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Abstract

This study focuses on the role of numerous cognitive skills such as phonological aware-

ness (PA), rapid automatized naming (RAN), visual and selective attention, auditory

skills, and implicit learning in developmental dyslexia. We examined the (co)existence

of cognitive deficits in dyslexia and assessed cognitive skills’ predictive value for read-

ing. First, we compared school-aged children with severe reading impairment (n = 51)

to typical readers (n=71) to explore the individual patterns of deficits in dyslexia. Chil-

dren with dyslexia, as a group, presented low PA and RAN scores, as well as limited

implicit learning skills. However, we found no differences in the other domains. We

found a phonological deficit in 51% and a RAN deficit in 26% of children with dyslexia.

These deficits coexisted in 14% of the children. Deficits in other cognitive domains

were uncommon and most often coexisted with phonological or RAN deficits. Despite

having a severe reading impairment, 26% of children with dyslexia did not present any

of the tested deficits. Second, in a group of children presenting a wide range of reading

abilities (N = 211), we analysed the relationship between cognitive skills and reading

level. PA and RANwere independently related to reading abilities. Other skills did not

explain any additional variance. The impact of PA and RAN on reading skills differed.

While RANwas a consistent predictor of reading, PA predicted reading abilities partic-

ularly well in average and good readers with a smaller impact in poorer readers.

KEYWORDS

developmental dyslexia, double deficit, dyslexia subtypes, multiple case study, phonological
awareness, rapid automatized naming

1 INTRODUCTION

Since the first reports about children who struggle to read, thousands

of papers have tried to uncover the sources of reading disorder.
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Researchers have attempted to connect low reading scores with

deficits in various cognitive areas (see examples of such approaches:

Alt et al., 2017; Lipowska et al., 2011; Manis et al., 1997; Ziegler et al.,

2009).
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While this research has provided evidence of the specific role

of phonological processing in dyslexia, it also showed that a single

cognitive deficit is not sufficient to explain the heterogeneity in the

dyslexic population. It is now widely accepted that the etiology of

dyslexia ismultifactorial and best explained by various risk factors that

increase the likelihood of fulfilling diagnostic criteria. According to the

Multiple Deficit Model (McGrath et al., 2020; Pennginton et al., 2006),

neurodevelopmental disorders are explained by various genetic and

environmental risk factors that increase the possibility of developing

the disorder. However, it is not clear how these factors sum-up or

interact in the case of dyslexia. Although evidence for clearly separable

subtypes of dyslexia is missing, dyslexia is a heterogeneous disorder

and individuals differ in underlying aetiologies. Thedifferent symptoms

might at least partly be associated with different cognitive profiles.

Selection of deficits tested by researchers as a potential source of

reading impairment is based on the major theories of developmen-

tal dyslexia. The most acknowledged is the phonological deficit the-

ory (Ramus & Szenkovits, 2008; Snowling, 1995, 1998). Support for

the phonological theory comes from evidence that dyslexic individu-

als perform particularly poorly on tasks requiring phonological aware-

ness (PA), that is, conscious segmentation and manipulation of speech

sounds such as finding rhymes or phoneme deletion. PA at preschool

ages is a good predictor for later literacy skills for speakers of differ-

ent languages (e.g., Lonigan et al., 2000) including Polish (Krasowicz-

Kupis, 2009). Intervention studies (Hatcher et al., 1994; Hulme et al.,

2012, reviewed by: Melby-Lervåg et al., 2012) show beneficial effects

of early phonological training on further reading skills, which provides

further evidence for a causal relation between the two skills (Hulme &

Snowling, 2009). The double deficit theory (Bowers&Wolf, 1993;Wolf

&Bowers, 1999, 2016) also posits that phonological deficits are central

to dyslexia but adds deficient naming speed as an independent source

of reading dysfunction. Their combined presence is then responsible

for more profound reading dysfunction.

Difficulties with procedural learning or task automatization asso-

ciated with cerebellar dysfunction may be linked to dyslexia (Nicolson

& Fawcett, 2007). The cerebellum also plays a role in motor control

including speech articulation, which, when dysfunctional, might lead

to deficient phonological representations. However, Raberger and

Wimmer (2003) showed that cerebellar deficit might be linked to

co-occurring disorders, such as ADHD, rather than dyslexia. Therefore,

the causal relationship between cerebellar dysfunction and reading is

much less clear than in case of phonological processing.

Dyslexia may be also related to sensory deficits and two theories

have been forwarded tomake this connection. One that is based on dif-

ficulties in auditory processing, like rhythm perception (rise time the-

ory; Goswami, 2011) or tone perception (anchoring theory; Ahissar,

2007), which in turn may interrupt phonological processing. Accord-

ing to the rise time theory, the patterns of stressed and unstressed syl-

lables in language may be processed by the same neural mechanisms

that areused for processingpatternsof strongandweakbeats inmusic,

at least in childhood. Hence individual differences in phonological pro-

cessing in language should be related to individual differences in non-

linguistic musical tasks based on the patterns of the beat distribution.

RESEARCHHIGHLIGHTS

∙ This study tests the (co)existence of cognitive deficits in

dyslexia in phonological awareness, rapid naming, visual

and selective attention, auditory skills, and implicit learn-

ing.

∙ The most frequent deficits in Polish children with dyslexia

included a phonological (51%) and a rapid naming deficit

(26%), which coexisted in 14% of children.

∙ Despite severe reading impairment, 26% of children with

dyslexia presented no deficits in measured cognitive abili-

ties.

∙ RAN explains reading skills variability across the whole

spectrum of reading ability; phonological skills explain

variability best among average and good readers but not

poor readers.

As for the anchoring theory, Ahissar et al. (2006) noticed that dyslexics’

detection of regularities in sound sequences is inefficient, which may

also impair phonological processing.

Another group of deficits encompasses problems in visual process-

ing, such as visual attention (VA) span (Bosse et al., 2007) or selective

attention (i.e., attentional dyslexia, for summary, see: Lukov et al., 2015).

The VA span hypothesis postulates atypical development of reading

skills because of non-optimal grain size parsing mechanisms of ortho-

graphic inputs, for example, reduced quantity of information that can

be processed at a glance simultaneously. Alternatively, the impact of

attention deficit on dyslexiawas linked to impairment in binding letters

to words or difficulty in shifting attention during reading (Lukov et al.,

2015).

The possible coexistence of several deficits in people with dyslexia

has been considered and experimentally addressed in multiple case

studies (Ramus et al., 2003; Sprenger-Charolles et al., 2009; White

et al., 2006). These studies showed that the most frequent deficit

among both children and adults with dyslexia was a phonological

deficit, in line with the phonological theory of dyslexia (Ramus &

Szenkovits, 2008; Snowling, 1995; Snowling, 1998). Nevertheless, in

several studies, the phonological deficit was present in only 50% of

the sample, and there was a group of participants with dyslexia with-

out any additional deficit (Reid et al., 2007; Sprenger-Charolles et al.,

2009; White et al., 2006, but see also Ramus et al., 2006). The phono-

logical deficit was often found to coexist with other deficits (auditory,

visual, or motor). It is also worth noting that rapid automatized nam-

ing (RAN) taskswere often included in phonological skillswhen opaque

languages were studied (Ramus et al., 2003;White et al., 2006). There-

fore, it is impossible to distinguish between the phonological and RAN

deficits in some of the previous studies. However, this is not always the

case, and a more recent study on French-speaking children (Saksida

et al., 2016) differentiated between phonological accuracy (measured

with standard phonological tasks: phoneme deletion and spoonerism)
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and phonological speed (assessed with RAN tasks). This study showed

that these two deficits affected amuch higher number of children with

dyslexia than visual deficits and that phonological and RAN deficits

coexisted in the vast majority of participants (Saksida et al., 2016).

