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Abstract

More and more children with dyslexia progress in their school curriculum to col-
lege, raising interest in examining the characteristics of reading disorders in adult-
hood. In the present study, we investigated the reading abilities of Italian college
students with dyslexia, examining vocal reaction times (RTs) in reading single
words. We presented the entire set of words from the Varless database, considering
several psycholinguistic variables, such as length, contextual rules, N-size, word
frequency, and stress. Given the baseline differences between controls and adults
with dyslexia, we carried out analyses of both raw RTs and z-transformed data to
control for the presence of the over-additivity effect. We examined 23 adults with
dyslexia and 30 controls. Results indicated a general slowing compared to control
readers. This slowing was well described by a single global factor, in keeping with
the difference engine model’s (DEM) predictions. Students with dyslexia were more
sensitive to the influence of length and frequency; however, these interactions van-
ished in the z-transformed analyses, indicating that they were due to over-additivity.
A similar pattern was present in the case of stress assignment, one form of ortho-
graphic inconsistency in Italian. There were subtle differences between the two
groups of subjects for a few psycholinguistic parameters. Despite prolonged school
attendance, college students with dyslexia still show marked RTs slowing across
various word stimuli. A global factor accounted for most (although not all) of the
results when using analyses capable of controlling for over-additivity.
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Introduction

Developmental dyslexia is a lifelong disorder that persists into adulthood. Individu-
als diagnosed with dyslexia in childhood typically continue to experience reading
difficulties throughout their lives (e.g., Hatcher et al., 2002; Conti-Ramsden et al.,
2009). In a very long follow-up study, literacy deficits were still present 44 years after
the diagnosis (Maughan et al., 2009).

The phenomenon is of interest for several reasons. Firstly, individuals with dys-
lexia are at risk of school underachievement or dropping out (e.g., McLaughlin et
al., 2014; Olofsson et al., 2015; Eloranta et al., 2019; Tops et al., 2020). Moreover,
educational failure can lead to unemployment (e.g., Caspi et al., 1998; Eloranta et al.,
2019), lower job satisfaction (such as lower wages and fewer promotions; Witte et al.,
1998), and subsequent psychological, economic, and social problems (Gerber, 2012;
Watson & Boman, 2005; Iaia et al., 2024).

In the last years, more and more individuals with dyslexia attend university (for
example, in Italy, students with learning disabilities constitute 2.2% of the college
population; Borgonovi et al., 2022). The few studies focusing on adults with dyslexia
found lower performance, compared to control readers, in word and pseudoword
reading (particularly in terms of reading speed), as well as in writing, naming speed,
phonological processing, verbal memory, and vocabulary (for a study on Spanish see
Suarez-Coalla & Cuetos, 2015; for a review see Reis et al., 2020). Despite ongoing
reading difficulties (Eloranta et al., 2019), young adults with dyslexia may develop
multiple compensation strategies based on the development of the orthographic lex-
icon or the capacity to use the semantic context to partially compensate for their
decoding difficulty (Miller-Shaul, 2005; see also Corkett & Parilla, 2008). Addition-
ally, particularly in languages with consistent orthographies, years of reading practice
may enhance the efficiency of sublexical reading, potentially compensating to some
extent for the reading deficit (Kemp et al., 2009; Afonso et al., 2015).

The development of compensatory mechanisms over time may significantly alter
the reading impairment of adults with dyslexia compared to children with dyslexia.
However, there is still a lack of research on the reading characteristics of adults
with dyslexia, which limits our understanding of the long-term implications of read-
ing difficulties in adulthood. Furthermore, research has focussed more on irregular
orthographies such as English or Hebrew (Breznitz, 2002; Bruck, 1990; Lefly & Pen-
nington, 1991; Shaywitz et al., 1999). By contrast, there is limited research on the
reading profiles of adults with dyslexia in transparent orthographies. Individuals with
dyslexia who read and write in transparent orthographies exhibit less severe defi-
cits in accuracy of word recognition than those who have learned to read in more
opaque orthographies but similar and severe deficits in terms of reading speed (Reis
et al., 2020). This pattern indicates that reading slowness represents a critical issue
for adults with dyslexia across all orthographies. In a similar vein, in a meta-analysis
of studies on reading tasks and cognitive domains, Carioti et al. (2021) reported an
interaction between age and orthography affecting word reading accuracy, and a sig-
nificant main effect of age on pseudoword reading accuracy, but no effect of age
or orthographic depth on reading speed. These results corroborate previous cross-
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linguistic studies indicating slow reading as a marker of dyslexia in more transparent
orthographies (e.g., Goulandris, 2003; Nergard-Nilssen & Hulme, 2014).

Reading speed continues to improve well beyond the age at which reading accu-
racy reaches a plateau, which occurs relatively early in Italian (the language object of
the present study) after approximately three years of reading experience (Zoccolotti
et al., 2009). This improvement continues into adulthood, indicating that reading
represents a unique case of over-learning, where speed enhancements can still be
observed after 15 years of reading experience (Carver, 1992; Brysbaert, 2019). This
makes reading speed a reliable indicator for distinguishing between dyslexic and
control readers, regardless of age and type of orthography (Reis et al., 2020; Carioti
etal., 2021).

An effective paradigm to investigate the speed deficit in dyslexia in regular
orthographies is measuring vocal reaction times (RTs) in word naming (i.e., time
taken to initiate reading the stimulus). There is a consolidated tradition on the gen-
eral characteristics of this measure (e.g., Wagenmakers & Brown, 2007) and on its
efficacy to evidence the factors underlying visual word recognition (for a review see
Yap & Balota, 2015). In particular, this paradigm allows for examining the impact
of various psycholinguistic variables on sublexical reading (such as word length and
orthographic complexity) and lexical reading (including word frequency and neigh-
bourhood density, N-size) both in opaque orthographies, such as English (Yap et al.,
2012) or French (Bonin et al., 2018) and transparent orthographies, such as Spanish
or Italian, (Barca et al., 2002).

