et al., 2014) or the effect of foveal
load on the preview benefit (Henderson and Ferreira, 1990).

CONCLUSION

The present study provides information as to when parafoveal
information is effectively utilized during oral sentence reading.
Overall, the findings reveal that children with about 1 year of
reading experience start to utilize parafoveal information for
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subsequent foveal word recognition. However, we observed an
association of the preview benefit with reading fluency (indexed
by the word-per-minute reading rate) — which substantially
overlapped between Grades. Thus, the individual reading
competence seems to be the more important constituent of
the effective use of parafoveal information for subsequent
foveal word recognition than reading experience as indexed by
Grade-level. The best predictor of parafoveal preprocessing in
our sample of children learning to read a regular orthography
was their performance in a pseudoword reading task assessing the
efficiency of phonological decoding: The best decoders exhibited
the greatest preview benefit.
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The cerebellar deficit hypothesis for developmental dyslexia claims that cerebellar
dysfunction causes the failures in the acquisition of visuomotor skills and automatic
reading and writing skills. In people with dyslexia in the alphabetic languages, the
abnormal activation and structure of the right or bilateral cerebellar lobes have been
identified. Using a typical implicit motor learning task, however, one neuroimaging
study demonstrated the left cerebellar dysfunction in Chinese children with dyslexia.
In the present study, using voxel-based morphometry, we found decreased gray matter
volume in the left cerebellum in Chinese children with dyslexia relative to age-matched
controls. The positive correlation between reading performance and regional gray matter
volume suggests that the abnormal structure in the left cerebellum is responsible for
reading disability in Chinese children with dyslexia.

Keywords: developmental dyslexia, Chinese, voxel-based morphometry, left cerebellum, gray matter

INTRODUCTION

Developmental dyslexia (DD) is characterized by an unexpected difficulty in reading, which is not
explained by intellectual impairment, sensory deficits, lack of adequate schooling opportunities,
or neurological illness. It is a common developmental disorder affecting 5-18% of school-aged
children (Snowling, 2000). The phonological deficit theory is widely accepted in alphabetic
languages, suggesting that dyslexics have specific sound manipulation impairments, which affects
their auditory memory, word recall, and sound association skills when processing speech (Shaywitz
et al., 1998; Ramus, 2001; Hoeft et al., 2007a,b; Ramus and Ahissar, 2012; Boets et al., 2013;
Ramus et al., 2013). However, some researchers argue that deficits at the linguistic level may be
an external manifestation of DD, and linguistic deficits can be traced back to a more general
perceptual deficit, namely, a dysfunction of magnocellular in sensory pathways. The magnocellular
deficit theory asserts that the reading problems derive from impaired sensory processing, caused by
abnormal visual, auditory or tactile modalities (Stein and Walsh, 1997). Meanwhile, the cerebellar
hypothesis for DD indicates that the cerebellar disorder leads to motor control, or automatization
difficulties that would subsequently cause reading and writing problems (Nicolson et al., 2001).
Furthermore, as the cerebellum receives massive input from various magnocellular systems, it
is also proposed that the cerebellar deficit should be unified under the generally magnocellular
theory of dyslexia (Stein, 2001). The cerebellar deficit hypothesis has been supported extensively by
behavioral, neuroanatomical and neuropsychological studies (Nicolson et al., 1999; Brown et al.,
2001; Rae et al., 2002; Stoodley et al., 2008). For example, compared with typically developing
readers, children, and adults with dyslexia performed poorer in several tasks related to cerebellar
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function, such as time estimation (Wolff et al., 1990), automatic
balance (Brookes et al., 2010), speed processing (Nicolson et al.,
1995), and implicit motor learning (Stoodley et al., 2008).
Using positron emission tomography (PET), Nicolson et al.
(1999) directly examined the cerebellar function in learning
novel sequences and executing prelearned sequences in adults
with dyslexia. It was found that relative to control group,
dyslexics exhibited reduced activation in the right cerebellar
cortex during both learning novel sequences and executing
prelearned sequences. Menghini et al. (2006) found that in
alphabetic languages, adults with dyslexia showed increased
activation in the right cerebellum than the normal control
group. Adults with dyslexia showed less activation in the left
cerebellum than the control group during word and pseudoword
reading (McCrory et al., 2000). In a meta-analysis, Linkersdorfer
et al. (2012) identified that the structural abnormalities were
related to functional abnormalities in bilateral cerebellar lobes
in dyslexics. Anatomical cerebellar abnormality in dyslexia was
supported by the evidence showing the absence of cerebellar
asymmetry in dyslexic children (Rae et al., 2002). Structural
magnetic resonance imaging (MRI) studies of dyslexia using
voxel-based morphometry (VBM) have revealed regional gray
matter reductions in the right cerebellum (Brown et al., 2001;
Pernet et al., 2009), or in the bilateral cerebellum (Eckert et al.,
2003, 2005; Brambati et al., 2004; Kronbichler et al., 2008).
However, Richlan et al. (2013) did not find significant cerebellar
volume reduction in dyslexics. In general, most of the above
studies showed abnormal cerebellar activation and structure in
right or lateral lobules in dyslexia of alphabetic languages.

But different from alphabetic languages, Chinese is a
logography without clear grapheme-phoneme rules, and Chinese
characters are square-shaped with more visually complicated
structures. These differences may lead to different neural basis of
Chinese character processing (Bolger et al., 2005; Tan et al., 2005;
Wu et al,, 2012). For example, several neuroimaging studies of
normal readers have shown activation in the left middle frontal
gyrus (MFG; BA 9) during Chinese reading, which was thought
to be specialized for orthography-to-phonology transformation
in Chinese processing (Tan et al., 2005; Siok et al., 2008), while in
alphabetic-language reading, the left posterior temporal lobe was
recruited to perform the conversion of written symbols (letters)
into phonological units of speech (phonemes) (Booth et al., 2002).
The right parietal and inferior occipital cortices were thought
to be engaged in visuospatial analysis in processing Chinese
characters (Tan et al., 2001; Chen et al., 2002), while the right
superior frontal gyrus, right parietal regions and bilateral cuneus
were known to be critical for visuospatial processes in processing
alphabetic words (Haxby et al., 1995; Lepage et al., 2000). Thus,
there is a discrepancy of the neural basis between Chinese and
alphabetic languages processing.

In neuroimaging studies of dyslexia, Siok et al. (2004, 2008)
have found that, compared with typically developing reading,
dyslexic reading in Chinese was characterized by reduced
activation in the left MFG during homophonic (Siok et al,
2004) or rhyming (Siok et al, 2008) judgment. While some
studies found that the activation in the left temporoparietal
and occipitotemporal regions was abnormally decreased during

alphabetic-language reading in dyslexia (Horwitz et al., 1998;
Johansson, 2006; Schlaggar and McCandliss, 2007). Hu et al.
(2010) found a similar pattern of brain activity in semantic
decision tasks in Chinese and English people with dyslexia, both
of them showing reduced activation in the left angular gyrus, left
middle frontal cortex, and left occipitotemporal regions relative
to normal readers even though Chinese and English normal
readers displayed distinct activation in the brain. Therefore, it is
not clear whether the neural basis of deficits in DD varies across
languages.

As for research in cerebellar deficits of Chinese dyslexia, one
behavioral study found that Chinese dyslexia had problems in
implicit motor learning when they responded with their left
hands, whereas this problem disappeared when using their right
hands. In contrast, age-matched children showed significant
implicit motor learning when responded with either hand (Yang
and Hong-Yan, 2011). The observation of the left-hand response
deficits during implicit motor learning in Chinese dyslexia led
the researchers to speculate that Chinese dyslexia is likely to be
associated with left cerebellar dysfunction, which may be different
from the previous studies of cerebellar deficits in alphabetic-
language dyslexics (Nicolson et al, 1999; Menghini et al,
2006). Yang et al. (2013) have performed a functional magnetic
resonance imaging (fMRI) study to examine cerebellar function
in an implicit motor learning task in children with and without
dyslexia. The results indicated that Chinese children with dyslexia
had significantly higher activity in the left cerebellum compared
with age-matched normal children (Yang et al, 2013). Thus,
these findings suggested different cerebellar deficits in Chinese
and alphabetic dyslexia. As discussed previously (Linkersdorfer
etal., 2012), functional deficits usually come along with structural
defects. Therefore, this study aimed to determine whether there
were structural abnormalities in the left cerebellum in Chinese
dyslexia.

MATERIALS AND METHODS

Participants

Nine dyslexic children (3 boys, mean age = 12.6 years, SD = 0.6)
and 14 normal control group (6 boys, mean age = 12.3 years,
SD = 1.0) took part in the study. The children were recruited
from ordinary primary schools in Beijing. Two tests that were
widely used for screening Mandarin-speaking Chinese children
with dyslexia were adopted: the Raven Standard Progressive
Matrices (Raven et al., 1996), and the Character Recognition Test
and Assessment Scale (Wang and Tao, 1993). The vocabulary
test used in the present study is a standardized vocabulary test
for screening DD in Mainland China. In this test, the children
were required to write a compound word using a given Chinese
character. Each correctly used character was given one point. It
includes 210 characters which are divided into 10 sub-groups
based on their reading difficulty, which corresponds with the
standard difficulty coeflicient. The score for each sub-group was
calculated by multiplying the total points by the corresponding
coeflicient of reading difficulty. The final score was measured by
adding the total score of 10 sub-groups” and the constant which
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was the number of characters almost all children in the same
grade could recognize. It is obvious that, raw scores of the test are
measured based on the standard difficulty coeflicient. And many
previous studies with Chinese dyslexia used the raw scores of this
vocabulary test to select dyslexia children (Shu et al., 2006; Meng
etal.,2007; Wang et al., 2010; Yang and Hong-Yan, 2011; Liu et al,,
2012, 2013; Yang et al., 2013; Qian and Bi, 2014; Zhao et al., 2014,
2015). Besides, in this current study, the inclusionary criterion for
dyslexics was their written score at least 1.5 standard deviation
(SD) below the average score of all participants, not a fixed score.
In addition, a rapid digit naming task was administered, in which
five digits (2, 7, 4, 9, and 6) were presented in random order
on a6 x 5 column grid. All children were asked to read the
30 Arabic digits twice as quickly and accurately as possible. The
reading time was recorded. This test was adopted to measure
children’s rapid automatized naming ability (Zhao et al., 2014).
The inclusion criteria for selecting DD were as follows: (1) their
reading scores were at least 1.5 SD below the average score of age-
matched children; and (2) the children had an IQ score higher
than 85 in the Raven test. Detailed information of participants
was presented in Table 1. None of the children suffered from
attention deficit/hyperactivity disorder (ADHD) according to
the scores of the Chinese Classification of Mental Disorder 3
(CCMD-3). All children had no history of sensory deficits or
neurological or psychiatric illness. All participants were right-
handed based on the Handedness Inventory (Department of
Neurology, Beijing Medical University Hospital). The study was
approved by the Ethics Committee of the Institute of Psychology,
Chinese Academy of Sciences, and written informed consent was
obtained from all participants’ guardians.

MRI Acquisition

The MRI data were obtained on a 3 Tesla Siemens MAGNETOM
Trio scanner (Siemens, Erlangen, Germany) with a standard
head coil. A T1-weighted gradient-echo planar imaging (EPI)
sequence was used for each subject’s high-resolution whole-brain
images, with the repetition time = 25 ms, echo time = 30 ms,
field of view = 25 mm, matrix size = 256 x 256, voxel
size=1mm X 1 mm x 1 mm, and 128 non-contiguous (gapped)
slices of 4-mm thickness.

Image Processing and Analysis

Image analysis was performed using SPM8 software' (Statistical
Parametric Mapping) in MATLAB 7.8 (R2009a) (Math Works,
Natick, MA, USA). T1-weighted images were analyzed using

'www.fil.ion.ucl.ac.uk/spm

the VBMS8 toolbox’. Spatial normalization was achieved by
registering each image to the standard T1 template implanted
in SPM8, based on the Montreal Neurological Institute (MNI)
stereotactic space. In the present analysis, the first step in
spatially normalizing each image involved matching the image
by estimating the optimum parameter affine transformation,
and then estimated the coefficients of the basic functions to
minimize the residual squared difference between the image
and the template by using the non-linear registration. The
spatially normalized images were partitioned into gray matter,
white matter and cerebral spinal fluid with a resampling at
I mm X 1 mm X 1 mm resolution, using a modified mixture
cluster analysis technique. The segmented images were then
modulated (to correct for local expansion or contraction) by
dividing with the Jacobian of the warp field. The modulated
segmented gray matter images were smoothed with an isotropic
Gaussian kernel with a full width at half maximum of 8 mm. The
actual volumes of the entire normalized, segmented, and restored
segmented images were determined by adding the voxel volumes
(I mm x 1 mm x 1 mm), and multiplying by each voxel value.
Intracranial volume was determined by adding the gray matter,
white matter, and cerebrospinal fluid space volumes.

No participants from the two groups were excluded
because of movement artifacts or incomplete brain scans.
We conducted whole-brain gray matter volume analysis using
SPMB8. Statistical parametric maps of whole-brain VBM analyses
were displayed on a template brain. Group differences in the
whole-brain gray matter were assessed with the two-sample t
statistic within SPM software, with total intracranial volume
as a covariant; the corrected statistical threshold was set at
p < 0.001, corrected by AlphaSim correction, extent threshold
k = 111 voxels. Coordinate points of regions of interest
(ROI) were generated and labeled based on regions showing
significant group differences in gray matter volume in the
above VBM analysis. ROI analysis was used to confirm the
statistical parametric map results and to perform correlational
analyses by extracting mean gray matter volumes from all
participants. Average gray matter volumes of these ROIs for
each individual were extracted using the MarsBaR toolbox’
with 6 mm radius sphere centered at the peak of the group
difference.

Structural covariance analysis was used to investigate whether
there was significant covariance in gray matter volume among the
left cerebellum and other brain regions showing group differences

Zhttp://dbm.neuro.uni-jena.de/vbm.html

3http://marsbar.sourceforge.net

TABLE 1 | Information concerning the dyslexia and control groups.

Dyslexic readers (n = 9) Normal readers (n = 14) P n?
Mean (SD) Mean (SD)
Age (years) 12.6 (0.61) 12.3 (1.0) >0.05 0.15
Vocabulary (standard score) 2487.39 (149.94) 3101.52 (123.36) <0.001 0.794
Raven (standard score) 110.35 (15.52) 114.26 (10.35) >0.05 0.074
Time of digit naming (seconds) 10.63 (1.03) 9.34 (1.01) <0.01 0.294
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in volumes in the VBM analysis. This method has been used
previously to examine gray matter correlations between regional
volumes of circumscribed brain regions (Mechelli et al., 2005;
Pernet et al., 2009; Liu et al., 2013). For structural covariance
analysis, the threshold was set at p < 0.005 uncorrected, extent
threshold k = 40 voxels. Total gray matter volume, age, and
gender were included as covariates in the follow-up analyses for
all participants to investigate whether the group differences in the
structural co-variation remained significant after regressing out
these factors of no interest.

RESULTS

Comparison of Gray Matter Between
Children With Dyslexia and Controls

Voxel-based morphometry analysis showed that regional gray
matter volume in the left cerebellar posterior lobe was
significantly smaller in dyslexia than that in controls (MNI
coordinates: —42/-73/-34; AlphaSim corrected, t = 4.61, cluster
threshold p < 0.001, k = 111 voxels; as shown in Figure 1).
There was no significant difference in total gray matter [t =-0.17,
p = 0.86] and whole brain volume [t = 0.81, p = 0.42] between
children with dyslexia and controls.

We reduced the statistical threshold to p < 0.005 uncorrected
and extent threshold k = 40 voxels. VBM analysis revealed
decreased gray matter volume in more widespread regions in
children with dyslexia compared to controls, including the left
superior temporal region (BA 38), left lateral orbitofrontal cortex

FIGURE 1 | Statistical parametric maps of whole-brain VBM analyses
displayed on a template brain. A region in the left posterior cerebellum
exhibited significantly reduced gray matter volume in the dyslexic group
compared with controls.

(LOFC; BA 47), left MFG (BA 9), left postcentral gyrus (BA
41), and some right brain regions, such as the right cerebellum,
right superior frontal gyrus (BA 6), and right fusiform (BA 37).
Some regions showed an increase in gray matter in children
with dyslexia compared with normal controls located in the
right middle temporal gyrus (BA 21), right superior occipital
gyrus (BA 18), and right precuneus (BA 7; as shown in
Table 2).

Structure-Behavior Correlation and

Structural Covariance Analysis

Gray matter volumes in the left cerebellum were correlated
with reading scores (vocabulary) for all participants (r = 0.62,
p = 0.002; as shown in Figure 2).

Gray matter correlations between the left cerebellum and
other regions were also analyzed for all participants. The gray
matter of the left cerebellum was significantly correlated with
gray matter of several regions in the left hemisphere involving
the left superior temporal gyrus (STG; r = 0.52, p = 0.010),
the left LOFC (r = 0.48, p = 0.020), and the left postcentral
cortex (r = 0.61, p = 0.002) and meanwhile was marginally
correlated with the left MFG (r = 0.39, p = 0.062). Critically,
the left cerebellum showed significant positive correlations with
brain areas in the right hemisphere involving the right cerebellum
(r = 0.69, p = 0.000) and right fusiform gyrus (r = 0.45,
p = 0.031), and significant negative correlations with the right
precuneus (r = -0.48, p = 0.020). These co-variations were still
significant after regressing out the effect of total gray matter, age,
and gender. In sum, children with less gray matter in the left
cerebellar region tended to show decreased volumes in the right
cerebellum, right fusiform, and increased volumes in the right
precuneus.