Importantly, in a transparent (Polish) orthography, RAN deficit was at

the same time the most frequent one among adults with dyslexia (Reid

et al., 2007).

The previous multiple case studies involved relatively small groups

(Ramus et al., 2003; Reid et al., 2007; White et al., 2006). The small

samples not only limited the statistical power of the between-group

(Sassenberg & Ditrich, 2019; Szucs & Ioannidis, 2017) but particu-

larly affected the method of finding deficits. Namely, a small control

group cannot be representative for typical readers, and therefore

the thresholds of deficits established based on the range of scores in

such groups may not indicate real deficits. Additionally, some studies

applied statistical procedures that resulted in boosting scores of the

control group. In particular, these studies removed the lowest scores

in the control group before calculating the ranges of typical scores

(Ramus et al., 2003; Reid et al., 2007; White et al., 2006). Therefore,

the chances of finding a deficit in participants with dyslexia were

higher (as mean scores of typical readers were overestimated and

standard deviations were underestimated). In fact, some of the deficits

found could be false positives. The existence of false positives in the

described studies is also suggested by a much higher number of sub-

jects with dyslexia without any particular deficit found in a study that

employed a bigger (n = 86) control group (Sprenger-Charolles et al.,

2009).

As most multiple case studies of dyslexia have been performed in

individuals reading an opaque orthography such as English or French,

their findings cannot be easily generalized to transparent languages

(Landerl et al., 2013; Sprenger-Charolles et al., 2011). Moreover,

previous studies on the subtypes of dyslexia in transparent languages

(e.g., Heim et al., 2008; Jednoróg et al., 2014) focused rather on com-

parison of distinguishable subgroups of children with dyslexia than on

estimating the prevalence of the deficits.

We aimed to explore the presence and coexistence of cognitive

deficits in children with severe developmental dyslexia (n = 51) in

a transparent (Polish) orthography. We take into account previous

methodological and statistical problems from earlier multiple case

studies of dyslexia. We wanted to explore (1) which cognitive deficits

are present in children with developmental dyslexia, (2) which of the

deficits are the most common among children with dyslexia, (3) what

combination of deficits is the most frequent, and (4) how the number

and the severity of cognitive deficits experienced by a child is related

to her reading level. None of these questions have been answered so

far for a transparent orthography.

Given the strong evidence for RAN and phonological deficits in

reading impairment, we expected that a phonological and a RAN

deficit should be observed in a majority of children with dyslexia

and that these deficits or their combination should have the most

detrimental effects on reading ability. For other potential cognitive

skills, predictions are less clear given the mixed experimental findings

(e.g., Raberger &Wimmer, 2003; Saksida et al., 2016).

Secondly, treating dyslexia as the low end of a continuum including

normal reading skills, we wanted to test which cognitive skills are the

best predictors of reading outcome when we took into account a large

group of children with various reading skills. To do that, we analysed

the impact of cognitive skills on reading abilities in childrenwith awide

range of reading skills (N = 211). We expected the reading abilities to

be positively related to the PA skills and RAN, as well as to the other

auditory (rhythm perception, tone comparison), visual (selective atten-

tion, VA span), and cerebellar (implicit learning) skills known fromother

studies to have an impact on reading ability.

2 METHOD

2.1 Participants

Participants (totalN= 211)were school-aged children (7–12 years old,

M = 10.06, SD = 1.09) ranging from second to fifth grade and with an

uninterrupted educational history. The sample included typical readers

and children with developmental dyslexia (see below).

Participantswere involved in a project on the cognitive heterogene-

ity of dyslexia approved by the Ethical Committee of the University of

Social Sciences andHumanities and in accordancewith theDeclaration

of Helsinki. Theywere recruited through schools (parental gatherings),

the project website, or psychological–pedagogical counselling centres.

Written consents were acquired from the parents of the participants

and all children gave oral consent to participate in the study. Partic-

ipants were Polish-speaking monolinguals, right-handed, and born at

term. None of them had any history of neurological illnesses or brain

damage and none had symptoms of ADHD or low IQ (below 85). Non-

verbal IQ was assessed with the Wechsler Intelligence Scale for Chil-

dren – Revised (Matczak et al., 2008). Socioeconomic status (SES) was

measured based on the Barratt Simplified Measure of Social Status

(Barratt, 2012). Familial history of dyslexia (FHD) was identified when

a child had a first-degree relative with a formal diagnosis of develop-

mental dyslexia or at least one parent who scoredmore than 0.4 points

in the Adult Reading History Questionnaire (Black et al., 2012; Lefly &

Pennington, 2000; Łuniewska et al., 2019).

The participants were representative of the general population

in Poland in terms of language status (all participants were Polish-

speaking monolinguals, while only 0.5% of children living in Poland

spoke a mother tongue other than Polish according to the Census in

2011;GłównyUrządStatystyczny, 2013).Overall, the sample (N=211)

presented lower reading skills than the general population (mean stan-

dardized reading accuracy score in the samplewasM=4.93, SD=2.15;

whereas thevalues for thegeneral populationareM=5.5 andSD=2.0;

t(210) = 3.83, p < 0.001; see Table S2.1). The limited reading level

of the sample resulted from the overrepresentation of children with

dyslexia. When children with a severe reading impairment (see the

next section) were excluded, the remaining sample (n = 160) pre-

sentedmarginally better reading accuracy than the general population

(M = 5.79, SD = 1.71; t(159) = 2.13, p = 0.035). However, the partic-

ipants were not representative of the general population in terms of
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TABLE 1 Demographic differences between control group (n= 71) and childrenwith dyslexia (n= 51)

Characteristic

Control group

(n= 71)

Childrenwith dyslexia

(n= 51) Test p-value
Cohen’s d
[95%CIa]

Age in years 10.06 (0.89) 10.06 (0.10) t(120)=−0.03 p= 0.970 d= 0.01

[−0.36, 0.37]

Sex:

M=males,

F= females

38M

33 F

34M

17 F

χ2(1)= 4.80 p= 0.030 NA

Nonverbal IQ 118 (14.4) 112 (12.5) t(118)=−2.09 p= 0.039 d= 0.39

[0.02, 0.75]

Familial history of dyslexia (±) 45−

26+

27−

24+

χ2 (1)= 1.33 p= 0.240 NA

Socioeconomic status 106 (19) 98 (23) t(118)=−2.01 p= 0.047 d= 0.37

[0.01, 0.74]

Means and (standard deviations). All p-values are Bonferroni-adjusted.
aCI= confidence interval.

where they lived (mostly children from the urban area ofWarsawwere

included in the study) and parental education (the parents were more

educated than in the general population).

2.2 Dyslexia diagnosis

We applied a standardized battery of tests used to diagnose devel-

opmental dyslexia (Bogdanowicz et al., 2009) to distinguish children

with and without reading impairment from grade 3 onwards. Children

selected as having a severe reading disorder (n = 51) presented both

low reading accuracy (they scored below 16th percentile in a single-

word reading test) and low reading fluency (they scored below the

16th percentile in at least one out of two tests: pseudoword reading

or reading with a lexical decision). We applied a conservative inclusion

criterion of dyslexia, based on both reading accuracy and fluency, to

increase the reliability of our group assessment and expected effect

sizes (as recommended inRamus et al., 2008). Spellingwasnot included

as a diagnostic criterion, but 42 out of 51 children assigned to the

dyslexia group also had a spelling impairment (i.e., scored below 16th

percentile in a writing to dictation test). This is reasonable since Pol-

ish is a relatively transparent orthography with higher grapheme-to-

phoneme regularity in reading than in spelling (Schüppert et al., 2017).