Studies on Italian students with dyslexia suggest the following: (1) individuals
with dyslexia demonstrate a more marked effect of word length, with longer words
resulting in longer RTs, i.e., index of significant reliance on sequential decoding, a
characteristic observed not only in children during the early stages of reading devel-
opment (Zoccolotti et al., 2005) but also in sixth- and seventh-grade children with
dyslexia (De Luca et al., 2008; Judica et al., 2002; Spinelli et al., 2005; Zoccolotti
et al., 1999); (2) children with dyslexia generally show overall slower RTs across
all reading conditions tested, including words varying for frequency and length or
nonwords varying for frequency and pronounceability (e.g., Zoccolotti et al., 2008;
Marinelli et al., 2014). This slowness points to a non-task-specific, or “global”, factor
contributing to the observed group differences.

Various models aim to account for the role of global components in group dif-
ferences related to overall processing speed (such as young and old adults). Here,
we refer to two such models: the different engine model (DEM) by Myerson et al.
(2003) and the rate-and-amount model (RAM) by Faust et al. (1999), as they provide
interesting complementary predictions to be tested. According to the DEM (Myerson
et al., 2003), there is a nearly linear relationship between condition means and the
corresponding standard deviations (SDs), such that slower conditions are associated
with larger interindividual variability. Note that this relationship indicates a system-
atic deviation from the homogeneity of variance assumption, which underlies the use
of parametric statistics (such as ANOVAs). The relationship between means and SDs
represents a key rule or law (see also Wagenmakers & Brown, 2007). Critically, the
model predicts that this relationship is invariant across groups with different overall
processing speeds (young and old adults in the original analyses by Myerson et al.,
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2003). A further prediction is that the condition means of a given (slow) group (e.g.,
older individuals) will be linearly related to those of a (faster) group (e.g., young
adults), indicating a global factor accounting for the slowness difference (expressed
quantitatively by the slope of the linear regression). These tests allow for the detec-
tion of global components in generating differences between target groups.

While a global factor may account for differences across several experimental
conditions, this does not necessarily imply that all conditions contribute to such a
factor. Thus, in several studies, we observed that children with dyslexia are homo-
geneously delayed across all word and nonword reading conditions (e.g., Zoccolotti
et al., 2008; Martelli et al., 2014); however, in the presence of pictorial stimuli (Zoc-
colotti et al., 2008; De Luca et al., 2017) or single letters/bigrams (De Luca et al.,
2010), group differences vanished or were very small. So, according to the DEM,
the “domain” to which the global factor applies needs to be empirically determined
(Myerson et al., 2003).

When two groups vary by some general speed factor, one expects larger group dif-
ferences under more difficult conditions (and smaller group differences under easier
conditions) over and above the specific effect of a given experimental manipulation
(over-additivity effect). Therefore, over-additivity can modulate interactions between
groups and conditions when two groups differ in general ability (Faust et al., 1999),
as in the case of children with dyslexia and control readers. According to the RAM
(Faust et al., 1999), this effect can be controlled using various data transformations,
including the intra-individual z-score transformation. When we examined the greater
length effect shown by children with dyslexia following the procedure outlined by
Faust et al. (1999), we observed that children with dyslexia still showed a greater
length effect than control children, although the group difference was considerably
smaller once over-additivity was considered (Zoccolotti et al., 2008; De Luca et al.,
2010). In RAM’s perspective, word length emerged as a specific factor accounting
for the group difference over and above the general slowness exhibited by children
with dyslexia.

In addition to word length, studies using vocal RTs examined various lexical
effects in Italian children with dyslexia. They reported greater frequency effects in
children with dyslexia than in controls (Barca et al., 2006; Marinelli et al., 2013).
However, when examined using z-transformed scores, children with dyslexia showed
a frequency effect like that of control children (Paizi et al., 2013), indicating the influ-
ence of over-additivity on this pattern of findings. Consistent findings were observed
for lexicality: children with dyslexia showed larger lexicality effects in raw data but
not when over-additivity was controlled for (Paizi et al., 2013). Moreover, other lexi-
cal effects in reading were present in Italian children with dyslexia. For instance,
they showed greater facilitation than controls in reading low-frequency words with
a large N-size (Marinelli et al., 2013), indicating they benefitted from lexical activa-
tion spreading from dense neighbourhoods. Notably, this effect was evident in the
z-transformed data analysis, indicating independence from the over-additivity effect.

Studies examining stress assignment are also in line with research showing that
children with dyslexia are sensitive to the lexical quality of the stimulus. In Ital-
ian, most three- and four-syllable words have stress on the penultimate syllable,
considered the dominant (or regular) stress pattern. However, a smaller proportion
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of polysyllabic words have stress on the antepenultimate syllable, considered the
non-dominant or irregular stress pattern. This disproportionate distribution of stress
assignment in Italian can be seen as a source of irregularity, as in deeper orthogra-
phies like English (Colombo, 1992). So, stress assignment is lexically determined
(i.e., not marked or rule-based), although readers also rely on distributional proper-
ties such as word endings (stress neighbourhood) to aid lexical processing (Burani
& Arduino, 2004). In line with studies on lexical effects, children with dyslexia did
not exhibit more regularisation errors than control children, with stress assignment
largely influenced by the composition of the stress neighbourhood: words with many
stress friends were read more accurately than words with many stress enemies, irre-
spective of the dominant or non-dominant stress pattern (Paizi et al., 2011b). This
finding indicates that children with dyslexia are sensitive to the distributional proper-
ties of the language (Paizi et al., 2011a). Note that accuracy is a sensitive measure of
performance among children due to the substantial proportion of stress errors with
polysyllabic words even in an orthographically regular orthography. However, one
may expect RTs to be sensitive in detecting the effect of stress dominance (as will be
done in the present study), even though, to date, this test has not yet been done (as in
children, the population tested so far, manipulations involving stress assignments are
typically associated with relatively high proportions of errors; Paizi et al., 2011b).

Interesting data on lexical reading effects in children with dyslexia have come
from a different paradigm, such as the orthographic judgment task (Marinelli et al.,
2009, 2020; Angelelli et al., 2010). This task (in addition to the study of vocal reac-
tion times) is particularly well-suited to assess lexical reading processes in languages
like Italian, which has relatively few written-to-oral inconsistencies. Children with
dyslexia showed difficulties in detecting pseudo-homophones, suggesting a greater
reliance on sublexical processing. However, like typically developing children, they
also displayed a frequency effect, with high-frequency words being judged more
accurately than low-frequency ones. The difficulty with low-frequency words was
interpreted as a deficit in lexical expansion, reflecting a smaller set of orthographic
representations in the lexicon compared to children without dyslexia.