DISCUSSION

The major finding of the present study was that children with
dyslexia displayed a significantly reduced gray matter volume in
the left cerebellum, and gray matter volume of the left cerebellum
was positively correlated with vocabulary score. Volume of the
left cerebellum was positively related to the volume of the right
cerebellum, the right fusiform gyrus, and negatively associated
with the volume of the right precuneus.

The remarkable finding was decreased gray matter volume
of the left cerebellum in Chinese dyslexic children. It was
proposed that structural abnormality came along with functional
abnormality deficits (Linkersdorfer et al., 2012). Combined with
Yang et al. (2013) previous fMRI study which presented that the
left cerebellum showed significantly higher activation in Chinese
DD during motor sequence learning, we could see that Chinese
people with dyslexia indeed have both functional and anatomical
deficits in the left cerebellum. What's more, the cerebellum
deficits of Chinese reading dyslexia in this study was found in the
left side, different from the right cerebellar abnormality found in
previous studies of alphabetic-language dyslexics (Nicolson et al.,
1999; Brown et al., 2001; Menghini et al.,, 2006; Pernet et al.,
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TABLE 2 | Gray matter volume comparisons.

Hemisphere lobe Anatomical location MNI coordinate Z-score Volume (voxels)
X y z

Dyslexics < controls
R(cerebellum) Cerebellum posterior 45 -63 -36 3.86 139
L(temporal) Superior temporal gyrus -40 10 22 3.67 72
L(frontal) Lateral orbitofrontal cortex -49 16 3 3.66 53
L(frontal) Middle frontal gyrus -33 49 15 4.19 46
L(parietal) Postcentral gyrus -57 -21 14 4.31 42
R(frontal) Superior frontal gyrus 25 12 60 4.81 52
R(occipital) Fusiform gyrus 36 -67 -15 5.46 40
Dyslexics > controls
R(temporal) Middle temporal gyrus 42 9 -40 7.03 55
R(occipital) Superior occipital gyrus 18 -87 22 418 50
R(parietal) Precuneus 12 -52 42 6.39 45
2009). This might reflect a unique neural mechanism of Chinese
processing. 075+ o

Much research has shown that Chinese and alphabetic _ e D
languages have different neural basis and networks. For 0701 o o CA

example, in word-form processing, an additional right middle
occipital gyrus was utilized to process the holistic visuospatial
configuration of Chinese characters, while this region was not
activated during alphabetic-language reading (Bolger et al., 2005;
Tan et al.,, 2005; Cao et al., 2010). Besides, during phonological
processing, the left MFG was associated with the phonological
processes of character-syllable mapping in Chinese (Siok et al.,
2008). While in alphabetic languages, many left brain regions
such as the left inferior frontal gyrus (IFG), the left STG, and
left inferior parietal lobule (IPL) were involved in phonological
processing. The left IFG was thought to be associated with
alphabetic word reading (Fiez et al., 1999; Cornelissen et al., 2009)
as well as phoneme manipulation and phonological rehearsal
before speech production (Fiez, 1997; Price, 2010). The left
IPL was responsible for grapheme-phoneme conversion (Paulesu
et al., 2000; Booth et al., 2003), and the left STG has been found
to be associated with fine-grained phonological representation
(Booth et al., 2003; Temple et al., 2003; Nakamura et al., 2006).
In the current study, our major finding was that Chinese children
with dyslexia exhibited the reduction of gray matter volume in the
left cerebellum, while dyslexia of alphabetic languages seemingly
usually presented the right cerebellum deficits (Brown et al., 2001;
Pernet et al, 2009). So our finding provides a new evidence
to demonstrate the different neural basis for different language
writing systems.

The present results also showed the volume of left cerebellum
was correlated with vocabulary scores, which may suggest
the cerebellum is closely related to reading ability, supporting
cerebellar deficit hypothesis (Nicolson et al., 2001). It has
been reported that the cerebro-cerebellar circuitry regulates the
higher order cognitive processing, such as language processing,
executive control functions, and working memory (Murdoch,
2010). Clinical and anatomical studies have shown crossed
reciprocal connections of the Crus I/II (posterior cerebellar lobe)
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FIGURE 2 | Correlation between vocabulary score and gray matter
volume in the left cerebellum. As showed in the scatter plot, the black line
represents the correlation line for all participants.

with the dorsolateral prefrontal cortex (BA 9/46) (Petrides and
Pandya, 1999; Middleton and Strick, 2001), and inferotemporal
and posterior parietal cortices (BA 7) (Ramnani, 2006; Jissendi
et al, 2008). The perspective on cerebellar involvement in
language stems from the cerebro-cerebellar interactions in
linguistic functions (Cotterill, 2001; Marien et al., 2001; Schlaggar
and McCandliss, 2007). The reciprocal connections between
the cerebellum and Brocas language area (lateral temporal
and inferior frontal cortices) have also been demonstrated by
functional neuroimaging studies, indicating that the cerebellum
may be engaged in modulating both language production and
comprehension (Petersen et al., 1989; Gebhart et al, 2002;
Hubrich-Ungureanu et al., 2002; Jansen et al., 2005; Murdoch and
Whelan, 2007; Stoodley and Schmahmann, 2009). It was the left
cerebellum volume correlated with reading abilities in this study
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in Chinese dyslexia. The left cerebellum should be connected with
the right cerebral cortex (Schmahmann, 1996; Middleton and
Strick, 2001; Salmi et al., 2010). In fact, numerous studies have
shown greater involvement of the right hemisphere in Chinese
language processing, such as the right ventral occipital cortex,
right superior and right IPLs (Tan et al., 2000; Liu and Perfetti,
2003; Xi et al., 2010; Wu et al,, 2012). Therefore, we conjecture
the deficits in the left cerebellum of Chinese dyslexic children
might affect language processing in Chinese DD via influencing
the activation of the right language-related cerebral cortex which
is essential for Chinese reading, through the cerebro-cerebellar
network.

The results also showed that the volume of the left cerebellum
was positively related with the volume of the right fusiform gyrus
and negatively correlated with right precuneus. Previous Chinese
studies have demonstrated that the right ventral occipital cortex
showed greater activation in orthographic processing of Chinese
characters (Tan etal., 2001), or visual spatial analysis of characters
(Liu and Perfetti, 2003; Bolger et al, 2005). On the other
hand, the right precuneus (BA 7) was reported to be involved
in visuospatial processes and reinstatement of visual images
associated with remembered words (Kjaer et al., 2001; Cavanna
and Trimble, 2006). The right precuneus was also proved to be
a part of the reciprocal neuroanatomical connections between
the cerebellum and cerebral cortex (prefrontal, temporal and
parietal cortices) (Buckner et al., 2011; Stoodley, 2012). Chinese
character is more complex than alphabetic languages, which
needs more visuospatial processing. The correlations between
the left cerebellum and right fusiform gyrus and right precuneus
might further suggest that the left cerebellum might play
a role in the visual processing of Chinese character during
reading through its connection with viusospatial processing
regions. This finding might also lend some support to the
cerebellum hypothesis (Nicolson et al., 2001). An alternative
explanation about the negative correlation between the left
cerebellum and right precuneus may be resolved by evidence
from human (Chang et al, 2005) and animal (Rosen et al,
2000) studies indicating that connectivity disorders between
neighboring brain regions may lead to atrophic changes. These
changes might include decreased gray matter. The negative
correlation of increased gray matter in the right precuneus
could be a result of experience-dependent structural remodeling
of cortical circuits underlying the acquisition of skills (May,
2011).

What’s more, in the current study, some regions also showed
gray matter volume reductions in dyslexic children when the
statistical threshold reduced to p < 0.005, such as the left
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Understanding a written text requires some higher cognitive abilities that not all children
have. Some children have these abilities, since they understand oral texts; however, they
have difficulties with written texts, probably due to problems in reading fluency. The aim
of this study was to determine which aspects of reading fluency are related to reading
comprehension. Four expositive texts, two written and two read by the evaluator, were
presented to a sample of 103 primary school children (third and sixth grade). Each
text was followed by four comprehension questions. From this sample we selected two
groups of participants in each grade, 10 with good results in comprehension of oral
and written texts, and 10 with good results in oral and poor in written comprehension.
These 40 subjects were asked to read aloud a new text while they were recorded.
Using Praat software some prosodic parameters were measured, such as pausing and
reading rate (number and duration of the pauses and utterances), pitch and intensity
changes and duration in declarative, exclamatory, and interrogative sentences and also
errors and duration in words by frequency and stress. We compared the results of both
groups with ANOVAs. The results showed that children with less reading comprehension
made more inappropriate pauses and also intersentential pauses before comma than
the other group and made more mistakes in content words; significant differences were
also found in the final declination of pitch in declarative sentences and in the FO range
in interrogative ones. These results confirm that reading comprehension problems in
children are related to a lack in the development of a good reading fluency.

Keywords: prosody, text reading, reading comprehension, Spanish, children

INTRODUCTION

The difficulty understanding written texts is a major cause of school failure because it requires some
cognitive abilities, such as previous knowledge activation, inference performance, mental models
building, etc., which not all children have. But some children, despite having these skills, fail in
understanding texts. Following the Simple View of Reading (Hoover and Gough, 1990), linguistic
comprehension and word recognition are needed to achieve reading comprehension. Besides,
fluency could facilitate reading comprehension because it frees resources for understanding
(Adlof et al, 2006). Therefore, there could be several causes of this poor comprehension;
one of them could be that they have not developed a good reading fluency nor have poor
decoding skills. Fluent reading involves accuracy, speed and good expression (National Institute
of Child Health, and Human Development, 2000). These three characteristics depend on several
cognitive processes and are usually achieved in that order, although overlapping. There are
some evidences about the relationship between text reading fluency and reading comprehension,
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Kim and Wagner (2015) showed that the role of text reading
fluency walks together the reading comprehension improvement.

Text reading accuracy is one of the more decisive factors in
reading comprehension. Thus, if a child makes many mistakes he
cannot understand what he is reading. Moreover, there are some
words that are more difficult to read, such as long words (Muncer
et al,, 2014), low frequency words (Fischer-Baum et al., 2014),
words with few orthographic neighbors (Laxon et al., 2002), late
age of acquisition words (Cuetos and Barbon, 2006; Monaghan
and Ellis, 2010; Davies et al., 2014) or words with complex
syllabic structure (Taft, 1979; Rouibah et al., 2000). These kinds
of words are often read with less accuracy, and that could affect
comprehension.

Speed is also an important part of the reading process.
Perfetti (1985) in his Verbal Efficiency Theory states that readers
who lack efficient word identification procedures are at risk
for comprehension failure. If readers are quick and accurate
in identifying words, they will have more attentional resources
to devote to understanding what they are reading. Therefore,
slowness is also an additional problem, as it consumes working
memory and, thus, prevents the reader from thinking about
the text while reading. Consequently, slow reading especially
affects long sentences, because when the reader finishes with
the last words of the sentence, he has already forgotten the first
ones.

Another important process of reading fluency is
expressiveness, or prosody. Some authors defined fluency
as the ability to project natural pitch, stress and juncture of
spoken words or written text automatically and at a natural
rate (Richards, 2000), considering equal prosody and fluency.
Besides, other authors consider that fluency is related, not
only with appropriate prosody, but with a deep reading
understanding (Rasinski, 2004; Ravid and Mashraki, 2007;
Hudson et al., unpublished manuscript), prosody becomes a link
between fluency and comprehension (Kuhn and Stahl, 2003).
However, the direction of the relationship between prosody and
comprehension is not clear.

There are some prosodic markers that are indicative of the
reader’s ability (Dowhower, 1991), such as pausal intrusions, final
lengthening in sentences, terminal intonation contours, or stress.
Schwanenflugel et al. (2004) purposed five prosodic features:
the duration and the variation of appropriate and inappropriate
pauses, the pitch sentence and the final declination of pitch in
sentence. Good readers usually made fewer and shorter pauses
within and between sentences, while less skilled children paused
often (Schwanenflugel et al., 2004; Miller and Schwanenflugel,
2006; Benjamin and Schwanenflugel, 2010). Similar results have
also been found in studies with adults (Binder et al., 2013), since
those with low literacy skills made more word and sentence
intrusions compared to the skilled adult readers. Thus, these
readers made a higher number of inappropriate pauses while
reading and for longer durations.

Moreover, Clay and Imlach (1971), from their study with 7-
years-old children, suggested that good readers made not only
fewer and shorter pauses, but also had a specific contour pitch
in declarative sentences when reading. Similar results were found
by Miller and Schwanenflugel (2006, 2008), as they reported that

adequate pitches and better abilities to decode are related. In
addition, children who used larger pitch changes and larger end-
sentence declinations in reading performed better on reading
comprehension than children who used these prosodic features
to a lesser extent (Benjamin and Schwanenflugel, 2010).

In transparent orthographic systems, like the Spanish
language, children soon get a high level of accuracy, because it is
easier to automate the conversion of graphemes into phonemes;
this allows children, after the first year of reading learning, a
reading accuracy of 95% of words, contrary to opaque languages
where the accuracy is about 35% of the words read (Seymour
et al., 2003). However, it is possible that early accuracy leads to
neglectful reading, and consequently children take a long time to
acquire reading fluency. Besides, the prosody is less worked in
schools, maybe because of the difficulty of quantifying.

There are scales to measure some specific features of prosody,
such as the Dynamic Indicators of Basic Early Literacy Skills
(DIBELS; Kaminski and Good, 1998), which was validated for
assessing reading fluency in DIBELS ORF (DIBELS Oral Reading
Fluency; Kame’enui et al., 2006). This scale measures speed,
accuracy and pauses when children read a text for 1 min. It
is usually used as a measure of the progress of students, who
may be at risk for difficulties in future reading comprehension
in the educational field. Petscher and Kim (2011) used DIBELS
OREF to assess children from different grades; the results did not
validate the use of oral reading fluency as the sole measuring of
children’s reading. Another scale, the Multidimensional Fluency
Scale (Rasinski et al., 2009), consists of three subscales to
assess phrasing and expression, accuracy and smoothness and
pacing. Finally, another scale (Klauda and Guthrie, 2008) assesses
several prosodic dimensions, such as expressiveness, phrasing,
pace or smoothness. In Spanish, Gonzalez-Trujillo et al. (2014)
created the Reading Fluency Scale in Spanish, based on the
Multidimensional Fluency Scale, which consists of the assessment
of speed, accuracy and several prosodic features (i.e., volume,
intonation, pauses, phrasing, and the reading quality). Children
from different grades were assessed using this scale (Calet et al.,
2015) and their results showed that also in Spanish, prosodic
reading predicts reading comprehension, but depending on the
scholar’s grade. These scales are very useful in the educational
field, but they have some subjectivity.

Today, thanks to programs like Praat (Boersma and Weenink,
2015), it is possible to measure the components of prosody by
analyzing the acoustic wave. This is an objective measure of the
prosodic features. This software is a tool for phonetic analysis of
speech to analyze prosodic aspects such as frequency, intensity or
duration.

The aim of this study was to determine which aspects of
reading fluency are related to understanding, that is we are
interested in the mechanic aspects of reading that could be
related to reading comprehension. In this way, several prosodic
features, such as pitch, intensity, pauses, duration of syllables
and utterances, were collected using Praat software. Besides,
words with different lexical frequency and stress were included.
A group of children from third and sixth grade with low written
comprehension was compared with a group of children with good
written comprehension to deal with the objective.
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MATERIALS AND METHODS

Participants

A total of 103 primary school children (58 females) participated
in this study. Forty-six were attending third grade (Mg = 8.86,
SD = 0.39) and fifty-seven were sixth grade students
(Mgge = 11.89, SD = 0.27) in a monolingual school which
served children from early childhood (3 years) to high school
(17 years). They all had Spanish as their first language and the
school served a broadly typical catchment area with the majority
children coming from mid-income backgrounds. None of them
had developmental, behavioral, or cognitive problems and they
also attend school regularly.

This group of children received four expositive texts from the
PROLEC-R test (Cuetos et al., 2007), firstly two presented in an
oral way (i.e., “El ratel” [“Honey badger”’] and “Los vikingos”
[“Vikings”]), and secondly two in a written format (i.e., “Los
indios apaches” [“Apache Indians”] and “Los okapis” [“Okapis”]).
The texts were presented in the same order for all the children.
Each text was followed by four questions (two inferential and two
literals) in order to measure their oral and written comprehension
(see Table 1 for the main means). We selected the children
with better results in oral comprehension, with scores between
6 and 8 points out of eight in the oral comprehension texts, in
order to ensure that they had the necessary cognitive abilities
needed for comprehension. These children were divided into
two groups according to their level of reading comprehension,
high reading comprehension group when written comprehension
results were similar to the above, and low reading comprehension
group when they were about three or four points out of eight.
In this way two groups of 10 participants in each grade were
selected (see Table 2). After this selection we had 40 children: 20
children (13 females) with good oral and written comprehension
(“Good comprehension”) and 20 (12 females) with only good oral
comprehension (“Poor comprehension”). Therefore, there were
no significant differences between groups in oral comprehension
scores [t(19) = 0.79, p = 0.48], while there were in written

TABLE 1 | Results in comprehension questions of the initial participants.

comprehension scores [#(19) = 10.18, p < 0.001]. These two
final groups were considered the experimental groups, which
participated in the second part of the study (as described below).
Selected children were also assessed with the reading of words
and pseudowords subtests of the PROLEC-R test in order to
ensure that everyone had an adequate reading level by age and
scholar grade. The poor comprehension group had lower scores
than the good comprehension one, but the differences were not
significant in both reading of words [#(19) = 0.78, p = 0.45]
and reading of pseudowords [¢(19) = 2.07, p = 0.052] subtests.
However, there are significant differences between both groups
of third grade in reading of pseudowords subtest [#(9) = 2.9,
p = 0.02], while there are not in sixth grade [t(9) = 0.6, p = 0.54].
Regarding reading words subtest, there were not significant
differences in third grade [#(9) = 0.37, p = 0.72] nor sixth grade
[t(9) = 0.73, p = 0.49]. PROLEC-R is a standardized battery
for the assessment of reading in Spanish children between 6 and
12 years. The reading of words subtest consists of a list of 40 real
words, with two or three syllables. In the reading pseudowords
subtest children have to read a list of 40 pseudowords, paired
by number of syllables, syllabic structure and initial letters with
the words list. Children have to read the words and pseudowords
aloud; the measurements taken are the number of errors and the
time they spent reading each list.