Children who scored above the cut-off point (16th percentile) in all

reading tasks were assigned to the typically reading group (n = 71).

None of the control children were impaired in spelling. Children who

scored low either in reading accuracy or reading fluency (but not in

both; n = 81) and children attending the second grade who were too

young to identify dyslexia (n = 8) were excluded from the analyses of

dyslexia subtypes.

Selected groups of typical readers and childrenwith dyslexia did not

differ in age and FHD but differed in sex, nonverbal IQ, and SES (see:

Table 1). Therefore, we used these demographic variables as covariates

in all analyses. We decided to include FHD and age in the regression

model because they could show significant effects even if their mean

values do not differ between groups.

2.3 Procedure

All tests were performed in two sessions, each lasting around 45 min.

The sessions were run individually and took place either in a quiet

room at school or in a testing room at the Nencki Institute of

Experimental Biology. The standardized reading, phonology, selec-

tive attention, and rapid naming tasks were performed with a paper-

pencil method. The rhythm perception, tone comparison, VA span,

and implicit learning tasks were designed as animated computer

games for this study. All animated visual stimuli were presented on

ASUS laptops (BU400A-W3097X) with a 14-in. screen. All auditory

stimuli were presented binaurally through headphones. Cedrus key-

boards RB-540 (24 cm × 16 cm) were used for all computerized

tests. The keyboards contained four active buttons (1.9 cm × 3.8 cm

each) arranged in a cross shape. Depending on the task, the action

buttons were limited to right and left, up and down, or all four

were used in the task. A detailed description of all tools used in

the study is available in Supplementary Material S1 and the avail-

able data on reliability of the tools is presented in Supplementary

Material S2.

2.4 Data analysis plan

We divided our analyses into two parts to answer how cognitive skills

are related todyslexia and reading skills. First,we aimed to examine the

(co)existence of deficits in the group of children with dyslexia (n = 51)

based on their performance in the cognitive tasks (in reference to the

control group without any reading deficit, n = 71). Second, we wanted

to establish which cognitive skills are the strongest predictors of the

reading level in the population of school-aged children with a wide

range of reading skills (N = 211). The whole sample included children

with dyslexia, the control group, and other average readers who nei-

ther fulfil dyslexia nor control group criteria. All analyses were per-

formed in the R programming language (R Core Team, 2020). Datasets

and scripts are available in OSF at https://osf.io/mj32v/.

https://osf.io/mj32v/
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F IGURE 1 Distributions of individual performance values for each cognitive skill factor in the control group (CON) and in childrenwith
dyslexia (DYS)

2.4.1 Calculating cognitive skills factors

We created variables that covered performance in all cognitive tasks

and the reading skill variable. The READING variable was created

by averaging normalized scores (stens) from the three reading tasks

(single-word reading, pseudoword reading, and reading with a lexical

decision). The READING variable was an aggregated measure of read-

ing accuracy and fluency. It was calculated independent of dyslexia

diagnosis but was based on the same tasks. Correlations between the

three variables ranged from 0.60 to 0.72. PHONOLOGY scores were

established as averaged sten scores of the two phonological tasks: PA

and phoneme deletion tasks (correlation 0.52). VA SPAN score was a

sum of standardized scores from the partial and the global VA span

tasks (Zoubrinetzky et al., 2014), transformed into z-score afterward

(correlation between task scores 0.29). In the case of other variables,

that is, RAN, SELECTIVEATTENTION, RHYTHMPERCEPTION, TONE

COMPARISON, and IMPLICIT LEARNING we used final raw scores

from the task transformed into z-scores. We performed standardiza-

tion based on themean and SD from the whole group (N= 211) of chil-

dren in all cases. In the case of RANand TONECOMPARISON, the final

score was reversed so that a higher score represented better perfor-

mance (as in all other tasks).Distributionsof values for all cognitive skill

factors are presented in Figure 1. The descriptive statistics of the raw

variable scores alongside reliability scores of the variables are shown

in SupplementaryMaterial S2 (Table S2.1).

2.4.2 Differences between control and dyslexia
groups

We tested differences between the control and dyslexia group with a

logistic regression model predicting group membership based on the

cognitive skills (with SES, FHD, nonverbal IQ, and age used as covari-

ates). The final group size without missing data points wasN= 118 (51

with dyslexia, 67 typical readers).

2.4.3 Deficits in dyslexia

We aimed to identify one or more cognitive deficits in participants

with dyslexia. For each cognitive skill, we chose a threshold for the

deficit at the level of 1.65 SD (corresponding to the bottom 5th per-

centile) below the mean of the typically reading control group perfor-

mance (cut-off point used in similar studies, e.g., Ramus et al., 2003;

Reid et al., 2007;White et al., 2006). In contrastwith the previous stud-

ies, we did not exclude any participants from the control group who
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scored below−1.65 SD to reflect the variability of the typically reading

group.

2.4.4 Cognitive skills underlying reading

To perform analysis explaining reading level in the whole sample

(regardless of the dyslexia diagnosis, N = 211), we selected standard-

ized cognitive skills factors created previously. First, to study the rela-

tionship between different factors we ran a correlation analysis with

a Holm-Bonferroni correction for multiple comparisons on the whole

sample (N = 211). Second, we built nested linear regression models

with READING as a dependent variable andwith other factors as inde-

pendent variables. We entered age, nonverbal IQ, and SES as control

variables in step 1 and added cognitive variables in step 2. The final

group size without anymissing data points in IQ and SESwasN= 202.

2.4.5 Controlling for age in cognitive skills factors

The READING and PHONOLOGY variables were based on age-

controlled sten scores. The scores were adjusted to the population

norms (stens) on the basis of the educational stage of children. The

norms calculated for the third grade were applied for all children

attending the third grade (81 participants) and for children attend-

ing the first semester of the fourth grade (33 participants). The norms

calculated for the fifth grade were applied for all children attending

the fifth grade (58 participants) and for children attending the second

semester of the fourth grade (32participants). This procedurewas con-

sulted with the authors of the battery (Bogdanowicz et al., 2009). As

the division into the two norming groups depended on the educational

level of the child, not his/her age, the two groups partially overlapped

in terms of age.

For factors other than READING and PHONOLOGY, we controlled

for age using linear regression. For every factor, we fitted a linear

regression model predicting the factor level based on age. Then, we

used regression residuals as age-controlled scores when calculating

cognitive skill deficits in the dyslexia and control groups (participants’

age was partialled out from the raw score). In the regression analysis

on thewhole sample of participants, we used raw scores, since agewas

included independently as control in the full regressionmodel.

3 RESULTS

3.1 Differences between control and dyslexia
groups

A summary of logistic regression results is given in Table 2. Estimated

coefficients may be interpreted as an increase of log-odds (natural log-

arithm of P/(1-P), P – probability) of belonging to the dyslexia group

assuming an increase of predictor value of 1 SD. We identified dif-

ferences in cognitive skills between children with dyslexia and typi-

TABLE 2 Coefficients of logistic regression predicting subject
group (control or dyslexia) based on seven cognitive skills factors and
four controls (N= 118)

Characteristic log(OR)a 95%CIa p-value

FHD 0.05 −0.54, 0.62 0.874

Socioeconomic status 0.15 −0.47, 0.79 0.641

Age 0.51 −0.11, 1.20 0.118

Nonverbal IQ −0.15 −0.81, 0.49 0.638

Phonology −1.90 −2.80,−1.10 <0.001***

RAN −1.90 −2.90,−1.10 <0.001***

Tone comparison −0.29 −1.10, 0.46 0.458

VAS −0.12 −0.71, 0.44 0.666

Selective attention 0.32 −0.32, 1.00 0.345

Rhythm comparison −0.14 −0.63, 0.41 0.576

Implicit learning −0.37 −1.00, 0.17 0.213

p-values and confidence intervals fromWald test are given.
aOR= odds ratio; CI= confidence interval.