Overall, data on lexical properties derive from different experimental paradigms
and reveal a complex pattern of findings. Children with dyslexia are sensitive to
lexical parameters, including frequency, lexicality, and N-size. Indeed, they even
show an advantage from lexical activation spreading from dense neighbourhoods
where control children do not presumably need it (Marinelli et al., 2013). However,
there is also evidence that the orthographic lexicon may be less developed (fewer
orthographic representations in the lexicon than in typically developing children)
and that they may be less able to use lexical information efficiently based on context
demands. In a study examining the influence of list context on word frequency and
length effects, Paizi et al. (2011a) observed that controls showed a list context effect
for high- and low-frequency words. In contrast, children with dyslexia showed a list
context effect only for high-frequency words, indicating inefficiency in activating
entries in the orthographic lexicon as a function of context demands. Finally, evi-
dence on stress assignment suggests that children with dyslexia may be sensitive to
the statistical properties of the language, which may help them partially compensate
for their lexical deficiencies (at least in some conditions).
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In the present study, we investigated the reading abilities of Italian adults with
dyslexia using the vocal RT paradigm to understand the factors influencing the mag-
nitude and severity of their reading impairments in a consistent orthography. Two
key issues arise when assessing the performance of young adults. First, reading speed
continues to improve over an extended period (beyond 15 years of practice). There-
fore, it is important to examine whether reading slowness persists in adults with dys-
lexia. Relatedly, we wished to examine whether the expected reading slowness of
adults with dyslexia would be comparable to that of younger children with dyslexia
(see method for details on this comparison). Second, as overall performance can
influence the magnitude of psycholinguistic effects, it is crucial to determine whether
sublexical and lexical psycholinguistic variables exert a specific or merely spurious
effect (due to over-additivity) in adults with dyslexia.

We considered several psycholinguistic variables: length, contextual rules, N-size,
word frequency and stress. We examined the possible role of a global factor in
accounting for the group differences by testing the critical predictions of the DEM
(Myerson et al., 2003). Given the baseline differences expected between controls and
adults with dyslexia, we carried out analyses of both raw RTs and z-transformed data.
Following the RAM (Faust et al., 1999), the interactions with the group factor signifi-
cant in both the analysis of raw scores and z-transformed scores indicate the specific
influence of a particular variable. In contrast, interactions significant only in the anal-
yses of raw data but not in those with z-transformed values, indicate spurious effects
due to over-additivity. Overall, this approach helps to distinguish genuine from spuri-
ous effects, providing a clearer understanding of underlying reading deficits.

Method
Participants

The participants were 23 Italian college students with dyslexia (9 M, 14 F) with
a mean age of 23.39 years (SD=2.85). The recruitment was carried out through a
screening project in which participants voluntarily completed a standardized risk
questionnaire (Vinegrad Plus; LCS SUA Montesano et al., 2020). All individuals
who scored above the threshold on the risk assessment were invited to participate to
the study.

The selection criteria for inclusion in the dyslexic group were: (i) a reading delay
on a standardised passage reading or word and nonword reading test (at least 1.65
SDs below the mean of the normative sample for reading speed or accuracy in the
LSC-SUA reading tests; Montesano et al., 2020; see the following paragraphs); (ii)
and an IQ in the normal range (i.e., Full-Scale Intelligence Quotient (FSIQ)>85, as
measured by the Wechsler Intelligence Scale for Adults-IV (2008); normative Italian
data by Orsini & Pezzuti, 2013).

The reading comprehension was also evaluated, by administering the written com-
prehension test from the same battery, in order to have an index of functional reading.
All subjects performed within the norms compared to the normative reference values.
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All study participants were evaluated at the time of the experiment for their cogni-
tive, reading, and spelling abilities upon enrolment by our psycho-diagnostic service
at the University of Salento, ensuring that the profiles described in the study are up to
date. Comprehensive anamnestic data, including educational background, family his-
tory of learning disorders, and perceived challenges in daily literacy activities, were
also collected to integrate the psychometric data.

Notably, thirteen participants had received a diagnosis of dyslexia before entering
college, some as early as primary school and others during middle or high school; for
the other eleven, the diagnosis was made at the time of college admission. All sub-
jects were assessed at the time of enrolment in the study, independently of whether
they had a previous dyslexia diagnosis or not.

Thirty college students (15 M, 15 F), 20-30 years of age (mean age=22.8,
SD=2.43), participated in the experiment as control subjects. All control subjects
performed within the norm for both reading speed and accuracy in both reading tests
and had an intelligence level in the normal range.

Table 1 reports the demographic characteristics, cognitive scores, and perfor-
mance on reading tasks for both dyslexia and control groups, including means and
standard deviations for raw and standardized (z) scores based on standard reference
data. The two groups did not differ significantly in age. However, they differed in
Full-Scale Intelligence Quotient (FSIQ; t=3.39; p=0.001), with the control group
showing higher scores, whereas no significant group difference emerged in the Gen-
eral Ability Index (GAI; t=1.35; n.s.). Given that the FSIQ is often influenced by
working memory and processing speed -domains commonly impaired in individuals
with dyslexia and other neurodevelopmental conditions- the GAI may represent a
more reliable estimate of overall cognitive ability in this population (Scorza et al.,
2023; Theiling & Petermann, 2016).

As expected, participants with dyslexia demonstrated significantly lower perfor-
mance compared to controls in reading fluency and accuracy across all tasks except
for reading comprehension, where no significant differences emerged between groups.
In the passage reading task, control participants read significantly faster than those
with dyslexia (t=12.01, p<0.001). Moreover, dyslexic participants made consider-
ably more errors than controls in the same task (t = -8.60, p<0.001). These group
differences were even more pronounced in the single-word and nonword reading
tasks. In the single-word reading task, individuals with dyslexia were significantly
slower (t=4.98, p<0.001) and less accurate (t = -4.60, p<0.001) than their typically
developing peers. A similar pattern emerged in the nonword reading task, where dys-
lexic participants exhibited reduced speed (t=2.00, p<0.05) and higher error rates
(t=3.83, p<0.001) compared to controls.