This research was approved by the Ethics Committee of the
Psychology Department of the University of Oviedo. Before
starting the experimental tasks, the children’s parents received
pertinent information about the purpose of the study, the tasks
and their duration. Then, written informed consent was received
from the parents of participants.

Material

A narrative text composed by 306 words, titled “El Gigante
Egoista [The Selfish Giant]” (an adaptation of the story by Oscar
Wilde), was used. The text was created including declarative
(i.e., “Todos eran amigos de Pablo” [“All of them are Pablo’s
friends”], “Una mafana el Gigante oy6 el trino de un pdjaro”
[“One morning the Giant heard a bird’s warble”]), exclamatory
(i.e, “jQué feliz soy aqui!” [“How happy I am here!”], “iPor
fin ha llegado la primavera!” [“Spring has come at last!”]) and

Third grade  Sixth grade  interrogative sentences (i.e., “sPor qué tarda tanto en llegar

. o [« . L om

M (SD) M (SD) la primavera?” [“Why does it take so long to get spring?”]

. . and “;Qué estd pasando en mi jardin?” [“What is happening

Oral comprenension accuracy (out of eigh) 4.3(1.79) %) in my garden?”]). It also included eight low frequency words

Written comprehension accuracy (out of eight) 3.9 (1.78) 53) (Mlexicalfrequency = 13.5 g, magnolia [magnolia], secuoya
TABLE 2 | Results in PROLEC-R test and comprehension questions of texts.

Third grade Sixth grade

Good comprehension

Poor comprehension

Good comprehension Poor comprehension

M (SD) M (SD) M (SD) M (SD)
Oral comprehension accuracy (out of eight) 5.9 (0.9 6 (0.7) 6.6 (0.7) 6.8 (0.4)
Written comprehension accuracy (out of eight) 6.1(0.7) 3(1.1) 6.9 (0.7) 4.8 (0.9
Words accuracy (out of 40) 38.9 (0.9) 38.6 (2.1) 39.5(1.1) 39 (1.6)
Pseudowords accuracy (out of 40) 32.8 (3.5) 29.4 (3.5) 35.2 (2.9) 34 (3.6)
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[secoya], subyugado [charmed]), half of them repeated twice,
once at the beginning and once at the middle of the text;
besides we incorporated 10 words stressed in the penultimate
syllable (e.g., palomas [doves], hormigas [ants], tamarindos
[tamarinds], estorninos [starlings]), and 10 words stressed in
the antepenultimate syllable (e.g., barbaro [barbarous], mégico
[magical], anfora [amphora], pelicanos [pelicans]), half with
low (Mjexical frequency = 5-9) and half with high lexical frequency
(Miexical frequency = 143.9). The lexical frequency was obtained
from the database of Martinez and Garcia (2004), who acquired
their frequency from a sample of children’s books.

The text was presented on a piece of paper (Times New
Roman, 12 point font, double spaced) and the participants had
to read it aloud individually in a quiet room. The reading was
recorded by an H4n voice recorder and an Ht2-P Audix headset
dynamic microphone. Audio recordings were processed offline
using Praat software.

General Assessments

From the .wav files recorded we collected several prosodic
parameters using Praat software. First, we analyzed some
characteristics of the whole text, and then we extracted six
sentences, two declarative, two exclamatory and two interrogative
sentences, in order to evaluate different parameters. Finally,
we selected eight low frequency words, half of them repeated
twice in the text, and eight words with different stresses (on the
penultimate and on the antepenultimate syllable) and frequency
(high and low).

From the whole text we considered the number of reading
mistakes in the content and function words, and the number and
duration of intersentential pauses (before commas and full stops)
and inappropriate pauses (pauses made in not corresponding
places). Also the total pause duration and the total pronunciation
time (reading time between pauses) were collected.

Secondly, from the target sentences several measures were
used:

Fundamental frequency (F0) measures:

e Range of the first peak (Hz): distance between minimum FO at
the beginning of the sentence and the first peak of FO.

e Total range (Hz): distance between the minimum and the
maximum F0 of the sentence.

e Pitch change between different points:

From the beginning of the sentence and the first peak (Hz).
From the first peak to the end of the sentence (Hz).

From the last peak to the end of the sentence (Hz).
Between the last syllable and the previous (Hz).

O O O O

e Slope (Hz/s): declination of the FO from the first peak to the
end of the sentence by time.

Duration measure:

e Phrase-final lengthening (ms): duration of the last syllable of
the sentence in comparison with the previous.

Intensity measure:

e Intensity change at the end of the sentence (dB): comparison
between the intensity of the last syllable with the previous.

With regards to the target words, the number of errors and
mean time of reading were measured. In the case of the words
with different stresses, we classified the errors in misreading
words and changes in the stress place.

RESULTS

We compared the results of the different parameters of both
groups and grades with ANOVAs using SPSS software. Therefore,
we used the results of the measurements described above
as dependent variables and the grade (third vs. sixth) and
group (poor vs. good comprehension) as the independent
variables. We named “Poor comprehension group” as the
children with better oral than reading comprehension, and
“Good comprehension group” as the children with similar oral
and reading comprehension. We made ANOVAs with each
dependent variable in order to check which the significant effects
were. Only those significant are presented here to facilitate the
understanding of the results.

Text Analyses

We found significant differences by group in the number of
reading errors made in content words [F(1,36) = 7.85, p = 0.008]
and in the number of inappropriate pauses [F(1,3) = 4.18,
p = 0.048]. Also found was an interaction between group and
grade in the number of intersentential pauses before commas
[F(1,36) = 4.1, p = 0.045]. We performed post hoc comparisons
using Tukey HSD test and we found that the significant
differences in these triple interaction were between third and
sixth grades within the poor comprehension group (p = 0.024).
See Table 3 with the means and SD of these significant effects.

Sentences Analyses
We discarded for the analysis all the sentences read incorrectly,
which was usually regressions in the reading, around 9%. We

TABLE 3 | Mean and SD of the principal significant effects in the text analyses.

Significant effect Poor comprehension Good comprehension
M (SD) M (SD)
Number of reading errors in content words 9.9 (0.65) 7.5 (0.65)
Number of inappropriate pauses 70.5 (4.3) 58 (4.3)
Number of intersentential pauses before comma Third grade 6.5 (1.8) 5.2 (2.6)
Sixth grade 4.7 (1.4) 5.8(1.2)
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FIGURE 1 | Pitch contour of a declarative sentence in the good comprehension group (A) and the poor comprehension group (B).
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analyzed with SPSS software the results from the Praat analysis
comparing the two groups and grades using ANOVAs. We
found a significant group effect in the fundamental frequency
of syllables in declarative sentences [F(1,34) = 4.6, p = 0.038].
In the frequency range of interrogative sentences the interaction
between group and grade was also significant [F(1,35) = 6.9,
p = 0.012]. We made post hoc comparisons using the Tukey test,
showing that the significant differences were between the two
groups of third grade (p = 0.048). See Figures 1 and 2 as examples
of the effects found in these analyses and Table 4 with the means
and SD.

Words Analyses

Firstly, we analyzed the low frequency words repeated and non-
repeated, discarding those misread. SPSS software was used
to conduct ANOVAs for comparing groups and grades. No
significant effect by groups was found (p > 0.05).

Secondly, an ANOVA was performed with the words with
different stress and frequency. There was a significant interaction
between the number of errors in the words with different
lexical frequency by group [F(1,36) = 6.4, p = 0.016]. Also
an interaction of the mean time for reading high frequency
words stressed on the penultimate syllable and group, and
grade was found [F(1,36) = 5.7, p 0.022]. Post hoc

comparisons using the Tukey HSD test indicated that the
mean reading time of children with poor comprehension from
third grade was significantly different from the same group
of sixth grade (p < 0.001). Finally, a similar interaction of
the mean time for reading high frequency words stressed
on the antepenultimate syllable and group, and grade was
found [F(1,36) 4.6, p = 0.038]. The above post hoc
comparisons also showed that the significant differences were
between poor reading comprehension group children in third
and sixth grade (p = 0.001). See Table 5 for the means
and SD.

DISCUSSION

The aim of this study was to investigate the relationship between
comprehension and prosody, both as a part of reading fluency
(Rasinski, 2004; Ravid and Mashraki, 2007; Hudson et al.,
unpublished manuscript). To achieve this objective, we selected
two groups of children according to their level of reading
comprehension in third and sixth grade. The task consisted of
reading aloud a text containing several sentence types and words
with different characteristics.

Our results revealed that reading accuracy and reading
comprehension are related, as we can see that children with poor
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TABLE 4 | Mean and SD of the principal significant effects in the sentences analyses.

Significant effect Poor comprehension Good comprehension
M (SD) M (SD)
FO of syllables in declarative sentences Other syllables 221 (7.8) 234 (7.4)
Last syllable 259 (6.9) 251 (6.5)
FO range of interrogative sentences Third grade 196 (61) 157 (34.9)
Sixth grade 148 (30.8) 194 (63.6)

TABLE 5 | Mean and SD of the primary significant effects in the word analyses.

Significant effect Poor comprehension Good comprehension
M (SD) M (SD)
Number of mistakes High frequency 0.3 (0.07) 0.25 (0.07)
Low frequency 1.57 (1.4) 1.02 (1.4)
Mean time for reading HF words stressed on the penultimate syllable Third grade 0.67 (0.06) 0.62 (0.05)
Sixth grade 0.54 (0.05) 0.57 (0.04)
Mean time for reading HF words stressed on the antepenultimate syllable Third grade 0.58 (0.09) 0.51 (0.05)
Sixth grade 0.46 (0.05) 0.48 (0.05)

reading comprehension made more mistakes in content words
than children with good reading comprehension. Also this group
was more affected by lexical frequency, since they made a higher
number of mistakes in the low frequency words, independently of
the stress. A low reading accuracy make children to more misread
words and, as Perfetti (1985) stated, readers who fail in word
identification will be poorer comprehenders, because of working
memory. There are two points of view about the relationship
between working memory and reading comprehension, as we
could see in the review of this issue made by Van Dyke and
Shankweiler (2013). The first one believes that working memory
is limited and when it is busy with the decoding not attends to
comprehension. The other one related reading comprehension
also with high-quality lexical representations. Nevertheless, we
have seen that the children with a worse comprehension made
more mistakes while reading and also had low scores in the initial
subtests of PROLEC-R. Therefore, we could think that one of
the causes for poor comprehension could be a low decoding skill
that does not allow children to read accurately; as saying by the
Simple View of Reading (Hoover and Gough, 1990) decoding is
a necessary skill for reading comprehension. It seems clear that
children with more reading mistakes show more difficulties to
understand when reading because the errors do not allow them
process the whole text, but only a part.

On the other hand, better comprehenders had lower reading
times in high frequency words with stress on the penultimate and
on the antepenultimate syllables than in the same low frequency
words. Besides, we found significant differences between grades
in the group with poor comprehension; the third-grade children
had higher reading times than the sixth-grade children. That did
not occur within the group with good reading comprehension,
where there was no significant difference between two grades.
It could be due to lexical frequency having more weight than
the stress place for children with lower reading skills, and as
a consequence they read the words with high lexical frequency
faster and more accurately. However, this is not what usually

happens, as there is a clear tendency to read the words as stressed
on the penultimate syllables and make more mistakes when they
are stressed on the last and antepenultimate syllable (Gutiérrez-
Palma et al., 1998).

In addition, there is a relationship between pausal intrusions
and the understanding of the text, since children with a poor
reading comprehension made more inappropriate pauses. This
was reported in other studies where children with higher fluency
made fewer ungrammatical pauses (Miller and Schwanenflugel,
2006; Benjamin and Schwanenflugel, 2010; Alves et al., 2014); the
same relationship appears in adults (Binder et al., 2013), where
those with low literacy skills made more sentence intrusions
compared to the skilled adult readers. Thus, readers with better
decoding and word reading skills paused less frequently than
readers who had poorer decoding and word reading skills.
In addition, readers who experience fewer word and sentence
intrusions had better comprehension abilities. Making many
pauses involves an increase of the reading time, which would
require greater working memory, as Perfetti (1985) considered
that more work memory requirement reduced the number of
available resources for understanding. That is, when a reader
makes a higher number of pauses more working memory is
needed and this means less understanding. This greater number
of inappropriate pauses made by those children with poor
understanding may be due to a low decoding skill. This group
of children seems to have difficulty to decode rightly unfamiliar
words (i.e., pseudowords and low frequency words), and this
may make them stop inappropriately more often in the middle
of the words or before unknown words. But not only were
the inappropriate pauses different between groups; also the
intersentential pauses before commas were different, since third
grade children with poorer comprehension made more pauses
before commas than the same group in sixth grade. This was seen
by Miller and Schwanenflugel (2006) in a study with third grade
children and by Chafe (1988) in his study with adults, where
more skilled readers may not feel driven to mark every comma
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with a pause. Our results agree with those findings, since the
group with poor reading comprehension, who are less skilled,
made more pauses before commas than the group with good
reading comprehension; besides, within the group with poor
comprehension, third-grade children, younger and having lower
reading skills, paused more often than children from sixth-grade.

Moreover, a correct prosody involves a proper melodic
contour, suitable for every type of sentence. Particularly, in
declarative and exclamatory sentences the pitch falls at the end
of the sentence, while in the yes-no questions the pitch rises
(Miller and Schwanenflugel, 2006). Our results showed that
only the children with better reading comprehension made a
final declination in declarative sentences. That was found by
other authors that related a final declination pitch in declarative
sentences in better readers (Ladd, 1984; Wichmann, 1994;
Benjamin and Schwanenflugel, 2010). We also found differences
in the total range of pitch in the interrogative sentences of
third grade, since children with less reading comprehension
had a bigger pitch range. We could think that these poor
young readers exaggerate the pitch contour when faced with
a question mark. It is already known that children are aware
of the different linguistic marks, such as exclamatory signs or
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Fluent reading is characterized by speed and accuracy in the decoding and
comprehension of connected text. Although a variety of measures are available for
the assessment of reading skills most tests do not evaluate rate of text recognition
as reflected in fluent reading. Here we evaluate FastaReada, a customized computer-
generated task that was developed to address some of the limitations of currently
available measures of reading skills. FastaReada provides a rapid assessment of reading
fluency quantified as words read per minute for connected, meaningful text. To test the
criterion validity of FastaReada, 124 mainstream school children with typical sensory,
mental and motor development were assessed. Performance on FastaReada was
correlated with the established Neale Analysis of Reading Ability (NARA) measures of
text reading accuracy, rate and comprehension, and common single word measures
of pseudoword (non-word) reading, phonetic decoding, phonological awareness (PA)
and mode of word decoding (i.e., visual or eidetic versus auditory or phonetic). The
results demonstrated strong positive correlations between FastaReada performance
and NARA reading rate (r = 0.75), accuracy (r = 0.83) and comprehension (r = 0.63)
scores providing evidence for criterion-related validity. Additional evidence for criterion
validity was demonstrated through strong positive correlations between FastaReada and
both single word eidetic (- = 0.81) and phonetic decoding skills (- = 0.68). The results
also demonstrated FastaReada to be a stronger predictor of eidetic decoding than the
NARA rate measure, with FastaReada predicting 14.4% of the variance compared to
2.6% predicted by NARA rate. FastaReada was therefore deemed to be a valid tool for
educators, clinicians, and research related assessment of reading accuracy and rate. As
expected, analysis with hierarchical regressions also highlighted the closer relationship of
fluent reading to rapid visual word recognition than to phonological-based skills. Eidetic
decoding was the strongest predictor of FastaReada performance (16.8%) followed
by phonetic decoding skill (1.7%). PA did not make a unique contribution after eidetic
decoding and phonetic decoding skills were accounted for.

Keywords: FastaReada, reading fluency, reading development, assessment, automaticity, visual word
recognition, phonological awareness

INTRODUCTION

Fluent reading is characterized by speed and accuracy in the decoding of connected text (Fuchs
et al., 2001). Although reading fluency is regarded as a key component in the maturation of
reading skill (e.g., Samuels, 2006), formal consideration of the construct remains limited (e.g.,
Kameé’enui and Simmons, 2001; Kuhn et al., 2010; Valencia et al., 2010). Furthermore, few
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studies have attempted to clarify the factors facilitating rate
and mode (i.e., visual or eidetic versus auditory or phonetic)
of word decoding in fluent reading of comprehensible text. In
the current study we assessed FastaReada (Hecht et al., 2004),
a computer-based measure of reading fluency by comparing
children’s performance on the measure with scores for reading
accuracy, comprehension, and rate on a well-established test
of text reading ability, the Neale Analysis of Reading Ability
(NARA; Neale, 1999) and single word reading on the dyslexia
Determination Test (DDT; Griffin and Walton, 1987). To
demonstrate criterion-related validity, evidence that FastaReada
performance assesses the core features of fluency that is strong,
positive correlations with established measures of text reading
rate, accuracy and comprehension was sought (Petscher and
Kim, 2011). Before discussing the new measure, we discuss
our understanding of fluent reading and factors that influence
it.