***p< .001.

cal readers for PHONOLOGY (log(OR) = −1.9, p < 0.001) and RAN

(log(OR)=−1.9, p< 0.001).

3.2 (Co)existence of deficits

We grouped children with dyslexia by their cognitive deficits (see

Figure 2). The two most common deficits within the dyslexia group

were: PHONOLOGICAL (n = 26 out of 51; 51%) and RAN (n = 13;

26%). These deficits coexisted in seven subjects (14%of the groupwith

dyslexia). However, 19 subjects showed neither of these two deficits,

five ofwhomhad a deficit in IMPLICIT LEARNINGand one inVASPAN.

As the criteria used for deficit identification (−1.65 SD in the control

group) differed from the criteria used for dyslexia diagnosis, one child

assigned to the group with dyslexia presented no deficit in READING

(z-score in READING −1.61 SD relative to the control group). The

detailed distribution of deficits (in both children with dyslexia and

the control group) is provided in Tables S3.1–S3.4 in Supplementary

Material S3. The distribution of deficits at thresholds −1.65 SD and

−1SD are also provided.

3.3 Cognitive skills underlying reading

3.3.1 Correlation analysis

Table 3 shows means and standard deviations of reading and cogni-

tive variables, as well as correlations between all cognitive variables

used in the study. Reading level was significantly and positively corre-

latedwithPHONOLOGY (r(211)=0.49,p<0.001), RAN (r(211)=0.32,

p < 0.001), and TONE COMPARISON (r(211) = 0.18, p = 0.009). The

correlation matrix also showed weak intercorrelations between the

cognitive variables.
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F IGURE 2 Distribution of the deficits in children with dyslexia

TABLE 3 Pearson’s correlations for cognitive skills variables (N= 211)

1 2 3 4 5 6 7

1. Reading —

2. Phonology 0.49** —

3. Rapid automatized naming 0.32** 0.18* —

4. Tone comparison 0.16* 0.22* 0.10 —

5. Rhythm comparison 0.05 0.15* 0.09 0.22* —

6. Selective attention 0.09 0.22* 0.30** 0.18* 0.13 —

7. Visual attention (VA) span −0.10 −0.04 0.02 0.05 0.07 −0.03 —

8. Nonverbal implicit learning 0.00 −0.06 −0.08 −0.03 −0.10 0.07 −0.04

Note: *p< 0.05. **p< 0.01. All p-values are after Holm-Bonferroni correction.

3.3.2 Regression analyses

We performed a multi-step linear regression analysis to investigate

which variable could predict the variance in reading performance,

corrected for the FHD, nonverbal IQ, age, and parental SES. Results

are summarized in Table 4. In the first step, we used only control

variables (no visible effects found). In the second step, controls and

cognitive skills factors were used. The second model accounted for

29% of variance in reading (F(11, 190) = 8.45, p < 0.001, R2 = 0.33,

R2Adjusted = 0.29). Only PHONOLOGY and RAN levels were found to

be significant predictors of READING (PHONOLOGY β = 0.43, RAN

β = 0.30). In the third step, we included possible interactions between

PHONOLOGY and RAN, PHONOLOGY and age, and RAN and age in

the model, but they were not significant (β = 0.01, p = 0.888; β = 0.02,

p= 0.751; β= 0.09, p= 0.154).

We wanted to further investigate possible differences between the

effects of PHONOLOGY and RAN on the reading level. We asked

whether these effects are stable regardless of the range of READING
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TABLE 4 Summary of linear regressionmodels for variables predicting reading level (N= 202)

Model 1 Model 2 Model 3

β 95%CIa p-value β 95%CIa p-value β 95%CIa p-value

FHD −0.07 −0.21, 0.08 0.375 −0.06 −0.18, 0.06 0.328 −0.05 −0.18, 0.07 0.387

Socioeconomic status 0.05 −0.10, 0.19 0.538 −0.02 −0.15, 0.10 0.711 −0.01 −0.14, 0.12 0.852

Age −0.06 −0.21, 0.08 0.378 −0.11 −0.25, 0.04 0.150 −0.11 −0.26, 0.04 0.137

Nonverbal IQ 0.11 −0.03, 0.26 0.116 0.01 −0.12, 0.14 0.897 −0.01 −0.14, 0.12 0.911

Phonology 0.43 0.30, 0.56 <0.001*** 0.44 0.31, 0.57 <0.001***

RAN 0.30 0.17, 0.43 <0.001*** 0.33 0.18, 0.47 <0.001***

Tone comparison 0.10 −0.03, 0.22 0.132 0.10 −0.03, 0.22 0.131

VAS −0.06 −0.18, 0.07 0.386 −0.05 −0.18, 0.08 0.431

Selective attention −0.07 −0.21, 0.07 0.299 −0.09 −0.23, 0.05 0.212

Rhythm comparison −0.04 −0.16, 0.09 0.568 −0.04 −0.16, 0.09 0.577

Implicit learning 0.05 −0.07, 0.17 0.382 0.05 −0.08, 0.17 0.453

Phonology×Age interaction 0.02 −0.12, 0.16 0.751

RAN×Age interaction 0.09 −0.04, 0.23 0.154

Phonology×RAN interaction 0.01 −0.13, 0.15 0.888

Model 1 contains only control variables,Model 2 contains controls and cognitive skills factors,Model 3 includes possible interaction between phonology and

RAN. Standardized coefficients with p-values and confidence intervals fromWald test are given.
aCI= confidence interval.

Model 1: R2
= 0.029, adjusted R2

= 0.010, F(4, 197)= 1.496, p-value= 0.205.

Model 2: R2
= 0.329, adjusted R2

= 0.290, F(11, 190)= 8.449, p-value< 0.001.

Model 3: R2
= 0.337, adjusted R2

= 0.287, F(14, 187)= 6.787, p-value< 0.001.

***p< .001.

values investigated. Toanswer this question,we sortedourdata sample

according to READING to obtain a sequence: s1, s2, . . . , sn. Then, we fit-

ted regression models predicting READING using PHONOLOGY, RAN

and controls as predictors on a sequence of subsamples of increas-

ing size: {s1, . . . , s20}, {s1, . . . , s21}, . . . , {s1, . . . , sn} (the smallest subsam-

ple contained first 20 observations, the largest all 198 observations).

From these models, we extracted standardized regression coefficients

for PHONOLOGY and RAN. We performed this analysis with READ-

ING values sorted in ascending order and in descending order.

Results are presented in Figure 3. From this plot, we can see the

value of the PHONOLOGY β coefficient when we consider only 100

children with the lowest reading level. The value of β for RAN oscil-

lates around 0.25 regardless of the range of READING considered. For

PHONOLOGY β grows with the sample size and reaches a maximum

when the full sample is considered (Figure 3a and b). This suggests that

PHONOLOGY is useful to explain large differences in READINGacross

the whole scale. Furthermore, PHONOLOGY β is negative or close to
zero when only low values of READING are considered (Figure 3a),

whichmeans that it does not explain variability among poor readers.

To better understand the results of the regression analyses, we

repeated them for reading accuracy and reading fluency considered

as separate factors. Very similar patterns of results were observed for

both factors with PHONOLOGY and RAN as the main predictors. As

with the combined factors, PHONOLOGYexplained reading variability

only in average and good readers and not in poor readers. We present

detailed results in SupplementaryMaterial S4.