Materials
Reading assessment

The reading level was assessed by a standard reading achievement battery (LSC-
SUA, Montesano et al., 2020). The battery comprises a meaningful passage reading
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test, a single-word and non-word reading test and a reading comprehension test. Fol-
lowing is a synthetic description of the reading battery.

Reading assessment: passage reading

The test consists of a text passage (“Floripa”) based on content with which all partici-
pants may have relatively low and similar familiarity. This would include words of
different frequency and linguistic complexity, sentences of similar length and struc-
ture to those typically encountered by an adult, and rare, and presumably unfamiliar,
terms that necessarily require the use of sublexical processes (such as Floripa, Flo-
rianopolis, Cananvierias and Lagoa, all names of places). The passage is 593 syl-
lables long. Participants were asked to read the text aloud. The dependent measures
were reading speed (time in sec/number of syllables read) and accuracy (number of
errors adjusted for text read) were measured. The normative data refer to 667 students
(Montesano et al., 2020).

Reading assessment: word and nonword reading

The test consists of lists of words and non-words to read aloud as accurately and
quickly as possible. There are four-word lists, each of 28 stimuli: (1) short high-
frequency words, (2) short low-frequency words, (3) long high-frequency words, and
(4) long low-frequency words. There are two non-word lists, also consisting of 28
stimuli each. The non-words are derived by syllabic permutation of a subset of words
constituting the word lists. They are divided into (1) short non-words, made up of 2/3
syllables; (2) long non-words, made up of 4 syllables. Speed and accuracy param-
eters are considered for both words and non-words. Speed is assessed in syllables
per second (for words: the sum in seconds of partial times obtained from the four
lists divided by the 352 syllables that make up the word test; for nonwords: the sum
in seconds of partial times obtained from the two lists divided by the 176 syllables
that make up the nonword test). For the accuracy parameter, one error is awarded for
each omitted or incorrectly read word or nonword. The normative data refer to 667
students for words and 666 for non-words (Montesano et al., 2020).

Reading assessment: comprehension

The text comprehension was assessed with the Passage A (“The Atlantis of the Adri-
atic”). The student silently reads the text without a time limit, followed by 14 mul-
tiple-choice questions with four alternatives. The questions vary in type, including
both general-inferential and specific questions. The accuracy parameter is consid-
ered: one point of error is awarded for each correctly answered question. The norma-
tive data refer to 552 students (Montesano et al., 2020).

Experimental reading task

Computerised reading-aloud tests were performed on words reported in the Var-
less 2 database (Burani et al., 2015; http://www.istc.cnr.it/it/grouppage/varless2), a
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database of 626 morphologically simple, 4-9 letters long Italian singular nouns, not
ambiguous for grammatical category or meaning. Several psycholinguistic factors
are considered for these nouns, including the age of acquisition (AoA), familiarity,
imaginability, concreteness, word frequency, number of neighbours (N-size), fre-
quency of bigrams, length, stress, and visual confusability.

The computerised reading-aloud test envisaged individually presented words pre-
sented through the SuperLab software. After a fixation point lasting 750 ms, words
were displayed in the centre of the computer screen. The stimulus remained on the
screen until uttered by the subject. Each letter (in the Verdana 42 font) extended
0.4 cm horizontally (or 0.4 deg). The experimenter manually scored errors with the
support of an audio recorder. Self-corrections were considered errors. Vocal RTs of
incorrect responses were not analysed.

Data analysis on vocal RTs

Initially, false, missing, and incorrect responses were identified and excluded from
the analysis. We considered RTs of less than 300 ms as missing data, accounting for
approximately 1.06% of the total data points.

Test of global components

We first examined the presence of global components within the data, as postulated
by the DEM (Myerson et al., 2003). Specifically, the model predicts that the standard
deviations of various conditions will be nearly linearly related to the corresponding
means of those conditions (see Eq. 7, p. 271; Myerson et al., 2003). Based on the
DEM, we anticipated that this linear relationship would hold for two groups differing
in global responding speeds. One important implication of this relationship is that it
enables us to separate two components - referred to as compartments by Myerson et
al. (2003) - of overall response times: a sensorimotor (or peripheral) and a cognitive
(or central) compartment. The DEM predicts the sensorimotor compartment as a con-
stant value (indicated by the intercept on the x-axis of the relationship between means
and standard deviations) and invariant across groups with differing global responding
speeds. The predictions made by the DEM relate to discrete manipulations conducted
within an experiment. However, in our current study, the psycholinguistic parameters
varied continuously across the stimuli. To test the hypothesis of the DEM, we divided
the data distribution into approximate deciles, which allowed for more data points
and improved the accuracy of our estimations.

Additionally, we examined by a Brinley plot the DEM’s prediction that the condi-
tion means for the slower group (adults with dyslexia) would be linearly related to
those of the faster group (controls) (Myerson et al., 2003). The slope of the linear
regression in the plot reflects the degree of slowness in the slower group (Myerson
et al., 2003).
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Test of psycholinguistic variables

A linear mixed-effects model with intercepts and psycholinguistic variables was
applied. We carried out two sets of analyses.

In the first set, conducted on the entire stimulus set of the Varless, we analysed
the effects of group, length, contextual rules, N-size, and word frequency factors,
along with their interactions, on vocal RTs. We treated these factors as fixed effects
and items and participants as random effects to account for deviations in the slopes
of the fixed effects.

In the second set, we aimed to evaluate the effect of stress (penultimate vs. antepen-
ultimate syllable) on vocal RTs. Note that disyllabic words have their stress always
on the penultimate syllable; thus, we carried out the analyses on a database from
which disyllabic words were excluded (277 out of 626 words). This model assessed
the influence of group and stress, considering the effect of word frequency and their
interactions and items and participants as random factors. In all these analyses, in the
case of continuous variables (e.g., length, frequency, N-size), the program provides
the means of the tertiles.