Fluent reading is a multifaceted cognitive process that is
usually considered to be dependent on the development of
numerous endogenous skills such as phonological awareness
(PA; e.g., Ziegler and Goswami, 2005), letter knowledge (e.g.,
Blaiklock, 2004), visual recognition (e.g., Sereno and Rayner,
2003), attention (e.g., Kinsey et al., 2004), working memory
(e.g., Daneman and Carpenter, 1980), naming speed (e.g., Logan,
1997) and speed of processing (e.g., Breznitz and Misra, 2003).
Exogenous factors, such as text characteristics, purpose for
reading and reading topic have also been shown to contribute
to reading fluency (refer to Hosp and Suchey, 2014 for a
review).

Following the early work of Vellutino (1977, 1979; e.g.,
learning to read has most often been associated with and
attributed to competence in PA). PA is usually defined
as the ability to deconstruct spoken words into distinctive
sounds, or phonemes (the distinctive sounds of a language),
syllables, and onsets and rimes (e.g., for ‘bat /b/ onset and
[eet] rime) (Liberman, 1971; Treiman and Zukowski, 2013).
When alphabetic orthographic systems have a high degree
of consistency between grapheme, or letter and phoneme
correspondence (Ehri, 1992), phoneme-grapheme knowledge,
which is underpinned by PA, provides learner readers with
a basic strategy for decoding printed text into its spoken
form (Castles and Nation, 2006). However, dependence on
this slow and laborious approach to reading, which is termed
phonetic decoding, gradually decreases as learner readers
acquire orthographic and vocabulary skills that facilitate rapid
visual recognition of printed words and subsequent fluency
(Ehri and Wilce, 1980, 1985; Thomson et al., 2006; Vellutino
et al., 2007). Furthermore, alphabetic systems differ in their
orthographic complexity; for example, many English words are
irregular words that do not conform to typical grapheme-
phoneme mapping rules (e.g., yacht and colonel). Such words
necessitate visual recognition for accurate decoding (Boder,
1973; Castles and Coltheart, 1993). Whilst the relationship
between PA and reading skills for list words has been
widely studied (e.g., Wagner and Torgesen, 1987; Del Campo
et al, 2015), the role of PA in fluent reading is not well
researched.

Word recognition occurs when the visual representation of
a word corresponds with a stored phonological representation
in the mental lexicon (Taft, 1986). With practice, whole
word recognition, and hence single word and text reading
becomes progressively faster, seemingly automatic and reflex-
like (Meyer and Felton, 1999; Hecht et al., 2004; Laycock
and Crewther, 2008). Fluency in reading is less demanding
of cognitive resources than conscious decoding and therefore
frees up attentional stores for higher level processing, that is,
comprehension (La Berge and Samuels, 1974; Perfetti et al,
1988). In support, numerous studies have shown strong,
positive correlations between reading rate and comprehension
(Breznitz, 1987; Jenkins et al., 2003; O’Connor et al., 2010).
Thus any new tool for assessing reading must be shown
to correlate well with assessments that test accuracy of
comprehension.

Most available tools for assessments of reading ability
operationalize reading fluency as words correctly identified
per minute (WCPM) minus errors such as mispronunciations,
substitutions, omissions and insertions (Valencia et al., 2010).
The Gray Oral Reading Test (GORT) and the Kaufman
Test of Educational Achievement (KTEA) provide specific
scores of “reading fluency” via a WCPM score. The KTEA
utilizes single word list stimuli rather than connected text,
which reduces its criterion validity, as fluent reading is often
used to acquire meaningful information from connected text.
A further disadvantage of single-word reading rate measures
is that they are not effective for the identification of children
with specific reading comprehension deficits whereas rate of
reading for connected text has been shown to differentiate
children with and without comprehension deficits (Cutting
et al., 2009). While both the GORT and KTEA are marketed
as providing measures of fluency, only the GORT and
the NARA utilize connected text stimuli. The NARA does
not claim to measure fluency; however, its rate score is
representative of words read accurately per minute out loud,
making it akin to the GORT as a measure of fluency. The
GORT, KTEA, and NARA all provide a measure of reading
comprehension.

Further disadvantages of the GORT, KTEA, and
NARA are related to their availability to educators. Such
assessments are restricted to professionals trained in the
administration and interpretation of norm-referenced
standardized tests. Furthermore, the standardized nature
of the reading material used in such assessments is likely
to increase repeated administration effects (i.e., practice
effects) if used frequently. These factors render such tests
as inappropriate for regular monitoring of reading skill
development, an important strategy for the development
of personalized learning plans (Deno, 2003). Long term
established benefits of regular monitoring of reading progress
include improved learning outcomes, enhanced educator
decision-making and increased student awareness of their own
performance (e.g., Fuchs and Deno, 1991; Fuchs and Fuchs,
2002).

In order to enable educators to confidently monitor student
reading development progress we have developed a customized
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computer-generated task called FastaReada. FastaReada has
been designed to provide a quick and reliable measure of
rate and accuracy of text reading. The defining feature of
this task that sets it apart from other WCPM measures is
that it utilizes a maximum-likelihood parameter estimation
by sequential testing (PEST) testing method to establish the
threshold exposure time required to decode short pieces of
text (six words). Testing begins with a long exposure time
that typically developing students can easily verbalize. With
each correct response verbalized, the exposure time becomes
shorter, encouraging fluent readers to read silently whilst text
is exposed, and then to repeat the words after they disappear.
This technique requires encoding of words visualized prior to
verbalization, ensuring that FastaReada can also test aspects of
working memory, and the cognitive speed of reading by reducing
the impact of motor limits on verbal reaction times (Swanson
et al., 2009).

The current research compared FastaReada performances
with reading accuracy, rate, and comprehension scores on
the well-established test of reading ability, the NARA to
meet the requirement of criterion-related validity that is,
strong, positive correlations between all variables. To address
shortcomings in the literature, the current research also aimed
to examine the contribution of PA, as measured by the
Comprehensive Test of Phonological Processing, (CTOPP)
to fluent reading. In addition, the contributions to fluent
reading from phonetic decoding skills, as measured by the
Pseudoword Decoding subtest of the Wechsler Individual
Achievement Test, and relative ability to eidetically recognize
words compared need phonetic decoding, as measured by the
Dyslexia Determination Test, were also investigated. It was
hypothesized that:

(1) FastaReada scores would be strongly associated with NARA
measures of reading accuracy, comprehension and rate.

(2) Visual word recognition would be a stronger predictor of
FastaReada performance than phonetic decoding skill and
PA.

(3) The association between FastaReada scores and visual word
recognition would be stronger than the association between
NARA rate scores and visual word recognition.

MATERIALS AND METHODS

Participants

This study was approved by the La Trobe University Human
Ethics Committee (FSTE HEC 13/R22). Consent to collect
data from schools was also provided by the Victorian State
Department of Education (2012_001425) and Catholic Education
Melbourne (GE12/0009 1765). One hundred and twenty-nine
children between the ages of 9-12 years were recruited from
3 year levels (Year 4-6) through four mainstream schools in
the North East Metropolitan region of Melbourne, Australia.
The schools covered regions of high and low socioeconomic
conditions. Participant information and consent forms were
dissemination to parents and legal guardians of children in the

target year levels. Every child who returned a signed consent
form was permitted to undergo the entire battery of tests to
avoid leaving children with a sense of exclusion. However, for
inclusion in data analysis participants required a score above
the 10th percentile on the Raven’s Coloured Progressive Matrices
(RCPM: a test of non-verbal reasoning ability; Raven et al., 1998),
adequate or adequately corrected vision and hearing, and typical
sensory, mental and motor development. Three children were
excluded from analysis for scoring at or below the 10th percentile
on the RCPM. A further two were excluded on the basis of
teacher report of confirmed or suspected neurodevelopmental
disorder. The final number of participants was 124 (see Table 1
for demographics).

Materials

FastaReada (Hecht et al., 2004)

FastaReada is a customized computer-generated task designed
using VPixx (www.VPixx.com) that measures reading fluency.
An excerpt from a contemporary novel, which appeals to children
between the ages of 9-12 years of age (permission received from
Penguin Group) is presented in narrative order, six words at a
time. The presentation time for the group of words presented
(Lucida Grande font, 60 pt) was controlled via the PEST adaptive
staircase algorithm based on a maximum-likelihood threshold
estimation. Children were asked to read the stimulus out loud
as accurately as possible. The investigator indicated accurate or
inaccurate decoding at the end of each trial. Prior to assessment
with FastaReada children were warned that the duration of
stimuli presentation would eventually become so short that they
would not be able to read all six words out loud. They were
encouraged to attempt each trial in spite of the brief exposure
time.

Neale Analysis of Reading Ability-Third Edition
(NARA-3; Neale, 1999)
The NARA-3 is commonly used in school and clinical settings as
a standardized measure of reading achievement and diagnostic
test. It provides objective measures of reading accuracy, reading
comprehension, and reading rate in children aged from 6 to
12 years and over. Administration takes approximately 20 min
(Neale, 1999). The NARA-3 was administered according to the
standard procedure for testing, as outlined in the NARA-3
manual (Neale, 1999).

In summary, children were instructed to read a series of prose
passages presented in book form and answer questions about
each passage at its conclusion. Each passage was accompanied

TABLE 1 | Mean, minimum and maximum age of children (in years and
months), and number of each sex in each year level.

Mean age Minimum Maximum Male Female
age age
Year 4 9;11 9;1 10;5 17 25
Year 5 10;10 10;2 11;8 18 23
Year 6 12;0 11;4 12;10 20 21
All year levels 10;11 9;1 12;0 55 69
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by a line drawing that was intended to set the scene rather
than to provide detail. The investigator corrected and recorded
the number of errors, including mispronunciations, substitutions
(i.e., real words used instead of the word in the passage), refusals
(i.e., child pauses for approximately 4-6 s and does not make
an attempt at the word), additions (i.e., child inserts words or
part of words into the passage), omissions (i.e., child omits words
from the passage), and reversals (e.g., child says ‘no’ for ‘on’).
The investigator also recorded the time the child took to read
each passage and marked the child’s answers to questions as
correct or incorrect. There were six passages in total, which
were presented in order of increasing difficulty. Testing was
discontinued after the child reached the ceiling for reading errors
in a passage (16 errors for passages 1-5 or 20 errors for passage 6).
Separate scores for accuracy, comprehension and reading rate
were obtained.

The NARA-3 has been shown to be a reliable and valid tool
for the assessment of accuracy, rate and comprehension of oral
reading skills. Reliability results for the NARA-3 ranged from
moderate to high levels of internal consistency across groups
based on years of schooling (0.91-0.96 for accuracy, 0.71-0.96
for comprehension, and 0.73-0.96 for rate (Neale, 1999). The
assessment has been shown to have high content and face validity
for the construct of oral reading (Neale, 1999). Additionally,
it has been shown to have criterion-related validity through
its significant correlations with other tests of reading skills
(e.g., Moorehouse and Yule, 1974) and through its efficacy at
predicting future reading ability (McKay, unpublished as cited in
Neale, 1999). Finally, the positive correlation between score and
years of schooling provides evidence of construct related validity
(Neale, 1999).

Dyslexia Determination Test (DDT; Griffin and Walton,

1987)

The DDT is a diagnostic assessment tool that is used to
identify the nature, type, and severity of an individual’s learning
difficulties (Wesson, 1993). The DDT is designed for students
between Year 2 to Year 12 levels and consists of three sections
that assess single word reading, writing, and spelling abilities of
children (Wagner et al.,, 1999). The current study utilized the
DDT decoding subtest to identify the degree of visual recognition
and phonetic decoding strategies used by each child when reading
word lists. The DDT was administered according to the standard
procedure for testing (Wagner et al., 1999).

Children were asked to commence orally decoding the
list words from the initial list (i.e., the pre-primer words)
rather than the suggested two to three levels below their
year level in order to avoid frustration and to assist with
building confidence. The items on the list alternate between
phonetically irregular words (i.e., requiring visual recognition
for accurate decoding) and phonetically regular words (i.e.,
conforming to English letter-sound rules), In line with the
standard DDT procedure, words read correctly within 2 s
were marked as eidetic (i.e., visually recognized) on the DDT
record form as the rapid response is indicative of visual
recognition. Words read correctly after a delay of more than
2 s but within 10 s were considered to require phonetic

decoding indicating the use of phonics, syllabication and/or
structural analysis in word decoding. Words that were not read
within 10 s, read incorrectly or not attempted were marked as
unknown.

Pseudoword Decoding: Wechsler Individual
Achievement Test-Second Edition (WIAT-II)

The Pseudoword Decoding subtest of the WIAT-II was used to
measure phonetic decoding skills. It consists of 54 non-word
items, all of which conform to letter-sound rules of regular
English words, making the task similar to encountering and
decoding unfamiliar words. The investigator administered the
task in line with the general assessment procedure (Wechsler,
2007).

In summary, the investigator asked the children to read each
item on the Pseudoword Card, from left to right. All children
began at the same starting point and the discontinue rule was met
once seven consecutive incorrect responses were made.

The WIAT-II is a well-established test of individual
achievement. The most reliable and valid measures attained
by the WIAT-II are the composite scores; however, the degrees
of reliability and validity across individual tests have been shown
to be adequate. The Pseudoword Decoding subtest has been
shown to be a reliable measure of non-word decoding skill,
with high-level inter-item reliability (0.89-0.98) and test-retest
stability (0.93) across ages 6-19 years. Evidence of construct- and
criterion-related validity has also been demonstrated across the
subtests (Wechsler, 2007)

Phonological Awareness: Comprehensive Test of
Phonological Processing

Participants completed the two PA subtests available for
their age group on the CTOPP. The results from these two
tasks formed the PA composite score. The subtests assessed
elision (the exclusion of one or more sounds from a word)
and sound blending (the ability to build whole words by
blending individual sounds together). Both PA subtests were
administered according to the standard procedure (Wagner et al.,
1999).

The PA subtests required the investigator to provide feedback
for practice items and the first three test items. Each item
could be repeated one additional time if requested by the child.
Testing was discontinued following three consecutive incorrect
responses. For the elision subtest the investigator asked the child
to say a compound-word. After the word was verbalized, the
investigator asked the child to say the word again without one of
the segments (e.g., “Say steamboat without saying boat”). For the
sound blending subtest children were instructed to listen carefully
as words were voiced in small parts, one part at a time, and then
to put the parts together to verbalize the whole word (e.g., “What
word do these sounds make when you put them together c-o-m-
p-u-t-e-r?”). Data analysis was conducted with raw composite
scores.

The CTOPP has been shown to be a reliable and valid tool
for the assessment of PA. Wagner et al. (1999) demonstrated
moderate to high internal consistency for all subtests across
groups based on age (specifically 0.81 to 0.92 for Elision and
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0.78 to 0.89 for Sound Blending). Reliability was also high
for time sampling and inter-scorer differences (Wagner et al.,
1999). Strong correlations have been demonstrated between the
PA composite of the CTOPP and the Lindamood Auditory
Conceptualization Test (Wagner et al., 1999), Woodcock Reading
Mastery Tests — Revised (Wagner et al., 1994, 1997), as well as the
Test of Word Reading Efficiency (Wagner et al., 1999), providing
support for criterion-prediction validity. Additionally, construct
validity of the CTOPP is demonstrated by the positive correlation
between age and score, and the test items are sufficiently
correlated for the verification of content validity (Wagner et al.,
1999).

Raven’s Colored Progressive Matrices (RCPM) Test
The RCPM (Raven et al, 1998) was used to provide
a standardized, untimed, non-verbal measure of general
intelligence through the assessment of non-verbal reasoning
ability. The RCPM has been norm-referenced in numerous
countries, including Australia, and earlier work has shown that
the RCPM is an appropriate measure for typically developing
children aged 5 to 11 years, as well as children with reading
and/or learning disorders (Cotton et al., 2005b).

The RCPM consists of three sets of 12 colored multiple-choice
items that gradually increase in complexity (A, Ab, B). Each
item is presented on an A4 sized sheet of paper and consists of
an incomplete matrix. Children were asked to identify or point
to one of six figures positioned below the rectangle that would
correctly complete the pattern. A score of one point was rewarded
for each correct answer, whilst incorrect answers scored a zero.
The scores were tallied upon completion of the task to provide an
overall raw score. Raw scores were converted to percentile scores
to rank non-verbal intelligence on the basis of chronological
age.

The RCPM has been demonstrated to have good test-retest
reliability at » = 0.80 (Raven et al., 1998) and high internal
consistency (r = 0.89), with minimal variation across age levels
(Cotton et al., 2005b).

Procedure

Testing was conducted over three sessions that ran for
approximately 30 min each, in order to reduce disruptions to
classroom learning. The testing sessions were run during school
hours, in a quiet room within the child’s school. The order of
tests was determined in an order that would promote interest
and reduce fatigue (i.e., cognitively demanding and paper-based
tests were limited in each session and computer-based tests
were administered toward the end of each session to act as an
incentive).

Prior to the commencement of each session, each child was
asked “Would you like to play some paper and computer games
with us?” and encouraged to request breaks or tell the investigator
if they wanted to stop participating. All children recruited stated
that they wanted to participate and there were no requests made
for breaks or termination of participation. Children were praised
for their performances at the conclusion of each session and were
encouraged to choose a “thank you gift” from a box of novelty
stationary items.