4 DISCUSSION

We investigated which cognitive deficits are the most common in Pol-

ish children with dyslexia and which cognitive skills are the best pre-

dictors of reading skills. The most common deficits in children with

dyslexia were phonological (51%) and RAN (26%), with 14% of chil-

dren showing a double (RAN and phonological) deficit and 14% an

implicit learning deficit. Other deficits were uncommon. Similarly, RAN

and phonological skills were the only skills that differentiate between

groups with dyslexia and good readers.

While searching for reading predictors in a large group of children

with various reading skills, we found that RAN and phonological skills

had the strongest impact on the reading scores. The impact was larger

than for selective attention, implicit learning, tone comparison, rhythm

comparison, and VA span. Results from the regression analysis, where

both RAN and phonological skills explained a portion of the variance

in the reading performance, indicated that these skills independently

affected the reading scores. However, we did not find any interaction

between RAN and phonological skills that would suggest an additive

effect of both factors on the reading level. Our exploratory analysis

of regression in which we tracked the changes in the impact of RAN

and phonological skills on readingwith increasing and decreasing read-

ing performance showed that RAN has a consistent effect on read-

ing scores across the whole spectrum of reading skills. On the other

hand, although phonological skills explain reading performance in the

whole group, they cannot explain the variability of reading skills in poor
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F IGURE 3 Sensitivity analysis of the regression coefficients as a function of the data sample. Linear regressionmodel predicted reading level
based on Phonology and RAN (with age, SES, FHD, and nonverbal IQ controlled for). The samemodel was fitted repeatedly using data samples of
different sizes (sample sizemarked on the x-axis), standardized coefficients of Phonology and RANwere extracted from the fittedmodel
(standardized coefficients marked on the y-axis). Samples were formed as subsets of the original sample increasing in size, while data points were
sorted by Reading values (a) in ascending order, (b) in descending order. If the value of the standardized coefficient is similar for all sample sizes, it
means that the predictor is equally good across the full range of Reading values

readers. In otherwords, below a certain reading performance level, the

reading skills are no longer related to phonological skills. However, this

result should be treated with caution because the phonological tasks

used in our study (PA and phoneme deletion) were designed for assess-

ment of phonological skills in the general population (and not for pre-

cise assessment of low phonological skills in the dyslexia population).

Perhapswe observed no relation between reading skills and phonolog-

ical skills in the lower end of the spectrum because of the limited range

of low phonological scores.

Our results are in agreement with a previous multiple case study

on English-speaking children (White et al., 2006) where the major-

ity of children with dyslexia (52%) had a phonological deficit. These

results were interpreted in favour of the phonological deficit expla-

nation of dyslexia. However, in that study the results from RAN tasks

(object naming and digit naming) were included in the phonology fac-

tor. Another study on prevalence of cognitive deficits in French chil-

dren with dyslexia showed that if RANwas separated from the phono-

logical skills (it was labelled phonological speed), a phonological deficit

was noted in 92% of children with dyslexia, a RAN deficit was observ-

able in 85% of the children, and 79% of the children had a double

phonological-RAN deficit (Saksida et al., 2016). In our study, also treat-

ing RAN as a separate cognitive dimension influencing reading, we

found only a weak correlation between RAN and phonological skills

(see Swanson et al., 2003 for meta-analysis) after correction for mul-

tiple comparisons (r(201) = 0.18, p < 0.05), which suggests that these

two skills should not be treated as a joined factor. The association

between these two skills might depend on the developmental stage

or the transparency of the orthography (de Jong & van der Leij, 1999;

Kirby et al., 2010; Landerl et al., 2013;Wimmer et al., 2000).

Our results emphasize the independent role of RAN and phono-

logical skills in predicting the reading level. This is in line with the

double-deficit theory of dyslexia (Wolf & Bowers, 1999), where RAN

and phonological skills are treated as two separate sources of read-

ing difficulties and their combination leads to more severe impairment

(Bowers&Wolf, 1993;Wolf&Bowers, 1999, 2016). Empirical evidence

in favour of the double-deficit was provided in studies on transparent

(Boets et al., 2010; Papadopoulos et al., 2009; Torppa et al., 2012) and

more opaque orthographies (Miller et al., 2006). Some typical read-

ers in our sample presented isolated phonological (one child) or RAN

(four children) deficits; however, there were no typical readers with a

double deficit (Table S3.3). These results nicely correspond to another

study onPolish childrenwith dyslexia (N=46, Jednoróg et al., 2014). In

this study, three different clusters of children were distinguished: with

phonological and magnocellular-dorsal deficits, with RAN and audi-

tory attention shifting, and with a double deficit. Even though auditory

attention shifting and magnocellular-dorsal deficit were not tested in

this study and a clustering method differed from multiple-case design,

a similar pattern was found: children with dyslexia belong to three dis-

tinguishable clusters—with a phonological deficit, with a RAN deficit,

or with a double deficit.

In our study, 14% of childrenwith dyslexia showed an implicit learn-

ing deficit. This deficit was not accompanied by any other deficit in the
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case of five out of seven children. According to the cerebellar deficit

hypothesis (Nicolson & Fawcett, 2007), alterations in the cerebellum

may lead to impaired articulatory, phonological, and/or implicit learn-

ing skills, which in turn may contribute to the reading disorder. In our

sample, only one child had coexisting phonological and implicit learn-

ing deficits. The clear distinction between phonological and implicit

learning deficits may suggest that implicit learning is a skill that may

explain a certain number of dyslexia cases independent of RAN and

phonology.

Around 24% of children with dyslexia in our sample showed no

apparent cognitive deficit in phonology, RAN, or implicit learning. Only

a few of them present a single or coexistent deficit in other domains

(attention, motor, auditory). The lack of deficits in almost a quarter of

children with dyslexia might be surprising, as in the previous studies

almost all participants with dyslexia presented at least one cognitive

deficit (Ramus et al., 2003; Reid et al., 2007; White et al., 2006). How-

ever, in the study of Pennington et al. (2012), around 40% of dyslexia

cases showed no deficit in PA or RAN (here: 37%). What’s more, in

the only multiple-case study which used a substantially higher num-

ber of participants in the control group (n = 86), seven out of 15 poor

readers (47%) did not present a phonological or RANdeficit (Sprenger-

Charolles et al., 2009). In other multiple case studies, the control and

poor readers group sizes were similar and varied between 15 and 23

individuals (Ramus et al., 2003; Reid et al., 2007; White et al., 2006).

The observed relation between the size of the control group and the

number of children with dyslexia who did not present any particular

deficit underlines the need for representative control groups in mul-

tiple case studies. Plausibly, in the previous studies, the criteria for

deficits were too liberal. Although these studies applied the criterion

of −1.65 SD below the scores of the control group much like we do in

our work, the standard deviation could be underestimated because of

the small sample size and exclusion of the lowest scores of the control

group. This could result in false-positive identification of deficits in the

samples with dyslexia.

There are also other possible explanations for the lack of cognitive

deficits in 24% of children with dyslexia. Perhaps the children were

tested too late. Some deficits might be present early in development

(Carroll et al., 2016) but may not be detectable at school-age. Also,

other cognitive deficits or environmental causesmight interrupt learn-

ing processes that are not yet included in the main theories of dyslexia

andwere not controlled in the present study.

Finally, the criterion of −1.65 SD might be too strict to reveal the

influence of all relevant deficits on dyslexia. Reading impairment may

occur in the case of multiple weaker (instead of one stronger) deficits.