For both types of analyses, we conducted separate mixed linear model analyses
on vocal RT raw data (r) and RT z-transformed data (z). Raw data were transformed
into z-scores by taking each individual’s condition means, subtracting their overall
mean and dividing it by the SD of their condition means (therefore, each individual
has an average of 0 across conditions and an SD of 1). This transformation re-scales
individual performances to a unique reference; hence, it allows controlling for global
components while it preserves the information regarding individual variability across
experimental conditions. According to Faust et al. (1999), this z-score transformation
allows for examining the role of specific factors while controlling for global compo-
nents, such as over-additivity. Presenting the results of these two types of analyses
together will help highlight which main effects and group-by-condition interactions
are genuine and which point to an over-additivity effect.

Computation of the absolute RTs difference between groups

Finally, we examined the absolute RTs difference between the two groups of subjects.
According to the DEM (Myerson et al., 2003), the overall response time includes
both the sensorimotor (or peripheral) compartment (expected to be invariant across
groups) and the portion of the response connected to the cognitive (or central) com-
partment. Therefore, as group differences in raw RT values reflect the combination of
a portion of the response sensitive to the group difference (cognitive compartment)
and one expected to be constant (sensorimotor compartment), we expected group
differences to be diluted compared to the outcome of procedures (such as the Brinley
plot) which can isolate the cognitive component of the response.

In a previous re-analysis of several studies (see Zoccolotti et al., 2015) to compare
dyslexic and control individuals, we calculated the ratio of the absolute RTs between
the two groups. We found this measure to be more appropriate for assessing effect
size given that the data violate the assumption of homogeneity of variance, as partici-
pants with dyslexia exhibit significantly greater variability than control participants.
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These data are presented alongside those from the developmental data by Zoccolotti
et al. (2015) to provide a preliminary index of the stability of the reading deficit.

Results
Test of global components

The plot between decile means and standard deviations is presented in Fig. 1. An
inspection of the figure indicates some main findings:

— Asexpected by the DEM (Myerson et al., 2003), standard deviations tend to grow
systematically with increasing decile means.

— Data for both controls and adults with dyslexia are well described by a single re-
lationship, best captured by a second-order polynomial, which accounts for 99%
of the variance (consistent with Eq. 7, from Myerson et al., 2003).

— Alinear regression explains the data less well (y=0.37x—158.4; R2=0.95). How-
ever, the linear regression parameters are useful to test additional predictions of
the DEM (Myerson et al., 2003).

— In particular, the model states that the intercept of the linear regression on the x-
axis (here, 428.1 ms) represents an estimate of the sensory-motor compartment

300 r ‘
y =0.0003x2—0.10x +9.16
R?=0.99
250 |
" 200 r + Adults with dyslexia
=
O . = Controls
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©
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0 . ‘A, . . i i
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Fig. 1 Plot between the decile means and corresponding inter-individual standard deviations. The as-
terisk marks the intercept on the x-axis of the linear regression (not shown) between the two sets of data
(which represents an estimate of the sensorimotor component of the response according to the DEM)
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accounting for the peripheral component of the response.

— Further, the slope of the linear regression (i.e., 0.37) represents an estimate of the
degree of co-variance between means and SDs; in particular, the DEM posits that
it represents an estimate of the average inter-correlation among processing stages.

The Brinley plot between the data of controls and adults with dyslexia is presented in
Fig. 2. An inspection of the figure indicates a few major findings:

— As expected, the data points are all above the diagonal line marking the iso-
performance, i.e., the decile means of the adults with dyslexia are systematically
slower than those of the control group, as indicated.

— The decile means of the group of adults with dyslexia increase linearly as a func-
tion of the decile means of the control group; this regression accounts for a large
proportion of variance (R?=0.98).

1200
y = 2.47 x—580.4 °
R?=0.98 ‘
1000
»
800 | .
o
@
]
&)
®
600 | 4

Adults with dyslexia

400 7'3

200

0 1 1 1 1 1 )
0 200 400 600 800 1000 1200

Controls (means ms)

Fig. 2 Brinley plot between the decile means of the controls and those of the adults with dyslexia. The
diagonal marks the iso-performance reference of the two groups. According to the DEM (Myerson et
al., 2003), the intercept of the regression on the diagonal (asterisk) marks the sensorimotor component
of the response (invariant across groups)

@ Springer



F. Vizzi et al.

— According to the DEM (Myerson et al., 2003), the intercept of the regression on
the diagonal represents an estimate of the peripheral sensory-motor compartment;
note that, as expected, the observed value (394.8 ms) is similar to that of the
means-SDs plot, as predicted by the DEM (Myerson et al., 2003).

— The slope of the linear regression (2.47) indicates a rather severe impairment,
i.e., that the cognitive part of the response is delayed 2.47 times in adults with
dyslexia compared to controls.

Comment

The results indicate a clear presence of global components in the data, consistent
with the predictions of the DEM (Myerson et al., 2003). Further, the empirical
parameters observed (in terms of the slope of the linear regression of the Brinley plot
and the intercept marking the sensorimotor component of the response) are broadly
in keeping with previous observations on reading (Zoccolotti et al., 2018). These
observations support the interest in evaluating the influence of the psycholinguistic
parameters by controlling the expected over-additivity effect using an individually
based z-score transformation as envisaged by Faust et al. (1999). Further comments
on global components will be presented in the Discussion.

Test of psycholinguistic variables

The results of the linear mixed-effects model showed the significance of the main
effect of the group factor, Fr (1,50)=82.02, p<0.001): participants with dyslexia had
longer vocal RTs than the control group (mean RTs=744 and 535 ms, respectively;
diff. = -209). In the analysis with z-transformed scores, the group variable was insig-
nificant in keeping with the data transformation.