Statistical Procedures

Data was screened for accuracy of entry, missing values and
violations of the assumptions of statistical tests, prior to
statistical analysis using Statistical Package for Social Scientists
(IBM SPSS Statistics 22). The data set was deemed to be
accurate and free from missing values. Preliminary analyses
of all data were conducted to assess the assumptions of
homoscedasticity, linearity and homogeneity of variance. The
frequency distribution of each variable was assessed for violations
of normality using standardized indices (z) of skewness
and kurtosis with a conservative criterion of a = 0.001;
half the variables were considered close to normal, with
skewness and kurtosis values falling between —6.56 and +9.47.
Outliers identified for the variable FastaReada were rescored
to the next lowest score identified to reduce influence on
remaining data (Tabachnick and Fidell, 2013). A square root
transformation was then applied to the FastaReada variable.
Square root transformations resulted in substantial improvement
for variables in violation of normality, including FastaReada,
PA, eidetic decoding, Pseudoword decoding, and NARA-3
accuracy. Reflected transformations were applied to NARA-
3 accuracy, eidetic decoding, pseudoword decoding, and PA
variables (Tabachnick and Fidell, 2013). No interactions were
found between the variables.

Pearson product moment correlations and hierarchical
regressions were used to explore the data. Correlation coefficients
(r) are reported to quantify the degree and direction of the
relationships between variables with 0.10-0.29 considered a weak
relationship, 0.30-0.49 a medium relationship, and 0.50-1.0
a strong relationship (Cohen, 1988, pp. 79-81). Hierarchical
regression was used to explore the proportion of variance in the
dependent variables that could be accounted for by one or more
independent variables (i.e., how well the independent variables
predicted the dependent variable). Change in multiple correlation
coefficient squared (R?) values were reported on a range from 0 to
100% to indicate the proportion of variance that was accounted
for by each set of independent variables. Squared semi-partial
correlations (Sr?) were used to quantify the unique contributions
of individual independent variables.

RESULTS

Hypothesis One: Relationship between
FastaReada Scores and NARA-3

Bivariate correlations were conducted on FastaReada scores
and the scores obtained on the three NARA-3 variables.
The relationships between FastaReada performance, and
performances on the accuracy, rate, and comprehension subtests
were investigated using Pearson product-moment correlation
coefficient. Results of the analysis are shown in Table 2. Higher
NARA-3 accuracy and rate scores were strongly associated
with higher FastaReada scores across all year levels tested
(r = 0.79-0.85 for accuracy and r = 0.61-0.82 for rate). Higher
NARA-3 comprehension scores were strongly associated with
higher FastaReada scores for children in Years 5 (r = 0.70) and
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TABLE 2 | Correlations between FastaReada Scores with NARA-3
accuracy, comprehension, and rate subtests for each year level.

NARA-3
Accuracy Comprehension Rate
Grade 4 0.79** 0.47** 0.61**
Grade 5 0.81** 0.70** 0.82**
Grade 6 0.85%* 0.64** 0.78**
All Year Levels 0.83** 0.63** 0.75%*

NARA-3, Neale Analysis of Reading Ability — Third Edition. **p < 0.01. N = 124,
Grade 4 n =42, Grade 5 n = 41, Grade 6 n = 41.

6 (r = 0.64). Higher Year 4 NARA-3 comprehension scores
were moderately positively correlated with rapid and accurate
performance on FastaReada (r = 0.47).

Hypothesis Two: Relationships between
FastaReada and Eidetic and

Phonological Decoding

A preliminary correlation matrix was run in order to assess
the associations between visual word recognition, FastaReada
performance, phonetic decoding, and PA. The relationships
between FastaReada performance and performance on the
remainder of the variables were investigated using Pearson
product-moment correlation coefficient. Results of the analysis
are shown in Table 3. The results revealed strong positive
correlations between FastaReada scores and scores on the visual
word recognition component of the DDT across year levels
(r = 0.77-0.82). Phonetic decoding ability and performance on
FastaReada were also strongly positively correlated (r = 0.59-
0.76). The correlation between FastaReada performance and PA
was moderately positively correlated in Year 5 (r = 0.48) and 6
children (r = 0.44). However, PA was not shown to be associated
with FastaReada performance at a statistically significant level
in Year 4 children (r = 0.20). A weak to moderate negative
correlation was documented between the level of phonetic
decoding on the DDT and FastaReada performance (r = —0.32 to
—0.19). When all year levels were combined, a moderate positive
association was shown between FastaReada performance and PA
(r=10.37).

TABLE 3 | Correlations between FastaReada scores and scores on tests of
decoding mode, phonetic decoding skill and phonological awareness for
each year level.

DDT WIAT-1I CTOPP
Phonological Phonological
Eidetic Phonetic decoding awareness
Grade 4 0.82** —0.20** 0.59** 0.20**
Grade 5 0.82** —0.32** 0.76** 0.48**
Grade 6 0.77** —0.19*%* 0.71** 0.44**
All year Levels  0.81** —0.25** 0.68** 0.37**

WIAT-IIl, Wechsler Individual Achievement Test — Second Edition;, CTOPR
comprehensive test of phonological processing; DDT, Dyslexia Determination Test.
0 < 0.01. N =124, Grade 4 n = 42, Grade 5n = 41, Grade 6 n = 41.

Hierarchical regression analysis was conducted to ascertain
the contributions of PA, phonetic decoding, and eidetic decoding
skills to reading fluency. The regression controlled for the
contribution of age and non-verbal reasoning ability to the
variance in FastaReada scores in the first step. The second
step explored the variance in FastaReada scores attributable
to PA and phonetic decoding abilities. The eidetic decoding
variable was entered in the final step in order to control for
the contributions of phonological-based skills. The results are
presented in Table 4.

The results revealed that age and non-verbal reasoning
(Step 1) accounted for 18% of the variance in FastaReada
performance, F(2,121) = 13.32, p < 0.001. The addition of
the phonological-based skills in Step 2 contributed significantly
to the regression model, explaining a further 33.4% of the
variance in FastaReada performance, F(3,119) =40.99, p < 0.001.
Finally, the introduction of eidetic decoding skills explained a
further 16.6% of the variance in FastaReada performance. The
visual word recognition strategy of decoding was the strongest
unique contributor to FastaReada performance (16.8%). Phonetic
decoding skill also contributed unique variance of 1.7%. Age,
non-verbal reasoning and PA did not make unique contributions
in the final model. Together, the five independent variables
accounted for 68.1% of the variance in FastaReada performance.

Hypothesis Three: Relationship between
FastaReada and Visual Word

Recognition and NARA-3 Reading Rate
Bivariate correlations conducted on visual word
recognition scores and the scores obtained on FastaReada
and the NARA-3 rate subtest. The relationships between
visual word recognition strategy utilization and scores on
FastaReada and the NARA-3 rate subtest were investigated

were

TABLE 4 | Hierarchical regression results of non-verbal reasoning, age in
years, visual word recognition, phonetic decoding skill, and phonological
awareness predicting overall FastaReada performance.

Final summary Step summary

Predictor Beta r Sr AR2 p
Step 1 0.180 <0.001
Age (years) 0.26 0.31 0.26
Non-verbal reasoning 0.30 0.34 0.30
Step 2 0.334 <0.001
Age (years) 0.16 0.31 0.15
Non-verbal reasoning 0.15 0.34 0.5
Phonological awareness ~ 0.03 0.37  0.02
Phonetic decoding skills ~ 0.59 0.68 048
Step 3 0.166 <0.001
Age (years) 0.03 0.31 0.03
Non-verbal reasoning 0.07 0.34 0.07
Phonological awareness ~ 0.00 0.37  0.00
Phonetic decoding 0.20 0.68 0.13
Eidetic decoding 0.63 0.81  0.41
N=124.

Frontiers in Psychology | www.frontiersin.org

October 2015 | Volume 6 | Article 1634 | 155


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Elhassan et al.

A computer-based measure of reading fluency

using Pearson product-moment correlation coeflicient. The
results revealed strong positive correlations between both
FastaReada and NARA-3 rate scores and visual word recognition
strategy utilization. Visual word recognition was more closely
associated with FastaReada performance, r(122) = 0.81,
p < 0.001, than with NARA-3 rate performance, r(122) = 0.73,
p < 0.001.

Further analysis using hierarchical regression controlled for
the contribution of age and non-verbal reasoning ability to the
variance in eidetic decoding in the first step. The second step
explored the variance in eidetic decoding attributable to NARA-3
rate and FastaReada scores. The results are presented in Table 5.

Age and non-verbal reasoning contributed significantly to the
regression model, F(2,121) = 15.21, p < 0.001, and accounted
for 20.1% of the variation in eidetic decoding. The addition
of NARA-3 reading rate and FastaReada variables explained an
additional 49.6% of variation in eidetic decoding and this change
in R? was significant, F(2,119) = 97.37, p < 0.001. FastaReada
was the strongest unique predictor of visual word recognition
strategy utilization (14.4%). Performance on the NARA-3 rate
subtest uniquely predicted 2.6% of the variance in visual word
recognition strategy utilization. Together, the five independent
variables accounted for 69.7% of the variance in eidetic decoding.

DISCUSSION

The purpose of this study was to evaluate if FastaReada can be
utilized as a valid measure of reading skills. The relationship
between FastaReada performance and comprehension was also
examined, as was the importance of visual recognition in
comparison to phonological skills for fast and accurate reading.
The results are discussed in relation to the three hypotheses.

The first hypothesis that FastaReada scores would be
associated with scores from the Accuracy, Comprehension and
Rate subtests from the NARA-3 was strongly supported. The
rate of words read accurately per minute on FastaReada was
well correlated with individual subtest results on the NARA-3.
Children who scored higher on FastaReada had greater accuracy
rates for the words in the assigned prose passages of the NARA-3
reader, greater degrees of understanding of each passage, and

TABLE 5 | Hierarchical regression results of non-verbal reasoning, age in
years, reading rate scores and FastaReada scores predicting eidetic
decoding.

Final summary Step summary

Predictor Beta r Sr AR2 P
Step 1 0.201 <0.001
Age (years) 0.31 0.35 0.30
Non-verbal reasoning 0.28 0.33 0.28
Step 2 0.496 <0.001
Age (years) 0.09 0.35 0.09
Non-verbal reasoning 0.03 0.33 0.03
Reading rate 0.24 0.73 0.16
FastaReada 0.59 0.81 0.38
N=124.

were able to decode more words accurately per minute than
those who scored lower on FastaReada. The strong and significant
correlations obtained in this study between FastaReada and
the three subtests on the well-established, well-validated, and
reliable measure of reading skills, the NARA-3 (Moorehouse
and Yule, 1974; Neale, 1999) indicate that FastaReada meets
the test of criterion-related validity. FastaReada thus provides
a valid and direct measure of accuracy and speed, the two
major accepted components of reading fluency. The findings are
also consistent with research proposing that reading speed is a
key factor in reading comprehension (Perfetti and Hogaboam,
1975; Jenkins et al., 2003; Danne et al., 2005; Rasinski et al.,
2005; Yovanoft et al., 2005). The current results support the
notion that conscious attentional demands for decoding inhibit
understanding (Shankweiler, 1999; Klauda and Guthrie, 2008;
Cutting et al., 2009).

In accordance with the second hypothesis, the contribution
of visual word recognition was significantly greater than that
of phonetic decoding skills (16.7% compared to 1.7%). These
results demonstrate that fluent readers have already acquired the
skills to decode novel words with speed and accuracy, and that
these skills are predominantly reliant on competence in visual
word recognition. Certainly, it has been demonstrated in the
current study that the increased utilization of a phonetic decoding
strategy, when reading, is detrimental to reading rate. In line with
these results, training in phonemic awareness has been shown
to improve reading difficulties at the word-level, contributing to
more accurate word identification (Torgesen et al., 2001; Hatcher
et al., 2006; Bowyer-Crane et al., 2008). However, improvements
in single word reading accuracy do not imply improvements in
continuous text reading rate. Indeed, slow reading rate often
remains into adulthood despite remediation of decoding skills
(Torgesen et al,, 2001; O’Connor et al, 2007; Laycock and
Crewther, 2008). Torgesen et al. (2001) reasoned that a limited
repertoire for visually recognizable words results in increased
reliance on phonemic analysis or guessing from context for word
identification, and that this is inversely related to reading rate.

Findings from the second hypothesis also showed that fast and
accurate readers tend to have higher levels of PA and phonetic
decoding skills. The results showed a small but significant
contribution of phonetic decoding skill to fast and accurate
reading (1.7%). However, the results did not support a unique
role for PA in fast and accurate reading after controlling for the
contributions of visual word recognition and phonetic decoding.
PA has been shown to be an important predictor for future
reading in preliterate children (Gallagher et al., 2000; Snowling
et al., 2003; Puolakanaho et al., 2004). Yet, the predictive nature
of PA for reading ability has been documented to decrease with
maturation of reading skills. Wagner et al. (1997) examined
the changing relationship between PA and reading ability in a
large longitudinal study. They documented a decrease in the
unique contribution of PA to reading from 23% to only 4%
between kindergarten and the fourth year of schooling after the
contributions of word reading skills and vocabulary were taken
into account. This is likely to reflect a shift toward an increasing
reliance on a visual recognition strategy for the decoding of words
that have become increasingly familiar with years of practice
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and the contribution of a growing vocabulary. Thomson et al.
(2006) demonstrated similar findings in young learner readers.
The findings from the current study reinforce the findings of
Thomson et al. (2006).

The final hypothesis that visual word recognition would
be more strongly associated with performance on FastaReada
than on the NARA-3 was supported. FastaReada was found to
be better able to tap into the reader’s efficacy in visual word
recognition than the NARA-3 Rate subtest. An important feature
of FastaReada is its utilization of an adaptive staircase routine
for stimulus presentation. The adaptive staircase algorithm allows
FastaReada to determine the shortest exposure time necessary for
accurate visual word recognition whilst ensuring reliability of the
measure. Stimulus exposure time in FastaReada, which becomes
shorter with each correct response, can become so brief with
increasing reading skill levels, that the accurate verbalization of
text at the time of presentation becomes unachievable due to the
motor limits of verbalization. Readers are therefore forced to read
silently in order to encode the text and then verbalize them after
they disappear. This method allows FastaReada to tap into visual
word recognition and memory for series of words as facilitated
by discourse-based anticipation. Thus, FastaReada can provide a
more accurate measure of reading speed than traditional reading
measures as it is not constrained by motor limits associated with
the verbalization of text. This feature is particularly pertinent as
adult reading is usually performed silently (Miller and Smith,
1989; Kragler, 1995).

The current study has shown FastaReada to be a valid measure
of reading fluency through its strong positive correlations
with established NARA tests of reading speed and accuracy
for connected comprehensible text. Additional support for its
criterion validity as a reading fluency measure was obtained
through its strong relationship with established measures of
eidetic decoding ability and phonetic decoding skills, as well
as its moderate to strong relationship with the NARA reading
comprehension measure. FastaReada therefore has the potential
to play a valuable role in the education system. As an assessment
tool that does not require specialist training, FastaReada can
be used by educators to screen baseline-reading abilities and
to monitor progress in the development of reading skills.
By providing an indication of student progress, FastaReada
would allow educators to develop and provide more effective,
individualized reading programs that promote and nurture the
development of reading fluency. FastaReada results can also alert
educators and clinicians to the need for further assessment for
better identification of the individual’s specific difficulty.

We acknowledge that the current study has associated
limitations. Previous studies, including our own (Rutkowski
et al., 2003; Cotton et al., 2005a; Alloway, 2006; Laycock et al.,
2006; Thomson et al., 2006; Vidyasagar and Pammer, 2010)
indicate the important role attention and working memory
contribute to reading abilities as regulatory and mediating
factors respectively. Thus once validation studies for FastaReada
are complete further investigations attention and working
memory as contributory variables to FastaReada performance
will be beneficial. This future research will be important
as FastaReada requires contributions of working memory

when stimulus presentation is so short that examinees cannot
verbalize the text during the exposure time. Additionally, the
current research would have benefitted from a longitudinal
design for the examination of the predictive validity of
FastaReada. A longitudinal study would have enhanced
findings related to the contribution of eidetic and phonological
based abilities to reading skills over the course of reading
development. In addition to phonological skills, rapid
automatized naming tasks have been shown to be one of
the best predictors of reading fluency. Future validity studies
for FastaReada would therefore benefit from the inclusion
of rapid automatized naming tasks in their design. Clearly,
the next step required in the development of FastaReada as a
measure of reading fluency is the provision of normative data,
the determination of appropriate cut-off points for each year
level, and possibly the design of a range of appropriate prose
passages for the different year levels and for test and retest
conditions.