To explore this possibility, we examined the patterns of deficits while

applying a much more liberal criterion of deficit at −1SD (Tables

S3.1–S3.4). We noted that weak phonological and RAN deficits did not

lead to dyslexia when not accompanied by each other. Among children

who scored below −1SD in PA alone there were 11 typical readers

(39%) and 17 children with dyslexia (61%), and among children with

a weak RAN deficit, there was an equal number of typical (n = 10)

and impaired readers. However, among children who scored below

−1SD in phonological and RAN skills at the same time, there were

95% of children with dyslexia (n = 18) and just one typical reader.

This suggests that even if phonological and RAN deficits are weak

but coexist, they may lead to dyslexia. This is plausibly the reason

why we cannot detect more cases like the one mentioned above in

the control group. The deficit cases in the control group are present

as a consequence of the chosen statistical threshold (up to 76% of

typical readers will present at least one score lower than −1SD when

such a threshold is chosen). However, even if a child has a weak or

even a strong deficit in one domain, it will not necessarily lead to

reading problems. Nevertheless, the combination of phonological and

RAN deficits seems to be damaging for reading skills in a transparent

orthography. As for clinical implications, we cannot use the cognitive

profiles to simply diagnose dyslexia instead of the reading level itself.

A good practice would be to test phonological and RAN deficits. If they

coexist, likely, a child will also have reading difficulties. Similarly, early

dysfunction in RAN and phonologymay lead to dyslexia.

Although our regressionmodel was based on awide set of cognitive

skills, it explained only 30% of the variance in reading. This may seem

surprisingly low.However, this is nodifferent fromsomepreviousmod-

els which take into account cognitive skills like phonology or RAN (e.g.,

Compton et al., 2001; Landerl &Wimmer, 2008). More variance might

be explained if something other than cognitive or socioeconomic fac-

tors were included in the models. Reading skills may be accounted for

by the quality of education or even personality traits (Agler, Noguchi

& Alfsen, 2019). On the other hand, there are studies with a larger

group of participants where PA and/or RAN explained a higher portion

of the variance in reading (e.g., Pennington et al., 2012, around 50%).

So, including more participants in the study may lead to an increase in

prediction value of our model.

In summary, our results showed that, in a transparent orthography,

phonological and rapid naming factors are the most reliable predictors

of the reading level in children with dyslexia and a group of children

with various reading levels. Our results suggest additive influence of

rapid naming and phonology on reading. Rapid naming appears to be

the most stable predictor of reading, regardless of the reading level

whereas phonology explains variability in average and good readers

but does not explain variability in poor readers.

ACKNOWLEDGMENT

This study was funded by the National Science Center (grant UMO-

2014/14/A/HS6/00294).

CONFLICT OF INTEREST

None of the authors has a conflict of interest.

DATA AVAILABILITY STATEMENT

Thedata used for the current study is available from the Open Science

Framework: https://osf.io/mj32v/

ORCID

Magdalena Łuniewska https://orcid.org/0000-0001-5504-9766

https://osf.io/mj32v/
https://orcid.org/0000-0001-5504-9766
https://orcid.org/0000-0001-5504-9766


DĘBSKA ET AL. 11 of 13

REFERENCES

Agler, L.-M. L., Noguchi, K., & Alfsen, L. K. (2019). Personality traits as

predictors of reading comprehension andmetacomprehension accuracy.

Current Psychology, https://doi.org/10.1007/s12144-019-00439-y
Ahissar, M. (2007). Dyslexia and the anchoring-deficit hypothesis. Trends in

Cognitive Sciences, 11(11), 458–465. https://doi.org/10.1016/j.tics.2007.
08.015

Ahissar, M., Lubin, Y., Putter-Katz, H., & Banai, K. (2006). Dyslexia and the

failure to form a perceptual anchor. Nature Neuroscience, 9(12), 1558–
1564. https://doi.org/10.1038/nn1800

Alt, M., Hogan, T., Green, S., Gray, S., Cabbage, K., & Cowan, N. (2017).

Word learning deficits in children with dyslexia. Journal of Speech, Lan-
guage, and Hearing Research : JSLHR, 60(4), 1012–1028. https://doi.org/
10.1044/2016_JSLHR-L-16-0036

Araújo, S., & Faísca, L. (2019). A meta-analytic review of naming-speed

deficits in developmental dyslexia. Scientific Studies of Reading, 23(5),
349–368. https://doi.org/10.1080/10888438.2019.1572758

Barratt, W. (2012). Social class on campus: The Barratt Simplified Mea-

sure of Social Status (BSMSS). Social class on campus. Retrieved from

https://socialclassoncampus.blogspot.com/2012/06/barratt-simplified-

measure-of-social.html

Black, J. M., Tanaka, H., Stanley, L., Nagamine, M., Zakerani, N., Thurston,

A., Kesler, S., Hulme, C., Lyytinen, H., Glover, G. H., Serrone, C., Raman,

M. M., Reiss, A. L., & Hoeft, F. (2012). Maternal history of reading diffi-

culty is associated with reduced language-related grey matter in begin-

ning readers. NeuroImage, 59(3), 3021–3032. https://doi.org/10.1016/j.
neuroimage.2011.10.024

Boets, B., de Smedt, B., Cleuren, L., Vandewalle, E., Wouters, J., &

Ghesquière, P. (2010). Towards a further characterization of phono-

logical and literacy problems in Dutch-speaking children with dyslexia.

British Journal of Developmental Psychology, 28(1), 5–31. https://doi.org/
10.1348/026151010X485223

Bogdanowicz,M., Krasowicz-Kupis, G., Matczak, A., Pelc-Pękala, O., Pietras,

I., Stańczak, J., & Szczerbiński, M. (2009). DYSLEKSJA 3—Diagnoza dyslek-
sji u uczniów klasy III szkoły podstawowej. Pracownia Testów Psycholog-

icznych.

Bosse, M. L., Tainturier, M. J., & Valdois, S. (2007). Developmental dyslexia:

The visual attention span deficit hypothesis. Cognition, 104(2), 198–230.
https://doi.org/10.1016/j.cognition.2006.05.009

Bowers, P.G., &Wolf,M. (1993). Theoretical links amongnaming speed, pre-

cise timing mechanisms and orthographic skill in dyslexia. Reading and
Writing: An Interdisciplinary Journal, 5(1), 69–85. https://doi.org/10.1007/
BF01026919

Carroll, J. M., Solity, J., & Shapiro, L. R. (2016). Predicting dyslexia using

prereading skills: The role of sensorimotor and cognitive abilities. Jour-
nal of Child Psychology and Psychiatry, 57(6), 750–758. https://doi.org/10.
1111/jcpp.12488

Compton, D. L., Defries, J. C., & Olson, R. K. (2001). Are RAN- and phono-

logical awareness-deficits additive in children with reading disabilities?

Dyslexia, 7(3), 125–149. https://doi.org/10.1002/dys.198
Cornelissen, P., Richardson, A., Mason, A., Fowler, S., & Stein, J. (1995). Con-

trast sensitivity and coherent motion detection measured at photopic

luminance levels in dyslexics and controls.Vision Research, 35(10), 1483–
1494. https://doi.org/10.1016/0042-6989(95)98728-R

de Jong, P. F., & van der Leij, A. (1999). Specific contributions of phono-

logical abilities to early reading acquisition: Results from a Dutch latent

variable longitudinal study. Journal of Educational Psychology, 91(3), 450–
476. https://doi.org/10.1037/0022-0663.91.3.450

Fecenec,D., Jaworowska, A.,Matczak, A., Stańczak, J., &Zalewska, E. (2013).