Several psycholinguistic factors proved significant:

o The main effect of length, Fr (1,638)=202.02, p<0.001; Fz (1,638)=157.52;
p<0.001, indicated that RTs slowed as a function of word length: on average
short words (1st tertile of the word length distribution) were read in 616 ms, me-
dium length words (2nd tertile) in 640 ms, and long words (3rd tertile) in 663 ms.

e The main effect of word frequency was significant, Fr (1,619.6)=37.75,p<0.001;
Fz (1,621)=26.05, p<0.001. Reading RTs decreased as a function of word fre-
quency: on average, low-frequency words (1st tertile of the word frequency dis-
tribution) were read in 653 ms., medium-frequency words (2nd tertile) in 640 ms
and high-frequency words (3rd tertile) in 626 ms.

o The N-size factor was insignificant in either the raw data, Fz (1,10491)=0.23,
n.s., or the z-transformed data, Fz (1,10491)=0.20, n.s.

e The effect of the contextual rules factor was significant in the analysis with z-
transformed data, Fz (1,11223)=4.44, p=0.035; however, the effect was insig-
nificant in the raw data analysis.

The analyses also showed several interactions between group and psycholinguis-
tic factors. The group factor interacted with length in the raw data analyses, Fr (1,
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Fig. 3 Group by length interaction. A) Raw RT data; b) Z-transformed data. Error bars indicate 95%
confidence limits

a) b)
900 04 )
-o-Adults with
dyslexia
800 -
+\+\+ 02 Controls
700 - ™~
« 5 B
= o 0 .
2 Y\\
600 R
i 1 [
T"E*ff -0,2
500
400 -0,4
Low Medium High Low Medium High
word frequency word frequency

Fig. 4 Group by frequency interaction. A) Raw RT data; b) Z-transformed data. Error bars indicate
95% confidence limits

31538.8)=191.24, p<0.001: RTs of participants with dyslexia were more affected by
length than controls (Fig. 3a). However, the effect was not significant in the analyses
with z-transformed data, Fz<1; n.s., indicating that the interaction in the raw data
was due to the influence of over-additivity (Fig. 3b).

The group-by-word frequency interaction was significant, Fr (1,31300.5)=51.08,
p<0.001: word frequency influenced RTs more in the dyslexic group than in the con-
trol group. Participants with dyslexia read high-, medium-, and low-frequency stim-
uli with RTs increasing by 20 ms as a function of word frequency. This increase was
smaller in the control group, whose RTs grew by 6 ms moving from high- to medium-
and low-frequency stimuli (Fig. 4a). The interaction disappeared in the analysis of
z-transformed data, Fz<1; n.s., indicating that it was due to over-additivity in the
data (Fig. 4b).

A significant interaction was also observed among group, length, and word fre-
quency, Fr (2,1231.1)=12.07; p<0.001; Fz (2,1228)=4.29; p=0.014. For both
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Fig. 6 Group by length by N-size interaction. A) Raw RT data; b) Z-transformed data. Error bars indi-
cate 95% confidence limits

groups, the effect of frequency was progressively stronger the longer the word stimu-
lus, an effect that can be appreciated both in the raw (Fig. 5a) and in the z-transformed
(Fig. 5b) data. In the raw data, the effect of both length and frequency were quantita-
tively greater in adults with dyslexia; in the z-transformed data, the two groups were
similar except for the short word stimuli, for which the effect of frequency was more
marked in adults with dyslexia.

The group by N-size interaction was insignificant in the raw RT, Fz=1.5; n.s., and
the z-transformed data, Fz<1; n.s., analyses. However, the effect of N-Size was appar-
ent in interaction with length. Thus, the group factor interacted with word length and
N-Size in the z-transformed data analysis, Fz (2,22935)=3.05; p=0.04, while in the
analysis of raw data, this interaction fell short of significance, Fr (1,16384.2)=2.79;
p=0.06 (Fig. 6a and b). In adults with dyslexia, there was a facilitatory effect of a
dense N-size limited to long words. This effect can be appreciated more clearly in the
z-transformed data (Fig. 6b). Controls showed no clear impact of N-size independent
of word length.
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Group interacted with contextual rules, Fz (1,31431)=13.86; p<0.001, in the
z-transformed data analysis but not in the raw RT data analysis, Fz<1; n.s. This
interaction was qualified by the higher-order interaction group by length by con-
textual rules. This was significant for both raw, Fr (2,11424.4)=3.74; p=0.02 and
z-transformed data, Fz (2,17603)=3.803; p=0.02: the presence of contextual rules
influenced the reading speed of long words in the control group; this effect was not
observed in adults with dyslexia, who exhibited longer RTs for the reading of long
stimuli regardless of the presence or absence of contextual rules (Fig. 7).

All other interactions between psycholinguistic variables and the group factor
were not significant. The random effects of items and participants were significant
(»<0.001).

Test of psycholinguistic variables: stress assignment

The additional mixed-effects model conducted to investigate the role of stress type
on words with more than two syllables showed the significance of the group effect,
Fr (1,50.5)=88.97, p<0.001, with adults with dyslexia exhibiting longer RTs com-
pared to controls (mean RTs=757 and 538 ms, respectively; diff. =-219). Due to data
transformation, the group factor was not significant in the analysis of z-transformed
data, Fz<1;n.s.

The analysis showed the main effects of stress type, Fr (1,618.9)=15.08, p<0.001;
Fz (1,621)=12.65; p<0.001, with words with penultimate stressed syllable being
read faster than words with an antepenultimate stressed syllable, and word frequency,
Fr (1,619.2)=19.68, p<0.001; Fz (1,343)=15.99, p<0.001, with higher frequency
stimuli read more quickly than lower frequency ones.

The group interacted with stress type both in the raw data, Fr (1,30964)=35.66;
p<0.001, and in the z-transformed data model, Fz (1,343)=8.67, p<0.005, with
adults with dyslexia showing slower performance in reading stimuli with antepenul-
timate stressed syllables (see Fig. 8).

The model also highlighted a significant interaction between the group and word
frequency, Fr (1,30958)=63.77; p<0.001, with adults with dyslexia showing greater
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Fig. 7 Group by length by contextual rules interaction. A) Raw RT data; b) Z-transformed data. Error
bars indicate 95% confidence limits
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Fig. 8 Group by stress type interaction. A) Raw RT data; b) Z-transformed data. Error bars indicate
95% confidence limits

facilitation in reading frequent stimuli than controls. However, this interaction was
not present in the z-transformed data analysis, Fz (1,31010)<1, n.s., indicating
over-additivity.