CONCLUSION

The current study has tested the criterion-related validity of
FastaReada, a brief, computer-generated test of reading fluency
that does not require specialist training for administration.
FastaReada demonstrated a valid measure of the core features of
reading fluency, speed and accuracy, as demonstrated by strong
correlations with the established measures of accuracy, rate and
comprehension on the NARA. FastaReada performance was
also strongly correlated with measures of eidetic and phonetic
text decoding abilities that have often been associated with the
development of reading skills. FastaReada therefore provides
a means for educators, clinicians, and researchers to quickly
obtain a measure of reading fluency with relative confidence.
The use of such a tool could contribute to more effective
individualized reading instruction and remediation through the
monitoring of reading fluency development. The current study
also drew attention to the rapid, automatic, and visual nature
of fluent reading. Results showed that while reading rate and
accuracy is associated with PA, PA is not a predictor of fluency
when the contributions of visual word recognition and phonetic
decoding skills are taken into account. The multifaceted nature
of reading skills is becoming increasingly recognized within
the literature. This study adds to the burgeoning literature on
reading fluency that is branching away from the traditional
focus on phonological skills and exploring deficits in areas such
as attention, working memory, and visual recognition. Further
evaluation of FastaReada is warranted to assess reliability and
to determine the most appropriate cut-off points for children of
different year levels.
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The study examines whether impairments in reading a text can be explained by
a deficit in word decoding or an additional deficit in the processes governing the
integration of reading subcomponents (including eye movement programming and
pronunciation) should also be postulated. We report a re-analysis of data from eleven
previous experiments conducted in our lab where the reading performance on single,
discrete word displays as well multiple displays (texts, and in few cases also word
lists) was investigated in groups of dyslexic children and typically developing readers.
The analysis focuses on measures of time and not accuracy. Across experiments,
dyslexic children are slower and more variable than typically developing readers in
reading texts as well as vocal reaction time (RTs) to singly presented words; the
dis-homogeneity in variability between groups points to the inappropriateness of
standard measures of size effect (such as Cohen’s d), and suggests the use of the
ratio between groups’ performance. The mean ratio for text reading is 1.95 across
experiments. Mean ratio for vocal RTs for singly presented words is considerably
smaller (1.52). Furthermore, this latter value is probably an overestimation as considering
total reading times (i.e., a measure including also the pronunciation component)
considerably reduces the group difference in vocal RTs (1.19 according to Martelli
et al.,, 2014). The ratio difference between single and multiple displays does not
depend upon the presence of a semantic context in the case of texts as large ratios
are also observed with lists of unrelated words (though studies testing this aspect
were few). We conclude that, if care is taken in using appropriate comparisons, the
deficit in reading texts or lists of words is appreciably greater than that revealed with
discrete word presentations. Thus, reading multiple stimuli present a specific, additional
challenge to dyslexic children indicating that models of reading should incorporate this
aspect.

Keywords: reading, dyslexia, text reading, multiple displays, vocal reaction time
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Introduction

Reading a passage is a complex task requiring a number of
sub-componential tasks, which start from the perception of
visual features (contours, segments of various orientations), then
letters, and word recognition to continue with the integration of
successive words into a coherent stream. At this level, syntactic
and semantic processing allows for the identification of the
sentence meaning and the possibility to place it within the more
general context of the text. All this takes place in association
with motor processing, i.e., saccades and fixations to scan the
text, and pronunciation. In reading deficiencies, it is interesting
to understand which is the level of analysis which is most
appropriate to describe the reading difficulty (here, we restrict our
analysis to developmental deficits, i.e., developmental dyslexia
DD). Potentially, any of the above listed levels may generate the
difficulty as research has clearly shown they are all necessary
steps in the reading process. So, one may think that the deficit
in DD originates as early in the information processing chain as
in the elaboration of letters; alternatively, one may see the deficit
originating at a word locus or later when the identification of
several words is merged as it occurs in the reading of meaningful
texts. Note that early deficits (including also motor processing
such as eye movements) may spread into later processing as a
cascade effect. As an example, if we imagine a child to be impaired
in letter recognition (or in the programming of eye movements)
this will severely affect all subsequent processing, including
word recognition, integration of decoding, and pronunciation
etc.

So, one very general question, which has been extensively
examined in the literature on DD, is which is the earliest
level of processing at which a deficit can be reliably found.
It is generally held that children with dyslexia are spared
in processing letters. Importantly, evidence is based on a
variety of sensitive techniques (such as contrast thresholds, or
masked tachistoscopic presentation) that guarantee that this
sparing is not due to the lack of sensitivity of the measures
used (Bosse et al.,, 2007; Lassus-Sangosse et al., 2008; Martelli
et al, 2009; De Luca et al, 2010). By contrast, it is well
established that children with dyslexia are selectively impaired
in processing strings of letters (whether forming existing words
or not). Indeed, major models of reading (such as the dual
route cascaded model or DRC; Coltheart et al,, 2001; the
CDP+ model; Perry et al, 2007; and the triangle model,
Plaut et al, 1996) are focused in explaining reading at the
word level. So, up to date evidence indicates that the nuclear
deficit in DD is at the level of letter orthographic string
decoding.

However, there is reason to think that the reading deficit
may not be entirely explained at the word level and that the
need to integrate the processing of words with other sub-
components of reading may represent an additional burden,
which selectively affects the reading of dyslexic children. So, a
second general question is whether impairments at subsequent
levels of processing can be identified and explained either as
independent defects or due to a cascade effect from deficits in
orthographic decoding.

Critical to answer this question is the comparison between
single, discrete word displays (typical of experimental settings)
and multiple displays (as it occurs in the reading of meaningful
texts). However, comparing such different levels of processing
may prove difficult, in primis due to variations in general
difficulty of the two tasks. A further difficulty is that different
measures are typically used. When single words are examined a
frequently used measure is vocal reaction time (RT), i.e., the time
between the stimulus onset and the beginning of subject’s vocal
response. When texts or lists of words are examined the reading
time also includes the time required to utter the sentences (or the
words in the list).

Therefore, examining total reading times (i.e., RTs plus
pronunciation times) also in the case of singly presented words
may be instrumental to compare reading fluency between discrete
and multiple displays. In one such study, we observed that
typically developing readers showed an advantage on multiple
with respect to discrete items: they were able to process the
next stimulus while uttering the current word indicating that
pronunciation times overlapped with decoding times (Zoccolotti
et al., 2013). By contrast, children with dyslexia did not show
the advantage for multiple over discrete stimuli in the case
of lists of short words and actually showed a disadvantage
in the case of long words (on which they were slower
than in the case of discrete stimuli). We proposed that the
disproportionate impairment of children with dyslexia in dealing
with multiple arrays indicates a difficulty in integrating the
multiple subcomponents of the reading task over and above
the basic nuclear deficit in decoding words (Zoccolotti et al.,
2013).

Can we re-evaluate the previous literature in light of the
findings indicating a specific deficit in reading sub-components
in dyslexia? The main question of the present study is whether
impairments in functional reading can be explained by the basic
deficit in letter string decoding or an additional deficit in the
integration of various reading subcomponent should also be
postulated. To this aim we report a re-analysis of data from
previous experiments conducted in our laboratory where the
reading performance on both single, discrete word and multiple
words has been investigated in groups of typically developing and
dyslexic children. The analysis focuses on measures of time and
not accuracy.

Our first question is whether the reading deficit shown
by children with dyslexia is greater with discrete or multiple
visual displays. Clearly, the experimental conditions used in
our previous studies are not ideal for this comparison. On the
one hand, studies on single words typically reported RTs not
reading times (i.e., a measure including pronunciation, as in
Zoccolotti et al., 2013); thus, one should ideally control for the
effect of pronunciation on the results of previous studies. On
the other hand, single and multiple stimuli were not matched
in terms of stimulus characteristics. Studies based on single
word presentation usually aimed to understand the effect on
vocal RTs of parameters such as word frequency, word length,
morphological structure and so on, often leading to a large
number of levels of the experimental manipulations. By contrast,
multiple word displays were texts or list of words; these materials
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are typically used to select the groups of dyslexic and typically
developing children according to their basic reading skills and
often yield a single measure of overall performance. Thus, to
compare the efficiency in reading words in multiple and single
stimulus displays we have to average data collected over different
experimental conditions in discrete word studies to obtain an
overall estimate of the reading time also for singly presented
words.

Additional methodological questions arise in the case of such
comparison. Namely, which is the appropriate index to compare
the size of the difference between dyslexic and control readers?
How can the difference in dependent measure (RTs versus
total reading times) be controlled for? Does the presence of a
meaningful context modulate the performance of children with
dyslexia? The way we tackle each of these questions is detailed
below along with the presentation of results.

Methods

Selection Criteria of Target Studies

We focused on studies in which children with dyslexia were
compared to a group of typically developing readers using very
similar (although not identical) subject’s selection criteria. We
also limited the analysis to groups of children attending sixth
grade, which was the most common age in our previous studies.
With these criteria we were able to trace eleven different studies
where we had both measures of text reading (used for the purpose
of screening by standard reading text) and measures of vocal
RTs to single word (used for the specific aims of the given
study). All but one recently completed study have been previously
published. Some of these studies also included different screening
tests requiring the reading of lists of words (see below for more
details).

Reading Measures

The basic reading test used for screening purposes was the MT
Reading Test (Cornoldi and Colpo, 1995): a passage adapted for
children’s age is presented and the child is requested to read
it as fast and accurately as possible. Two tests requiring the
reading of lists of words were used. One was the Words and
Non-words Reading Test (Zoccolotti et al., 2005). This features
four lists of 30 words varying for frequency and length; separate
norms are available for each of the four sub-lists. Another test
was the word sub-test from the Battery for the Evaluation of
Developmental Dyslexia and Dysgraphia (Sartori et al., 1995).
A total of 112 words are presented in four 28-word sub-lists
varying for frequency and imageability. However, only a single
measure is usually reported for this test as norms report only
this measure of general performance. In both tests, the list of
words was printed vertically; the task, as in the MT Reading Test
and vocal RTs, was to read the words as fast and accurately as
possible.

Reaction times were measured in all studies by presenting a
word in the center of a computer screen; the word was visible
until the children started his/her uttering. The RT was measured
as the interval between stimulus onset and vocal onset.

Results

Fluency Differences in Reading Texts

Table 1 presents the list of studies selected, indicating the number
of dyslexic children and chronologically matched typically
developing children considered in each of them. A total of 331
typically developing children and 172 cases participated to the
studies. The mean times for reading a standard text passage (M T
Reading Test; Cornoldi and Colpo, 1995) are reported for both
groups. The mean reading times are expressed in terms of s per
word (by averaging words of different length in the paragraph).
Various observations can be advanced based on the data in the
table.

As expected, children with dyslexia have higher mean reading
times than typically developing readers. On average, their reading
times (1.05 s per word) are about twice as slow as those of typically
developing children (0.54 s per word). Thus, there is a mean 1.95
ratio between the performance of the two groups (the range of
ratios across studies is 1.4-2.4).

Second, dyslexic children are also considerably more variable
in their performance. Mean SD is 0.37 in dyslexic children and
only 0.11 in typically developing children. Thus, there is co-
variance between mean performance and variability, a finding
often reported in the RT literature (Wagenmakers and Brown,
2007). Notably, the larger inter-individual variability shown by
children with dyslexia goes beyond the proportionality between
mean and SD. This is shown by the coefficient of variation
values (i.e., the ratio between SD and mean). In all studies
the coefficient of variation for dyslexic children is higher than
that of typically developing children (mean value = 0.34 for
dyslexic children and 0.19 for typically developing children).
This finding underscores the difficulty in comparing the two
groups through standard parametric analyses. Indeed, these data
indicate a strong and systematic violation of the homogeneity
assumption, which is critical to apply parametric analyses. These
observations are supported by comparisons through the Levene
test for equality of variances. In all studies, the test indicated that
the variances of the two groups were significantly different (at
least, p < 0.01).

This large difference in variability points to the
inappropriateness of using standard measures of size effects, such
as Cohen’s d or eta? which assume homogeneity of variance. In
computing d, one can use the SD from either sample (as they are
assumed to be homogeneous; Cohen, 1988) or, possibly, the mean
of the two. However, results would drastically and systematically
change if the SD of either group is used. For example, if one
computes the Cohen’s d value on the first study in Table 1 (Judica
et al., 2002), one obtains very different values depending on
which standard deviation is used to calculate d. It is 3.64 by using
the SD of typically developing children (0.25), 1.10 using the SD
of dyslexic children (0.82), and 1.69 using the average between
the two SDs. While all these values indicate a large effect it is
clear that the estimate of effect size depends heavily upon which
SD value is used. In conclusion, standard effect sizes (such as
d or eta*) do not appear to capture the main effect of reading
deficiency. This is better described as a multiplicative effect. As
such, a better descriptor of the effect is provided by the ratio that
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TABLE 1 | Reading times at the MT Reading test.

Reference Typically developing children Children with dyslexia Groups’
performance ratio
N Mean SD Coefficient N Mean SD Coefficient
of variation of variation

Judica et al., 2002 16 0.62 0.25 0.40 18 1.51 0.82 0.54 2.4
Spinelli et al., 2005 23 0.56 0.14 0.25 17 1.10 0.42 0.38 2.0
Barca et al., 2006 68 0.55 0,10 0,18 14 0.94 0,26 0,28 1.7
Zoccolotti et al., 2006 12 0.52 0.09 0.18 10 1.10 0.48 0.43 2.1
Burani et al., 2008 34 0.56 0.09 0.16 17 1.02 0.32 0.31 1.8
De Luca et al., 2008 34 0.56 0.09 0.16 17 1.02 0.32 0.31 1.8
Zoccolotti et al., 2008 29 0.55 0.12 0.22 6 1.31 0.61 0.47 2.4
Paizi et al., 2011 36 0.50 0.09 0.19 18 0.87 0.21 0.24 1.8
Paizi et al., 2013 17 0.48 0.05 0.10 17 0.86 0.19 0.22 1.8
Martelli et al., 2014 43 0.52 0.09 0.17 25 1.14 0.38 0.33 2.2
Unpublished data 19 0.50 0.06 0.12 13 0.71 0.13 0.18 1.4
Total 331 172
Mean 0.54 0.11 0.19 1.05 0.37 0.34 1.95

Mean reading times (seconds per word read) and SDs are reported for typically developing children and children with dyslexia from the listed studies; the size of each

group is also reported. The last column reports the dyslexics/controls means ratios.

captures the multiplicative nature of the performance difference
between dyslexic and control readers. Clearly, samples from the
various studies show different performances. However, the ratios
between the performances between the two groups are relatively
stable across studies, ranging from 1.4 to 2.4 with an average
close to 2.

Comments

All parametric analyses rest on the homogeneity of variance
assumption. Thus, researchers are typically reluctant in
abandoning such a basic tenet. A number of data transformations
are often adopted to approach normality of distribution and to
control for as much as possible of dis-homogeneities of variance.
One such example is the log-transformation often used with RTs.
In the case of text reading, sometimes time measures (such as
s per word) are converted to speed measures (word per s; for a
discussion of the advantages and limits of this transformation
see Toraldo and Lorusso, 2012). In this perspective, deviations
from normality and from homogeneity of variance are seen as
accidental perturbations in the data set that need to be corrected
for. In contrast, large inter-individual variability is typically
associated to developmental/learning phases, and the huge inter-
individual variability in DD is an expression of their condition
of being still in a early learning phase of reading, whereas at the
same age typically developing readers have reached a plateau in
their reading performance.

Present data suggest an interesting alternative to the
solution of correcting for deviation from homogeneity of
variance. Variabilities between the groups are actually truly dis-
homogenous as impaired reading is systematically associated
to increased individual variability. The prediction of increased
SD in DD stems quite clearly from models that aim to
account for the presence of global components in the data.
For example, within the rate and amount model (RAM) Faust
et al. (1999) propose that, when the difference between two

groups is accounted for by a global factor, one expects means
of different conditions to linearly covariate with the SDs of the
corresponding conditions. Further comments on this perspective
will be advanced in the section “Group differences in reading:
Linear-additive versus multiplicative models” of the Discussion.
Throughout the study we will use the ratio between groups’
performance as an index that capture the multiplicative nature
of the performance difference between dyslexic and typically
developing readers.

Fluency Differences in Reading Discrete Words
Table 2A reports data on single word reading derived from the
same studies as in Table 1. Mean vocal RTs are reported. Note
that different studies used different experimental manipulations,
such as length, frequency, morphological structure etc. However,
due to our current interest, we report here both data for single
conditions and averaged data across conditions.

An inspection of the table indicates a number of relevant
findings. Clearly, children with dyslexia are slower than typically
developing children across conditions. All studies in this
re-analysis, showed a highly significant main effect of the
group factor (with at least p < 0.01) at standard Anovas.
However, the ratios between the two groups are consistently
lower than those in Table 1. Across studies and experimental
manipulations the overall mean ratio is 1.52 (range across
experiments from 1.28 to 1.89; range across all experimental
manipulations 1.12 and 2.13); this mean value is considerably
lower than that for text reading (1.95, see Table 1). Thus, the
slowing of dyslexic children with respect to typically developing
readers is about 95% in text reading and only 52% in the
case of single word reading. If, instead of averaged data, we
separately compare the between groups’ ratios for each of the
69 experimental conditions, in only two cases are the ratios
above the mean value (1.95) obtained for text reading (see
Table 2A).
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TABLE 2A | Vocal reaction times (RTs) in several experimental conditions from the listed studies.