TSN – Test SzybkiegoNazywania:Wersja dla DzieciMłodszych (TSN-M) i wer-
sja dla Dzieci Starszych (TSN-S). Pracownia Testów Psychologicznych.

Filippo, G. D., Zoccolotti, P., & Ziegler, J. C. (2008). Rapid naming deficits in

dyslexia: A stumbling block for the perceptual anchor theory of dyslexia.

Developmental Science, 11(6), F40–F47. https://doi.org/10.1111/j.1467-
7687.2008.00752.x

Główny Urząd Statystyczny (2013). Ludność i struktura demograficzno-

społeczna – NSP 2011. Retrieved from https://dane.gov.pl/en/dataset/

1128,nsp-2011-ludnosc-stan-i-struktura-demograficzno-spoeczna

Goswami, U. (2011). A temporal sampling framework for developmen-

tal dyslexia. Trends in Cognitive Sciences, 15(1), 3–10. https://doi.org/10.
1016/j.tics.2010.10.001

Hatcher, P., Hulme, C., & Ellis, A. (1994). Ameliorating early reading fail-

ure by integrating the teaching of reading and phonological skills: The

phonological linkage hypothesis. Child Development, 65(1), 41–57. https:
//doi.org/10.2307/1131364

He, Q., Xue, G., Chen, C., Chen, C., Lu, Z.-L., & Dong, Q. (2013). Decoding

the neuroanatomical basis of reading ability: A multivoxel morphomet-

ric study. Journal of Neuroscience, 33(31), 12835–12843. https://doi.org/
10.1523/JNEUROSCI.0449-13.2013

Heim, S., Tschierse, J., Amunts, K., Wilms, M., Vossel, S., Willmes, K.,

Grabowska, A., & Huber, W. (2008). Cognitive subtypes of dyslexia. Acta
Neurobiologiae Experimentalis, 68(1), 73–82.

Hulme, C., Bowyer-Crane, C., Carroll, J. M., Duff, F. J., & Snowling, M. J.

(2012). The causal role of phoneme awareness and letter-sound knowl-

edge in learning to read: Combining intervention studies with mediation

analyses. Psychological Science, 23(6), 572–577. https://doi.org/10.1177/
0956797611435921

Hulme,C., &Snowling,M. J. (2009).Developmental disorders of language learn-
ing and cognition. Wiley-Blackwell.

Huss, M., Verney, J. P., Fosker, T., Mead, N., & Goswami, U. (2011). Music,

rhythm, rise time perception and developmental dyslexia: Perception of

musical meter predicts reading and phonology. Cortex; a Journal Devoted
to the Study of the Nervous System and Behavior, 47(6), 674–689. https:
//doi.org/10.1016/j.cortex.2010.07.010

Jaworowska, A.,Matczak, A., & Fecenec,D. (2012). IDS Skale Inteligencji i Roz-
woju dla Dzieci w wieku 5–10 lat. Pracownia Testów Psychologicznych.

Jednoróg, K., Gawron, N., Marchewka, A., Heim, S., & Grabowska, A. (2014).

Cognitive subtypes of dyslexia are characterized by distinct patterns of

grey matter volume. Brain Structure and Function, 219(5), 1697–1707.
https://doi.org/10.1007/s00429-013-0595-6

Kirby, J. R., Georgiou, G. K., Martinussen, R., & Parrila, R. (2010).

Naming speed and reading: From prediction to instruction. Reading
Research Quarterly, 45(3), 341–362. https://doi.org/10.1598/RRQ.45.
3.4

Krasowicz-Kupis, G. (2009). Psychologia dysleksji. Wydawnictwo Naukowe

PWN.

Landerl, K., Freudenthaler, H. H., Heene, M., De Jong, P. F., Desrochers, A.,

Manolitsis, G., Parrila, R., & Georgiou, G. K. (2019). Phonological aware-

ness and rapid automatized naming as longitudinal predictors of read-

ing in five alphabetic orthographies with varying degrees of consistency.

Scientific Studies of Reading, 23(3), 220–234. https://doi.org/10.1080/
10888438.2018.1510936

Landerl, K., Ramus, F., Moll, K., Lyytinen, H., Leppänen, P. H. T., Lohvansuu,

K., O’Donovan,M.,Williams, J., Bartling, J., Bruder, J., Kunze, S., Neuhoff,

N., Tóth, D., Honbolygó, F., Csépe, V., Bogliotti, C., Iannuzzi, S., Chaix, Y.,

Démonet, J.-F., . . . Schulte-Körne, G. (2013). Predictors of developmen-

tal dyslexia in European orthographies with varying complexity. Jour-
nal of Child Psychology and Psychiatry, 54(6), 686–694. https://doi.org/10.
1111/jcpp.12029

Landerl, K., & Wimmer, H. (2008). Development of word reading fluency

and spelling in a consistent orthography: An 8-year follow-up. Journal of
Educational Psychology,100(1), 150–161. https://doi.org/10.1037/0022-
0663.100.1.150

Lefly, D. L., & Pennington, B. F. (2000). Reliability and validity of the adult

reading history questionnaire. Journal of Learning Disabilities, 33(3), 286–
296. https://doi.org/10.1177/002221940003300306

Lipowska, M., Czaplewska, E., &Wysocka, A. (2011). Visuospatial deficits of

dyslexic children.Medical ScienceMonitor : InternationalMedical Journal of
Experimental and Clinical Research, 17(4), CR216–CR221. https://doi.org/
10.12659/MSM.881718

https://doi.org/10.1007/s12144-019-00439-y
https://doi.org/10.1016/j.tics.2007.08.015
https://doi.org/10.1016/j.tics.2007.08.015
https://doi.org/10.1038/nn1800
https://doi.org/10.1044/2016_JSLHR-L-16-0036
https://doi.org/10.1044/2016_JSLHR-L-16-0036
https://doi.org/10.1080/10888438.2019.1572758
https://socialclassoncampus.blogspot.com/2012/06/barratt-simplified-measure-of-social.html
https://socialclassoncampus.blogspot.com/2012/06/barratt-simplified-measure-of-social.html
https://doi.org/10.1016/j.neuroimage.2011.10.024
https://doi.org/10.1016/j.neuroimage.2011.10.024
https://doi.org/10.1348/026151010X485223
https://doi.org/10.1348/026151010X485223
https://doi.org/10.1016/j.cognition.2006.05.009
https://doi.org/10.1007/BF01026919
https://doi.org/10.1007/BF01026919
https://doi.org/10.1111/jcpp.12488
https://doi.org/10.1111/jcpp.12488
https://doi.org/10.1002/dys.198
https://doi.org/10.1016/0042-6989(95)98728-R
https://doi.org/10.1037/0022-0663.91.3.450
https://doi.org/10.1111/j.1467-7687.2008.00752.x
https://doi.org/10.1111/j.1467-7687.2008.00752.x
https://dane.gov.pl/en/dataset/1128,nsp-2011-ludnosc-stan-i-struktura-demograficzno-spoeczna
https://dane.gov.pl/en/dataset/1128,nsp-2011-ludnosc-stan-i-struktura-demograficzno-spoeczna
https://doi.org/10.1016/j.tics.2010.10.001
https://doi.org/10.1016/j.tics.2010.10.001
https://doi.org/10.2307/1131364
https://doi.org/10.2307/1131364
https://doi.org/10.1523/JNEUROSCI.0449-13.2013
https://doi.org/10.1523/JNEUROSCI.0449-13.2013
https://doi.org/10.1177/0956797611435921
https://doi.org/10.1177/0956797611435921
https://doi.org/10.1016/j.cortex.2010.07.010
https://doi.org/10.1016/j.cortex.2010.07.010
https://doi.org/10.1007/s00429-013-0595-6
https://doi.org/10.1598/RRQ.45.3.4
https://doi.org/10.1598/RRQ.45.3.4
https://doi.org/10.1080/10888438.2018.1510936
https://doi.org/10.1080/10888438.2018.1510936
https://doi.org/10.1111/jcpp.12029
https://doi.org/10.1111/jcpp.12029
https://doi.org/10.1037/0022-0663.100.1.150
https://doi.org/10.1037/0022-0663.100.1.150
https://doi.org/10.1177/002221940003300306
https://doi.org/10.12659/MSM.881718
https://doi.org/10.12659/MSM.881718


12 of 13 DĘBSKA ET AL.