The group by stress by word frequency interaction was significant, Fr
(12,1214.7)=6.94, p=0.001, indicating how the frequency variable modulates the
stress effect: participants with dyslexia read antepenultimate stressed words of low
frequency more slowly than controls, and this difference was smaller with higher
frequency stimuli; however, this result was not reflected in the analysis with z-trans-
formed data, Fr (12,1218)=2.76, p=0.06.

Computation of the absolute RTs difference between groups

As stated in the analyses on global components, we estimated that adults with dys-
lexia were delayed 2.47 times compared to controls. However, in keeping with the
DEM (Myerson et al., 2003) this estimate refers only to the cognitive part of response.
By contrast, the model envisages that the sensorimotor component (here estimated to
be ca. 400 ms.) will not differ between the two groups of subjects. Thus, an interest-
ing question concerns estimating the overall difference in raw data (which cumulate
sensorimotor and cognitive components) between the two groups of subjects.

In previous work (Zoccolotti et al., 2015), we re-analysed several studies of RTs
to word recognition in Italian children with and without a reading deficit. The overall
sample involved 331 typically developing children and 172 children with dyslexia.
Across studies, the mean performance of typically developing children read on aver-
age in 602.5 ms (SD=82.6.2) while children with dyslexia in 8§91.7 (SD=265.3).
Notably, these, and other related data violate the homogeneity of variance, with chil-
dren with dyslexia considerably more variable than control children. Based on this
consideration, we proposed that, in the case of raw RT data, a more appropriate mea-
sure of effect size is the ratio (Zoccolotti et al., 2015). Across studies, the obtained
ratio was 1.47. Table 2 summarises these data together with the data from adult sub-
jects of the present study. Adults were generally faster than children, an effect present
both in controls and adults with dyslexia, in keeping with the idea that reading speed
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Table 2 Means (and SDs) of vocal RTs to single word recognition. Data on children derive from the re-
analysis of Zoccolotti et al. (2015) - data on adults from the present study

Controls Individuals with dyslexia

Mean SD Mean SD Diff. Ratio
Children 602.5 82.6 891.7 265.3 289.2 1.47
Adults 535 744 209 1.39
Difference 67.5 147.7

progresses well beyond primary and middle school (Carver, 1992; Brysbaert, 2019).
However, it may be noted that the ratio between adults with dyslexia and controls in
the present sample is very similar to that obtained with children, a finding in keeping
with the stability of the reading deficit.

Discussion

As expected, adults with dyslexia showed a general slowing compared to control
readers. This slowing was well described by a single global factor closely in keeping
with the predictions of the DEM model (Myerson et al., 2003). Indeed, the variance
accounted for by this factor was well above 90%, highlighting a robust role of this
global component in the reading of adults with dyslexia. Thus, this finding suggests
that the influence of a global factor extends beyond the early stages of reading acqui-
sition and persists even after years of practice among individuals who have pursued
higher education. Evidence indicates that this global component may have an even
stronger impact on adults with dyslexia compared to children. First, the variance
accounted for by the global factor is particularly high. Second, to preview the results
discussed in more detail below, the presence of residual effects (after controlling for
over-additivity) is somewhat smaller in adults with dyslexia compared to children.
In the previous research on children, we tried to qualify the nature of this global
effect. As stated in the introduction, the fact that a group of individuals behaves con-
sistently across several different conditions does not automatically entail that such
slowness will apply across all conditions (Myerson et al., 2003). Thus, we observed
that children with dyslexia are consistently delayed when they must read words and
nonwords presented visually. However, they are not (or minimally) impaired when
they must name pictures (Zoccolotti et al., 2008; De Luca et al., 2017), when the
task involves only one or two letters (De Luca et al., 2010), or when the presentation
of words (and nonwords) occurs in the auditory modality (Marinelli et al., 2011).
Accordingly, we have proposed (e.g., De Luca et al., 2017) that individuals with dys-
lexia show a selective difficulty in forming a pre-lexical representation of the ortho-
graphic string (also called “graphemic description” by Marsh & Hillis, 2005). The
present results are in keeping with the idea that this nuclear deficit of dyslexia is quite
stable over the years despite prolonged exposure to print and reading experience.
Models, such as the DEM, allow teasing out the sensorimotor and cognitive com-
ponents of the response which may be instrumental in interpreting the reading disor-
der. However, looking at absolute RT differences (which cumulate sensorimotor and
cognitive components) is also informative. As expected, adults with dyslexia showed
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a general slowing compared to control readers of ca. 200 ms., indicating an approxi-
mate delay of 40% (or a ratio of 1.39). This figure is similar to that observed across
various studies with Italian children with and without a reading deficiency (i.e., a 1.47
ratio; Zoccolotti et al., 2015). Thus, reading slowing holds through adult age even in
students admitted to college for whom general stimulation and substantial reading
practice are expected. The RTs of the present sample of adult (skilled and dyslexic)
subjects were faster than those of younger children on similar (though not identical)
tasks/stimuli. This observation aligns with the idea that reading times continue to
evolve throughout the lifespan for both skilled and impaired readers (Carver, 1992;
Brysbaert, 2019). However, improvements tend to become progressively smaller (in
absolute values), as predicted by a power function trend (Zoccolotti et al., 2009).

Vocal RT data confirmed the influence of several psycholinguistic variables,
including frequency, length, and stress type. As expected, these factors affected stu-
dents with dyslexia more than controls. For example, RTs increased by ca. 20 ms,
passing from high- to medium- and low-frequency stimuli in adults with dyslexia,
while the corresponding increase was ca. 6 ms in control readers. When data were
analysed in terms of z-transformed values, this difference disappeared indicating that
the differences between the two groups of subjects were entirely due to an over-
additivity effect, i.e., to the tendency of the slower group to show larger effects over
and above the specific influence of a given experimental condition. This finding is
consistent with previous observations on younger children (Paizi et al., 2013).

A similar pattern was observed in the case of length. Again, the influence of this
variable was significantly stronger in adults with dyslexia compared to controls.
However, this group interaction disappeared when analysing z-transformed values.
This finding is at variance with previous observations on children where a residual
specific effect of length was observed (Zoccolotti et al., 2008; De Luca et al., 2010).
Therefore, after several years of practice, only the overall difference between the two
groups determines the performance; the differential effect of length in the two groups
is no longer an expression of a specific effect.