Typically developing children Children with dyslexia Groups’
performance ratio
Mean SD Coefficient Mean SD Coefficient
of variation of variation
Judica et al., 2002
2-letter word 559 57 0.10 742 147 0.20 1.33
3-letter word 574 67 0.12 856 285 0.33 1.49
4-letter word 585 67 0.11 960 433 0.45 1.64
5-letter word 633 87 0.14 1103 535 0.48 1.74
Mean 588 915 1.55
Spinelli et al., 2005
3-letter word 639 90 0.14 844 274 0.32 1.832
4-letter word 646 111 0.17 982 479 0.49 1.52
5-letter word 646 107 0.16 1035 435 0.42 1.60
6-letter word 687 191 0.28 1247 565 0.45 1.81
7-letter word 758 173 0.23 1477 657 0.44 1.95
8-letter word 744 209 0.28 1412 643 0.45 1.90
Mean 686 1166 1.68
Barca et al., 2006
HF words with contextual rules 685 104 0.15 850 95 0.11 1.24
HF words without contextual rules 675 105 0.16 862 92 0.11 1.28
LF words with contextual rules 768 126 0.16 1000 153 0.15 1.30
LF words without contextual rules 725 127 0.18 955 134 0.14 1.832
Mean 713 917 1.28
Zoccolotti et al., 2006
4-letter word 708 93 0.13 997 207 0.21 1.41
5-letter word 716 105 0.15 1088 222 0.20 1.52
6-letter word 745 137 0.18 1306 392 0.30 1.75
7-letter word 784 138 0.17 1371 523 0.38 1.75
Mean 738 1190 1.61
Burani et al., 2008
Derived words (Exp2) 672 114 0.17 1086 485 0.45 1.62
Simple words 670 108 0.16 1103 487 0.44 1.65
Mean 671 1095 1.63
De Luca et al., 2008
4-letter word 612 63 0.10 816 246 0.30 1.33
5-letter word 624 74 0.12 886 294 0.33 1.42
6-letter word 622 70 0.11 912 305 0.33 1.47
7-letter word 649 90 0.14 1039 441 0.42 1.60
8-letter word 691 103 0.15 1110 480 0.43 1.61
9-letter word 710 104 0.15 1153 496 0.43 1.62
Mean 651 986 1.51
Zoccolotti et al., 2008
4-letter word 601 67 0.11 851 297 0.35 1.42
5-letter word 612 65 0.11 803 221 0.27 1.31
6-letter word 599 72 0.12 983 420 0.43 1.64
7-letter word 655 82 0.12 1012 332 0.33 1.55
8-letter word 611 82 0.13 1047 641 0.61 1.71
Mean 616 939 1.63
Paizi et al., 2011
HF 4-letter word - pure list 540 57 0.10 685 137 0.20 1.27
HF 5-letter word - pure list 553 62 0.11 713 127 0.18 1.29
HF 6-letter word - pure list 566 62 0.11 779 165 0.21 1.38
HF 7-letter word - pure list 558 69 0.12 783 165 0.21 1.40

(Continued)
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TABLE 2A | Continued

Typically developing children Children with dyslexia Groups’
performance ratio
Mean SD Coefficient Mean SD Coefficient
of variation of variation
LF 4-letter word - pure list 555 60 0.11 732 134 0.18 1.32
LF 5-letter word - pure list 568 69 0.12 807 165 0.20 1.42
LF 6-letter word - pure list 579 69 0.12 843 205 0.24 1.46
LF 7-letter word - pure list 595 83 0.14 974 328 0.34 1.64
HF 4-letter word - mixed list 563 57 0.10 702 111 0.16 1.25
HF 5-letter word - mixed list 582 62 0.11 786 174 0.22 1.35
HF 6-letter word - mixed list 601 74 0.12 842 199 0.23 1.40
HF 7-letter word - mixed list 590 72 0.12 817 174 0.21 1.839
LF 4-letter word - mixed list 587 64 0.11 753 149 0.20 1.28
LF 5-letter word - mixed list 598 67 0.11 798 139 0.17 1.33
LF 6-letter word - mixed list 610 79 0.13 876 222 0.25 1.44
LF 7-letter word - mixed list 626 88 0.14 956 265 0.28 1.53
Mean 580 803 1.38
Paizi et al., 2013
HF word (Exp.1) 597 50 0.08 794 72 0.09 1.33
LF word (Exp.1) 632 53 0.08 898 150 017 1.42
HF 4-letter word (Exp.3) 510 78 0.15 679 98 0.14 1.83
HF 5-letter word (Exp.3) 534 74 0.14 741 106 0.14 1.839
HF 6-letter word (Exp.3) 543 86 0.16 812 212 0.26 1.49
HF 7-letter word (Exp.3) 539 78 0.14 808 167 0.21 1.50
LF 4-letter word (Exp.3) 544 80 0.15 753 102 0.13 1.38
LF 5-letter word (Exp.3) 568 88 0.15 833 166 0.20 1.47
LF 6-letter word (Exp.3) 568 97 0.17 864 192 0.22 1.52
LF 7-letter word (Exp.3) 580 94 0.16 959 311 0.32 1.65
Mean 562 814 1.45
Martelli et al., 2014
4-letter word 506 59 0.12 827 361 0.44 1.63
5-letter word 511 69 0.13 939 433 0.46 1.84
6-letter word 536 76 0.14 1056 502 0.47 1.97
7-letter word 541 95 0.17 1150 585 0.51 2.13
Mean 524 993 1.89
Unpublished data
HF 4-letter word 490 40 0.08 547 58 0.10 1.12
HF 5-letter word 480 40 0.08 568 72 0.13 1.18
HF 6-letter word 491 45 0.09 594 84 0.14 1.21
HF 7-letter word 497 43 0.09 589 88 0.15 1.18
LF 4-letter word 496 42 0.08 564 56 0.10 1.14
LF 5-letter word 507 38 0.07 594 66 0.11 1.17
LF 6-letter word 509 40 0.08 611 77 0.13 1.20
LF 7-letter word 514 50 0.10 613 67 0.1 1.19
Mean 498 585 1.17
Total mean* 602.5 82.6 0.13 891.7 265.3 0.28 1.47 1.52
SD 75.2 202.9

Mean vocal RTs (milliseconds per word), standard deviations and coefficients of variation for typically developing children and children with dyslexia are reported. The last
column reports the dyslexics/controls mean ratios. * Total means do not include partial means.

Notably, values vary across experimental manipulations. In  (Spinelli et al., 2005; Zoccolotti et al., 2006, 2008; De Luca et al.,
particular, in studies manipulating length (as in the first one by  2008; Paizi et al., 2011, 2013; Martelli et al., 2014) although not
Judica et al., 2002) there is a clear tendency for ratios to increase  all (research with unpublished data) studies. The other variable
as a function of stimulus length (in this case from 1.33 to 1.74  that has been manipulated most often is frequency. Across all
with progressively longer words). The same is apparent in most ~ contrasts between high and low frequency words, the ratios
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between the two groups for the high frequency words averaged
1.31 while those for the low frequency words averaged 1.38. Thus,
ratios do not vary appreciably between conditions as a function
of frequency. It may be interesting to compare these findings
to the calculations based on more sophisticated methods, such
as the analyses based on the RAM by Faust et al. (1999) which
were carried out in several of the quoted studies. This may help
understanding the efficacy, and limits, of the procedure of using
the ratio as an estimate of size of the group differences in reading
skills; further comments on this question will be proposed in the
Discussion section.

Dyslexic children are considerably more variable as a group
than typically developing children; their average SD is 265.3 ms
while that of control readers is only 82.6 ms. In general,
variability grows as a function of the general difficulty of the
experimental conditions with more difficult conditions yielding
larger SD. Across conditions there isa 0.81 correlation (p < 0.001)
between means and SDs in control children; the correlation
is 0.86 (p < 0.001) for dyslexic children. These results are in
keeping with the general law indicating a relationship between
condition means and standard deviations for RT measures
(Wagenmakers and Brown, 2007). Furthermore, also coefficients
of variation are about twice as high in dyslexic children (mean
value = 0.28) than in control readers (mean value = 0.13);
for only 6 out 69 conditions were the coefficients of variation
higher for control than dyslexic readers. Comparisons with the
Levene test indicated that the variances of the two groups were
significantly different (with at least p < 0.05) in 53 out of 69
comparisons.

Comments

Despite variations across studies and experimental conditions,
the ratio data clearly indicate that vocal RTs of dyslexic children
are slower than typically developing readers by about 50%.
This contrasts with the ratios measured for reading times,

where dyslexic children were about 100% slower than typically
developing children.

From RTs to Total Reading Times in Reading
Discrete Words

One general finding of the above analyses is that ratios between
the performance of dyslexic and typically developing readers in
the case of multiple stimulus displays are higher than in the
case of discrete stimulus displays. Clearly, the two sets of data
refer to different measures. In the case of discrete stimuli only
the time between stimulus presentation and the incipit of the
response is considered but not the actual pronunciation time. By
contrast, in the case of multiple stimulus displays the measure is
the total reading time (i.e., it includes pronunciation time). So,
one may consider how the use of different measures affect the
results.

A way to tackle this problem is to include pronunciation time
measures in experiments with single stimulus displays. RTs and
pronunciation times together give a measure of total reading
time, which may be usefully compared to the mean reading time
per item in the case of multiple stimulus displays. Measuring
pronunciation times is simple although time consuming as it
requires trial-by-trial analysis. A few studies have used this
procedure in recent times (e.g., Davies et al., 2013). One of the
studies in Table 2A also adopted this procedure (Martelli et al.,
2014).

Martelli et al.s’ (2014) results for pronunciation times and
total reading times (i.e., RTs plus pronunciation times) are
presented in Table 2B and can be compared with RT data for
the same study presented in the low part of Table 2A. Across
conditions the ratio between the performance of dyslexic and
control readers is 1.89 for RTs in this particular study (i.e., a
value in the high range compared to similar studies in the same
table). The ratio (see Table 2B) is close to unity in the case
of pronunciation times (1.04); thus, across conditions children

TABLE 2B | Pronunciation times and total reading times from Martelli et al.’s (2014) study.

Typically developing children

Children with dyslexia Groups’

performance ratio

Mean SD Coefficient Mean SD Coefficient
of variation of variation

Pronunciation time
4-letter word 395 60 0.15 404 51 0.13 1.02
5-letter word 461 59 0.13 468 69 0.15 1.02
6-letter word 487 63 0.13 510 71 0.14 1.05
7-letter word 564 75 0.13 596 83 0.14 1.06
Mean 477 64 0.14 494 68.5 0.14 1.04
Total reading time
4-letter word 901 89 0.10 1231 366 0.30 1.37
5-letter word 972 103 0.10 1406 455 0.32 1.45
6-letter word 1023 101 0.10 1565 522 0.33 1.53
7-letter word 1106 127 0.11 1746 611 0.35 1.58
Mean 7000 105 0.70 1487 489 0.33 1.48

Mean pronunciation time and mean total reading time (milliseconds per single word), standard deviations and coefficients of variation are reported for typically developing
children and children with dyslexia. The last column reports the dyslexics/controls mean ratio.
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with dyslexia show pronunciation times very similar to those of
control children and also very similar inter-individual variability
(as indicated by both SDs and coeflicients of variations). When
considering total reading times, the groups’ performance ratio
is 1.48, i.e., intermediate between those obtained with the two
measures contributing to total reading time (i.e., vocal RTs and
pronunciation). In particular, this value is much smaller than
the one obtained in the same study in the case of RTs (1.89; see
Table 2A).

We can use the values measured in this study to estimate the
average drop of the mean ratio in the case of total reading time as
opposed to vocal RTs to discrete words. The proportion

1.52:x = 1.89:1.48

where 1.52 is the mean ratio for RTs across studies; and the two
remaining values are the ratios for RTs and total reading time
in the Martelli et al.’s (2014), study, respectively. The proportion
leads to an estimated groups’ ratio of 1.19 when total reading
time of single words is considered. As this is based on a single
study this is clearly a rough estimate of the groups’ ratio for
discrete word presentation. However, it generally indicates that
the difference in groups’ ratios between multiple (1.95) and
discrete (1.52) displays is likely underestimated by the use of RTs
rather than total reading times and is presumably much larger.

Comments

Overall, the results indicate that the RT groups’ ratios are
presumably a high estimate of the groups’ differences in single
word reading, as RTs are only the part of the response that is most
sensitive to the experimental manipulations. If one includes also
the component of pronunciation, which distinguishes minimally
between the two groups, the ratios drop substantially indicating
that the differences in groups’ ratios between multiple and
discrete displays are much larger than those estimated based on
overall text reading on the one side and vocal RTs to words
(as in Table 2) on the other. Indeed, the present computations
indicate a group ratio of 1.95 in the case of multiple displays
(see Table 1) and an overall estimate of 1.19 in the case of
discrete displays (according to the formula above); this is a
quite large difference in size effect. If confirmed by subsequent
studies (it would be interesting that future studies also consider
total reading times in RTs experiments), this pattern of findings
would indicate that efficiency in reading aloud single words
plays only a moderate role in determining the fluency of
dyslexic children when reading texts, which would certainly be
a surprising finding. An important, and generally neglected role
would be played by the other components involved in the reading
task.

Reading Lists of Words

One additional confounding factor when comparing reading
texts with reading isolated words is the presence of contextual
information only in the former, but not the latter, case. So, the
larger group differences in text reading may depend upon a
selective difficulty of dyslexic children to integrate the semantic
context. Indeed, there is reason to consider this hypothesis

unlikely. Children with dyslexia do not show a selective deficit
in comprehending texts at least in the case in which no time limit
is imposed, as in the standard procedure of the MT Reading Test
(Cornoldi and Colpo, 1995). Typically, under these conditions,
dyslexic children show only a mild defect or even an entirely
spared performance (e.g., Zoccolotti et al., 1999). Still, one
could envisage the hypothesis that, at least under conditions in
which both speed and accuracy are encouraged (as it is required
to the children in the standard MT Reading Test), the need
for an ongoing integration of successive pieces of information
may provide an additional burden widening the performance
difference between the two groups.

Information on this question may come from conditions in
which the child is asked to read lists of unrelated words printed
on a page. Under these conditions, no role of context is present
and no need to integrate the meaning of successive information
is required for effective performance. In some of the studies
listed in Table 1 we also used two such tests (Words and Non-
words Reading Test; Zoccolotti et al., 2005, and the word list
from the Battery for the Evaluation of DD and Dysgraphia;
Sartori et al.,, 1995). In the former test four separate measures
are taken for words varying for frequency and length; for the
latter test a single measure is usually reported (based on available
norms).

For four studies, there are data on the Words and Non-words
Reading Test (see Table 3A). Across studies and conditions there
is a ratio of 1.83 (range 1.51-2.26) between the performance of
dyslexic and control readers. This estimate is lower than the one
observed in the case of text reading (1.95) but higher than the
one for single word reading (1.52) particularly if one considers
the need for a correction due to the use of RTs rather than
total reading times. On average, the ratios are slightly higher
for low (1.89) than high (1.77) frequency words, and higher for
long (1.96) than short (1.71) words. As in previous comparisons,
dyslexic children were more variable than typically developing
children, both in terms of SDs (0.74 vs. 0.24, respectively) and of
coefficients of variation (0.47 vs. 0.27, respectively). Comparisons
with the Levene test indicated that the variances of the two groups
were significantly different (with at least p < 0.05) in 14 out of 16
comparisons.

As to the word list from the from the Battery for the Evaluation
of DD and Dysgraphia (Sartori et al., 1995) there are data
available from two of the studies with information on discrete
word reading (see Table 3B). In all studies the ratio between
the performance of dyslexic and control readers was above 2
(mean = 2.62), a value higher than that in the case of text
reading.

Comments

The data available in the case of word lists are fewer than those
on text reading and the results are also somewhat scattered
with higher ratios for the word list from the Battery for the
Evaluation of DD and Dysgraphia (Sartori et al., 1995) than
for the word lists from the Words and Non-words Reading
Test (Zoccolotti et al., 2005). Differences in list composition
probably account for this effect although it is at present difficult
to understand which feature in the list composition is critical
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TABLE 3A | Reading times (s per word) for the Words and Non-words Reading Test (Zoccolotti et al., 2005) from the listed studies.

Typically developing children

Children with dyslexia Groups’

performance ratio

Mean SD Coefficient Mean SD Coefficient
of variation of variation

Spinelli et al., 2005
4-to-5-letter high frequency words 0.76 0.21 0.28 0.97 0.50 0.52 1.27
8-t0-10-letter high frequency words 0.99 0.25 0.25 1.62 0.78 0.48 1.63
4-to-5-letter low frequency words 0.86 0.25 0.29 1.25 0.73 0.59 1.46
8-t0-10-letter low frequency words 1.38 0.47 0.34 2.30 0.90 0.39 1.66
Mean 1.00 1.53 1.51
Zoccolotti et al., 2006
4-to-5-letter high frequency words 0.61 0.18 0.29 0.98 0.43 0.44 1.61
8-t0-10-letter high frequency words 0.78 0.20 0.25 1.61 0.82 0.51 2.06
4-to-5-letter low frequency words 0.69 0.19 0.28 1.25 0.58 0.46 1.82
8-to-10-letter low frequency words 1.09 0.31 0.28 2.31 0.96 0.41 2.13
Mean 0.79 1.54 1.91
Burani et al., 2008
4-t0-5-letter high frequency words 0.68 0.20 0.29 1.04 0.41 0.40 1.53
8-t0-10-letter high frequency words 0.87 0.22 0.25 1.45 0.62 0.43 1.67
4-to-5-letter low frequency words 0.76 0.22 0.28 1.33 0.48 0.36 1.74
8-to-10-letter low frequency words 1.21 0.34 0.28 2.03 0.61 0.30 1.68
Mean 0.88 1.46 1.66
Zoccolotti et al., 2008
4-to0-5-letter high frequency words 0.62 0.13 0.21 1.21 0.76 0.62 1.96
8-t0-10-letter high frequency words 0.80 0.15 0.19 1.96 1.08 0.55 2.43
4-to-5-letter low frequency words 0.73 0.17 0.23 1.66 1.10 0.66 2.29
8-to-10-letter low frequency words 1.18 0.34 0.29 2.82 1.15 0.41 2.38
Mean 0.83 1.91 2.26
Total mean* 0.87 0.24 0.27 1.61 0.74 0.47 1.83 1.83
SD 0.23 0.54

Means, standard deviations, and coefficients of variation for typically developing children and children with dyslexia are reported. The last column reports the

dyslexics/controls mean ratio. *Total means do not include partial means.

TABLE 3B | Reading times (s per word) for the word list from the Battery for the Evaluation of Developmental Dyslexia (DD) and Dysgraphia (Sartori et al.,

1995) from the listed studies.

Typically developing children

Children with dyslexia Groups’

performance ratio

Mean SD Coefficient Mean SD Coefficient
of variation of variation
Judica et al., 2002 0.74 0.30 0.41 1.81 0.81 0.45 2.44
Spinelli et al., 2005 0.74 0.30 0.41 2.07 0.90 0.43 2.80
Mean 0.74 0.30 0.41 1.94 0.86 0.44 2.62
SD 0.00 0.19

Means, standard deviations, and coefficients of variation for typically developing
dyslexics/controls mean ratio.

to yield such outcome. However, data from word lists are
generally in keeping with the idea that reading multiple words
generates greater group differences than reading discrete words.
This occurs in the absence of any contextual effect. Thus, it
appears that the requirement to read a sequence of stimuli
rather than a single one is sufficient to generate a large size
group difference also in the absence of a meaningful semantic
context.

children and children with dyslexia are reported. The last column reports the

It should be added that these data do not allow excluding
the possibility that the context exerts some at least partial effect
in modulating the group differences in reading fluency. To
obtain a definite response on this point would require stimuli
which vary only along the context dimension; e.g., comparing
regular and scrambled matched texts may be instrumental to
clarify this question. In this respect, it should be noted that the
possible direction of such an effect is not obvious. On the one
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side, one could envisage that, since they have generally spared
semantic skills, dyslexic children may actually be favored by the
presence of contextual information. On the other, one could
hypothesize that in a time demanding task the need to online
process the information concerning the syntactic relationship
between words represents an additional burden, which further
dampens performance. Ad hoc research is needed to clarify
this point. However, the present data seem sufficiently clear
to indicate that the need to process multiple stimuli poses
by itself a selective stress on dyslexic children such that their
difference in performance with control readers becomes much
more pronounced than that observed in the case of discrete
displays.

Discussion

Comparing the performance of dyslexic and typically developing
readers in tasks such as reading texts, lists of words and
single words poses challenging methodological questions and the
present data only represent an initial sketch of the complex set of
relationships that may influence reading fluency. Furthermore, it
seems important that the present data should be supported by
additional evidence from other research groups. However, even
the available evidence seems strong enough to conclude that,
at least for Italian language, reading multiple stimuli present a
specific challenge to the dyslexic children at the sixth grade of
schooling indicating that models of reading should incorporate
this aspect (e.g., Zoccolotti et al., 2014). By contrast, up to
date most models of reading are based on the assumption
that the reading process can be explained at the single word
level (Plaut et al., 1996; Coltheart et al., 2001; Perry et al,
2007).

The reviewed data seem sufficiently persuasive to conclude
that group differences (dyslexic vs. typically developing readers)
in reading fluency in the case of multiple word displays are
much greater than differences in the case of discrete word
displays. In fact, as shown above, the difference between the
two sets of data are presumably larger than they appear based
on available data. In the case of discrete stimulus presentations,
typically RTs are presented; this measure extracts the portion of
the response that is most sensitive to the decoding differences.
However, if one considers a measure (total reading time) that
is more similar to that used in text or words list reading, a
much greater difference emerges between discrete and multiple
displays.

Deficits in Multiple Displays

Clear differences in reading isolated words are present between
typically developing and dyslexic readers. However, dyslexic
readers have larger deficits compared to typically developing
readers when they have to deal with multiple displays. Reading in
these conditions requires integration of various sub-components.
While processing the ongoing word, the reader has to perform
some parafoveal analysis of the next word, to program the more
effective landing of the next forward saccade (often skipping
functional words; for a review see Rayner, 2009). The output

of word processing is held in memory in order to effectively
synchronize the pronunciation of the stimulus with the decoding
of the subsequent words (referred to as eye-voice lead; Fairbanks,
1937). Reading under these conditions selectively dampens
dyslexic performance. Thus, it appears that, in understanding the
reading impairment of dyslexic children, one has also to explain
this failure with multiple stimuli and not limit the interpretation
to the deficit at a single-word level.

Why should dyslexic children be selectively impaired in
dealing with multiple visual displays? One can envisage four
possible scenarios.

Firstly, one could consider the text reading deficit as a
cascade effect of the nuclear defect in orthographic decoding.
The deficit might be amplified through the greater complexity,
and henceforth difficulty, involved in text reading. According to
this view, even if the reading deficits for discrete and multiple
displays have different sizes (the latter being greater than the
former), they would essentially refer to the same deranged
mechanism. Within this hypothesis, the deficit with discrete
displays should accurately predict the one with multiple displays.
By contrast, there is evidence that, in accounting for individual
differences in text reading fluency, the performance on rapid
automatized naming (RAN) tasks (Denckla and Rudel, 1974)
increases the variance explained by single word reading in Greek
(Protopapas et al,, 2013) and Italian (Zoccolotti et al., 2014)
readers. This finding is not in keeping with the idea that a
single deficit explains impairments with discrete and multiple
displays.

Second, it is conceivable that, in addition to the decoding
deficit (which is clearly evident also in the present re-analysis),
dyslexic children have a selective deficit in one of the other
reading subcomponents. While it is likely that at least some
of the children may have additional defects, previous attempts
along this line have been generally unsuccessful. For example, as
shown above, articulation deficits are absent (e.g., Martelli et al.,
2014). As for a deficit in the programming and execution of eye
movements as suggested in an early study (Pavlidis, 1981), most
successive evidence has been inconsistent with this hypothesis
(e.g., Brown et al, 1983; Olson et al, 1983; De Luca et al,
1999); i.e., dyslexic children have eye movements comparable to
controls except when dealing with reading material. Further, in
spite of their deranged pattern of eye movements during reading,
impaired readers show an intact mechanism for performing
corrective re-fixations (a mechanism linked to oculomotor
and visual processes not linguistic ones; Gagl et al., 2014).
Although some researchers are still working on the hypothesis
that some selective deficits in eye movements programming or
execution may actually be impaired in dyslexic children (e.g.,
Bucci et al., 2008) this hypothesis seems poorly supported by
evidence. Overall, the available results do not seem strong enough
to account for the large differences in text reading fluency
although it is difficult to reach definite conclusions on this
literature.

A third scenario is to focus on the possible interaction of the
various sub-components underlying multiple word reading with
the reading deficit. Even though none of the sub-components
(apart from orthographic decoding) reveals a selective deficit
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(as envisaged in the case of the second scenario), the presence
of a deficit in orthographic decoding could make the multi-
task management considerably more difficult (De Luca et al,
2013). For example, in this view, dyslexic children would not
be impaired in parafoveal processing per se. However, the need
to process the next (right) word parafoveally to appropriately
calibrate the successive saccade may be hindered by the attention
of the child being fully focused on the ongoing target word
in the troubled attempt to process it. There is some evidence
supporting this view (Yan et al., 2013). Overall, one could posit
that a set of processes, which are in themselves spared, represent
an attention overload due to the presence of a selective deficit
in orthographic decoding. In this interactive view, orthographic
decoding would indirectly dampen text reading fluency as it
may prove difficult to carry out a complex task if one does
not manage well one of the task sub-components (De Luca
et al., 2013). This third scenario does not require any additional
deficit (as in the second scenario) or amplification (as in the
“cascade” first scenario) other than the defect in orthographic
decoding. However, one may imagine that factors, such as divided
attention, may interact with the decoding deficit in modulating
the reading fluency of children with dyslexia. According to this
interactive view (and differently from the cascade view) one
would not expect the single-word decoding deficit to accurately
predict the deficit with multiple words. Furthermore, one would
not expect performance on divided attention tasks and/or
executive tasks to directly correlate with reading. However, one
could put forward the hypothesis that performance on these
tasks may act as suppressor variables allowing for increased
prediction in the case of reading words in multiple (but not
single) displays. Communality analyses may allow the detection
of such suppression effects. Overall, integrating several sub-
components of the reading task may pose an additional, partially
independent, challenge to the dyslexic children (Zoccolotti et al.,
2014).

A fourth scenario to explain the greater fluency deficit of
dyslexic children with multiple than single word displays focuses
on the difference between the experimental conditions used in
the two sets of tasks. In the single condition, the word is abruptly
displayed on the screen; in the multiple conditions, the words
are statically displayed on a sheet of paper (or a PC screen; the
support does not probably make a critical difference). It is well
known that the abrupt onset of a stimulus is perceptually salient,
captures bottom-up attention (Jonides and Yantis, 1988), elicits
prepotent and fast saccades (McDowell et al., 2008), and triggers
fast visual processing up to target identification (indicated by
shorter RTs in search tasks; e.g., Theeuwes, 1994) or word
decoding (indicated by reading rate increment in Rapid Serial
Visual Presentation task; Rubin and Turano, 1992). By contrast,
reading in the static condition of a multiple display implies a
more internally driven visual scanning of the items; saccades (and
decoding) are self-paced and driven by parafoveal pre-analysis
(Schotter et al., 2012). It is likely that these differences between
static and dynamic reading conditions are relevant for the overall
speed of processing. Indeed, the neural network involved in self-
paced and externally triggered movements do not entirely overlap
and have different time constants (Thickbroom and Mastaglia,

1985; Cunnington et al., 2002). Consistently, some recent EEG
(Dimigen et al., 2011, 2012) and fMRI (Choi et al., 2014; Richlan
et al., 2014) studies investigating the neural basis of reading
have privileged the ecological method of sentence reading rather
than single-word reading or rapid serial visual presentation.
In this perspective, single word presentation may facilitate
reading processing by automatic recruitment of attention and
by providing an external pacing of the reading activity; this
facilitation might be particularly advantageous (in terms of
speed) for dyslexic children with respect to typically developing
readers. Some authors described the “sluggish” attention (Hari
and Renvall, 2001) of dyslexic children. This defect would be
partially overcome by abrupt presentation of stimuli. In other
terms, an externally triggered onset of the target word would
make the reading of dyslexic children more “automatized”, that
is, more similar to the reading of typically developing readers.
Consequently, the difference between groups would be less
marked in the case of single stimulus displays. The very high
correlation between text reading and individual speed in RAN
tasks (where multiple color patches or objects have to be named)
but not in single color naming (when the color patch is abruptly
displayed on the screen) may be seen as supporting this line of
interpretation (Georgiou et al., 2013). To test this hypothesis, it
may prove instrumental to compare reading of multiple word
displays in conditions in which the observer is requested to
read words at his/her own self-pace or some external abrupt
cue (such as a bar underlining the target word) introduces an
imperative stimulus in the display. Reading under externally
paced conditions is expected to yield smaller group differences
between dyslexic and control readers.

The present evidence is still too sparse to definitively choose
among these alternatives. However, some facts seem clear. In
particular, the lack of a strong correlation between performance
on discrete and multiple displays (de Jong, 2011) is inconsistent
with the first “cascade” scenario. Also, the search for selective
deficits in eye movements programming and execution has yet
proven unsuccessful making also the second scenario unlikely.
However, the last two scenarios seem promising venues for
future research; some possible hypotheses worth testing have
been outlined.

Group Differences in Reading: Linear-Additive
versus Multiplicative Models

As compared to typically developing children, dyslexic readers
are not only much slower but also considerably more variable
in their performance. This is indicated by much greater SDs
and coefficients of variation. Thus, greater variability goes
even beyond what might be anticipated on the basis of an
increase in the mean performance. Multiplicative models may
account for this pattern more effectively than linear additive
models.

One such model is the RAM proposed by Faust et al.
(1999). Accordingly, performance depends multiplicatively by
an individual factor (the rate at which the individual processes
information) and by a task related factor (the difficulty of the
given experimental condition referred to as “amount”). Along
this reasoning, performance on a given condition does not
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merely express the specific ability to deal with a given specific
condition but also depends upon more general factors such as
the global ability of the individual to process information and
the general difficulty of the task (over and above the specificity of
the experimental condition). Note that this perspective generally
indicates a situation often referred to as “task impurity”™: i.e.,
there is a lot more in the performance in any given task than
the specific process which is intended to probe. To express
the rate factor in DD we have referred to a global factor in
orthographic pre-lexical processing. In this view, individuals have
a characteristic speed in processing orthographic materials which
influences all conditions and tasks which require to visually
process orthographic strings of letters. So, this factor is global in
the sense that is not condition-specific but it affects all conditions
within the orthographic domain (such as naming long and short
words, high and low frequency words, naming non-words, lexical
decision). However, it is not to be intended as “general” as it
does not apply to task in which other types of stimuli are to be
processed (e.g., naming objects; Zoccolotti et al., 2008) or word
stimuli are to be processed in a sensory modality different from
the visual one (i.e., with auditory presentation; Marinelli et al.,
2011).

The present analyses indicate that the multiplicative nature
of the difference between dyslexic and typically developing
readers is well captured by ratios while it is not well accounted
for by effect size measures (such as Cohen’s d) within the
parametric linear additive perspective. In this context, ratios
present advantages but also limitations. The main advantage is
that they allow to quickly compare performances in otherwise
disparate conditions, which would be difficult to compare within
the rather selective requirements of models which aim to account
for individual differences in performance in timely tasks. Here,
we showed that the ratios for reading performance in the
case of multiple visual displays are considerably higher than
those for reading performance in the case of single visual
displays.

An important limitation of using the ratio is that this value
indicates an overall relationship between the performances of
the two groups. By contrast, an attempt of models such as
the RAM, the DEM or the diffusion model is to distinguish
between different components of the response. So, according
to Myerson et al. (2003) one could separate a decisional and
a non-decisional part of the response (and clear predictions
are put forward to tease out these two components of the
response). Based on these predictions, Martelli et al. (2014)
showed that it was only the decisional component of the
response which contributed in generating the group differences
in performance. Using a lexical decision, a similar conclusion
was reached by Zeguers et al. (2011) who, based on a
diffusion model analysis, observed no difference between dyslexic
and control readers in the non-decision components of the
RTs. Indeed, the diffusion model makes a step ahead and,
beyond the distinction between decisional and non-decisional
components, is also able to account for the possible modulating
role of criterion (or “conservatoriness”) in mediating the
group differences (Ratcliff, 1978). However, also in this case,
experimental conditions are constrained within rather strict

requirements and it is not immediately apparent how group
differences in multiple versus single stimulus displays could be
examined within the experimental requirements envisaged by
these models.

Empirically, it may be instructive to examine whether ratios
capture effects in ways which are more or less compatible
with the more tuned analyses performed in relationship with
the above mentioned models. To test the possible presence
of selective effects over and beyond the effect of the global
factor in orthographic processing in a number of studies we
referred to the RAM (Faust et al., 1999). This proposes a
number of data transformations (including an individually
based z-score transformation) which allow obtaining condition
measures stripped off the effect of the global factor'. This
transformation allows distinguishing between group by condition
interactions which can be entirely ascribed to an over-additivity
effect and those in which a residual, selective effect of a specific
experimental variable is detectable. In several experiments we
found that, if one examines raw RT data, dyslexic children
show larger frequency effects than control readers. However, if
one controls for the effect of the global factor by normalizing
data over individual subjects as suggested by Faust et al.
(1999), the group by frequency interaction disappears (Paizi
et al, 2013). By contrast, in a number of studies we found
that the effect of stimulus length was detected even after
accounting for the effect of the global factor (e.g, Zoccolotti et al.,
2008).

When we re-examine the results of these experiments by
using ratios it is clear that frequency plays no detectable role in
the case of RT studies (see Table 2) and a very limited role in
the case of total reading times (Table 3A). By contrast, length
exerts a very clear impact on ratio values in the case of RT data
(Table 2) and some influence also in the case of total reading
times (Table 3A). Therefore, it appears that, although results in
terms of ratios represent less sophisticated measures of group
differences than those that may be obtained with reference to
models such as the RAM or DEM they yield a pattern of results
which is generally consistent with that obtained with reference
to these models. This reinforces the idea that the large difference
in ratios between discrete and multiple displays is a genuine
phenomenon, not one derived from the adoption of such a
measure.

In conclusion, the idea that group differences in reading
do not easily fit with linear additive models has indeed
widespread implications. Nearly all the literature on reading skills
uses parametric analyses based on linear additive assumptions.
When deviations from normality are detected, appropriate data
transformations (such as log transform in the case of RTs or
speed, as opposed to time, measures in the case of texts) are
used. Furthermore, it is generally held that results from ANOVAs
are generally quite robust, in that they are not very sensitive

!The formal limits of using a ratio (or proportion) transformation have been
discussed by Faust et al. (1999). Essentially, as this transformation identifies an
overall relationship between two measures the results would be identical to those
of using transformations, such as the z score or regression transformations, only
in the case in which the additive constant (i.e., the intercept) of the relationship is
null.
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to deviations from normality. So, we certainly do not wish to
claim that all results in the literature are faulty or unreliable.
Rather, we would like to make the general point that it seems
unfounded to try to explain by means of linear additive models
differences which are clearly multiplicative. If seen within a linear
additive model group differences are prone to be sensitive to
over-additivity effects, i.e., more difficult conditions will generate
larger group differences over and above the influence of a specific
experimental manipulation. By contrast, examining the group
differences from the perspective of multiplicative models (such
as the RAM) may potentially allow separating the different
factors that contribute in generating individual differences in
performance.

Conclusion

Children with dyslexia show a clear impairment in reading words
when they are singly presented (and vocal RTs are measured). In
particular, they are both slower and considerably more variable
than typically developing readers. This pattern of results is
consistent with the idea that the deficit is best expressed in
terms of a multiplicative rather than additive difference. Thus,
an effective way to describe the group difference is with the use
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