Frequency and length also interacted, with the effect of frequency being more pro-
nounced for longer words. In the raw data analysis, the adults with dyslexia exhibited
more pronounced length and frequency effects. In the z-transformed data analysis,
this interaction remained significant, suggesting a slight tendency for adults with
dyslexia to show a stronger frequency effect for high-frequency words.

It is generally acknowledged that dense N-size tends to be associated with faster
RTs, i.e., to have a facilitatory effect (Andrews, 1997; Carreiras et al., 1997). We
did not observe a main effect of N-size. Thus, when examining a large set of words
varying along various psycholinguistic parameters, N-size does not exert a detectable
influence. There are only a few studies examining this parameter in Italian observ-
ers. Marinelli et al. (2013) reported that RTs of children with dyslexia were faster for
words with dense N-size than for words with sparse N-size, the effect being more
pronounced for low-frequency words. The authors proposed that spreading activation
from dense N-size facilitated word recognition in children with dyslexia, indicating
spared lexical processing in these children. Interestingly, in that study control chil-
dren showed limited and non-significant influence of N-size; the lack of facilitation
was presumably due to the already high level of performance for the target stim-
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uli. Evidence of N-size influence on the reading of children with dyslexia was also
reported in Dutch children (Marinus & de Jong, 2010). In the present study, students
with dyslexia showed a facilitatory effect of dense N-size limited to long stimuli.
This interaction with length was unexpected. As mentioned above, we anticipated
an interaction with frequency, which was not observed. One possible hypothesis is
that the facilitatory effect of a dense N-size becomes more evident with more chal-
lenging stimuli, such as longer words. These stimuli require longer processing times,
allowing more opportunity for spreading activation processes. Overall, the observed
effect of N-size suggests that adults with dyslexia benefit from the spreading lexical
activation provided by a dense neighbourhood. This is consistent with a previous
single-case study that reported preserved orthographic activation in an adult with
dyslexia (Lavidor et al., 2006). Since the interaction between neighbourhood size and
length was unexpected, it will be important to confirm this finding in future studies
on adults with dyslexia.

Another significant interaction involved the influence of contextual rules. In Ital-
ian, the pronunciation of sequences with letters ¢ and g is determined by complex,
context-sensitive rules that depend on the letters that follow them. Previous evidence
indicates that both adult observers (Burani et al., 2006) and children (Barca et al.,
2007) exhibit slower responses when encountering words that contain these context-
sensitive rules, particularly when it comes to low-frequency words. This pattern is
believed to be due to the activation of sublexical procedures (Burani et al., 2006). In
the current data set, contextual rules negatively influenced latencies in interaction
with word length and participant group. The effect was more pronounced with longer
words and was observed only among control participants, not among adults with dys-
lexia. This finding differs from previous evidence, as the moderating effect of con-
textual rules was related to word length rather than frequency. Furthermore, adults
with dyslexia did not display this effect, contrary to what was previously observed in
children (Barca et al., 2007), possible because they were already too slow in the con-
dition with few or no contextual rules. Therefore, this unexpected finding highlights
the need for further confirmation in future research.

Finally, we examined stress assignment on a subset of words with at least three
syllables. Data revealed that words with stress on the penultimate syllable were read
faster than those with stress on the antepenultimate syllable in both groups. However,
adults with dyslexia exhibited notably slower performance with antepenultimate-
stressed words, an effect that remained significant in the z-transformed data analysis.
This pattern indicates a genuine group difference that cannot be attributed to an over-
additivity effect.

Overall, these data indicate that adults with dyslexia are sensitive to the lexical
quality of the stimulus. However, this finding does not necessarily exclude the pres-
ence of lexical deficiencies. In a recent study on adults with dyslexia, Nardacchione
et al. (2024) using a different experimental paradigm identified a potential deficit in
lexical expansion, indicating that individuals with dyslexia may have fewer ortho-
graphic representations in their lexicon than typically developing readers.

@ Springer



F. Vizzi et al.

Study limitations

Some limitations of the examined sample of adults with dyslexia should be under-
scored. We noted that only some received a previous diagnosis, a phenomenon which
has already been described (e.g., Barbiero et al., 2019), although it is probably dimin-
ishing in the last years because of the introduction of clinical guidelines from the
Italian Superior Institute of Health (ISS, 2011; Progetto LG-DSA, 2021). There were
not enough participants to test whether the presence/absence of a clinical diagnosis
was associated with a different profile of responding. At any rate, all participants
were retested at admission to the college, making the data comparable. In view of
the specificities of the sample and its moderate size, it will be relevant to confirm the
present data on a larger and, possibly more homogeneous, sample.

Conclusions

Overall, data from a group of adults with dyslexia indicate that their reading RTs
are largely explained by a global factor that accounts for over 90% of individual
variance. Based on previous research, we have proposed that this factor reflects a
selective difficulty in forming a pre-lexical representation of the orthographic string,
which affects all (and only) tasks requiring such processing, such as reading. Despite
prolonged exposure to print and extensive reading experience, college students with
dyslexia still exhibit significant deficits in this type of processing.

The examination of psycholinguistic variables generally confirmed that individu-
als with dyslexia were sensitive to the lexical quality of stimuli, such as frequency
effects. These effects were comparable to those observed in control subjects once
over-additivity was controlled using intra-individual z-scores. However, a few spe-
cific differences emerged. Adults with dyslexia were more sensitive than controls to
the N-size, particularly to longer stimuli. This finding parallels results observed in
children, although the unexpected association with length warrants further investi-
gation. Additionally, adults with dyslexia showed a selective deficiency for words
stressed on the antepenultimate syllable.

Overall, the influence of psycholinguistic parameters was somewhat smaller than
in children. For example, no residual effect of length was observed after controlling
for over-additivity, which is often noted in children. Thus, it can be concluded that the
global deficit -manifested as difficulty in forming a pre-lexical representation of the
orthographic string- has a prominent influence on the reading performance of college
students with developmental dyslexia.
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