Lonigan, C. J., Burgess, S. R., & Anthony, J. L. (2000). Development of emer-

gent literacy andearly reading skills in preschool children: Evidence from

a latent-variable longitudinal study. Developmental Psychology, 36(5),
596–613. https://doi.org/10.1037/0012-1649.36.5.596

Lukov, L., Friedmann, N., Shalev, L., Khentov-Kraus, L., Shalev, N., Lorber, R.,

& Guggenheim, R. (2015). Dissociations between developmental dyslex-

ias and attention deficits. Frontiers in Psychology, 5, 1501. https://doi.org/
10.3389/fpsyg.2014.01501

Łuniewska, M., Chyl, K., Dębska, A., Banaszkiewicz, A., Żelechowska, A.,

Marchewka, A., Grabowska, A., & Jednoróg, K. (2019). Children with

dyslexia and familial risk for dyslexia present atypical development of

the neuronal phonological network. Frontiers in Neuroscience, 13. https:
//doi.org/10.3389/fnins.2019.01287

Manis, F. R., Mcbride-Chang, C., Seidenberg, M. S., Keating, P., Doi, L. M.,

Munson, B., & Petersen, A. (1997). Are speech perception deficits associ-

ated with developmental dyslexia? Journal of Experimental Child Psychol-
ogy, 66(2), 211–235. https://doi.org/10.1006/jecp.1997.2383

Matczak, A., Piotrowska, A., & Ciarkowska, W. (2008). WISC-R—Skala
Inteligencji Wechslera dla Dzieci—Wersja Zmodyfikowana. Pracownia

Testów Psychologicznych.

McGrath, L. M., Peterson, R. L., & Pennington, B. F. (2020). The multi-

ple deficit model: Progress, problems, and prospects. Scientific Stud-
ies of Reading, 24(1), 7–13. https://doi.org/10.1080/10888438.2019.
1706180

Melby-Lervåg, M., Lyster, S. A., & Hulme, C. (2012). Phonological skills and

their role in learning to read: A meta-analytic review. Psychological Bul-
letin, 138(2), 322–352. https://doi.org/10.1037/a0026744

Menghini, D., Hagberg, G. E., Caltagirone, C., Petrosini, L., & Vicari, S. (2006).

Implicit learning deficits in dyslexic adults: An fMRI study. NeuroImage,
33(4), 1218–1226. https://doi.org/10.1016/j.neuroimage.2006.08.024

Miller, C. J., Miller, S. R., Bloom, J. S., Jones, L., Lindstrom, W., Craggs, J.,

Garcia-Barrera, M., Semrud-Clikeman, M., Gilger, J. W., & Hynd, G. W.

(2006). Testing thedouble-deficit hypothesis in an adult sample.Annals of
Dyslexia, 56(1), 83–102. https://doi.org/10.1007/s11881-006-0004-4

Muneaux, M., Ziegler, J. C., Truc, C., Thomson, J., & Goswami, U. (2004).

Deficits in beat perception and dyslexia: Evidence fromFrench.NeuroRe-
port, 15(8), 1255–1259. https://doi.org/10.1097/01.wnr.0000127459.
31232.c4

Nicolson, R. I., & Fawcett, A. J. (2007). Procedural learning difficulties:

Reuniting the developmental disorders? TRENDS in Neurosciences, 30(4),
135–141.

Noordenbos, M. W., & Serniclaes, W. (2015). The categorical perception

deficit in dyslexia: A meta-analysis. Scientific Studies of Reading, 19(5),
340–359. https://doi.org/10.1080/10888438.2015.1052455

Norton, E. S., Black, J. M., Stanley, L. M., Tanaka, H., Gabrieli, J. D. E., Sawyer,

C., & Hoeft, F. (2014). Functional neuroanatomical evidence for the

double-deficit hypothesis of developmental dyslexia. Neuropsychologia,
61, 235–246. https://doi.org/10.1016/j.neuropsychologia.2014.06.015

Papadopoulos, T. C., Georgiou, G. K., & Kendeou, P. (2009). Investigating the

double-deficit hypothesis in Greek: Findings from a longitudinal study.

Journal of Learning Disabilities, 42(6), 528–547. https://doi.org/10.1177/
0022219409338745

Pennington, B. F. (2006). From single to multiple deficit models of develop-

mental disorders. Cognition, 101(2), 385–413. https://doi.org/10.1016/j.
cognition.2006.04.008

Pennington, B. F., Santerre-Lemmon, L., Rosenberg, J., MacDonald, B.,

Boada, R., Friend, A., Leopold, D., Samuelsson, S., Byrne, B., Willcutt, E.

G., & Olson, R. K. (2012). Individual prediction of dyslexia by single vs.

multiple deficitmodels. Journal of Abnormal Psychology,121(1), 212–224.
https://doi.org/10.1037/a0025823

R Core Team (2020). R: A language and environment for statistical com-
puting.Vienna, Austria: R Foundation for Statistical Computing. https:

//www.R-project.org/

Raberger, T., & Wimmer, H. (2003). On the automaticity/cerebellar deficit

hypothesis of dyslexia: Balancing and continuous rapid naming in

dyslexic and ADHD children. Neuropsychologia, 41(11), 1493–1497.
https://doi.org/10.1016/s0028-3932(03)00078-2

Ramus, F.,Marshall, C. R., Rosen, S., & van der Lely, H. K. J. (2013). Phonolog-

ical deficits in specific language impairment and developmental dyslexia:

Towards a multidimensional model. Brain, 136(2), 630–645. https://doi.
org/10.1093/brain/aws356

Ramus, F., Rosen, S., Dakin, S. C.,Day, B. L., Castellote, J.M.,White, S., &Frith,

U. (2003). Theories of developmental dyslexia: Insights from a multiple

case study of dyslexic adults. Brain, 126(4), 841–865. https://doi.org/10.
1093/brain/awg076

Ramus, F., & Szenkovits, G. (2008). What phonological deficit? Quarterly
Journal of Experimental Psychology, 61(1), 129–141. https://doi.org/10.
1080/17470210701508822

Reid, A. A., Szczerbinski,M., Iskierka-Kasperek, E., &Hansen, P. (2007). Cog-

nitiveprofiles of adult developmental dyslexics: Theoretical implications.

Dyslexia, 13(1), 1–24. https://doi.org/10.1002/dys.321
Reis, A., Araújo, S., Morais, I. S., & Faísca, L. (2020). Reading and reading-

related skills in adultswith dyslexia fromdifferent orthographic systems:

A review and meta-analysis. Annals of Dyslexia, 70(3), 339–368. https:
//doi.org/10.1007/s11881-020-00205-x

Saksida, A., Iannuzzi, S., Bogliotti, C., Chaix, Y., Démonet, J. F., Bricout,

L., Billard, C., Nguyen-Morel, M. A., Le Heuzey, M. F., Soares-Boucaud,

I., George, F., Ziegler, J. C., & Ramus, F. (2016). Phonological skills,

visual attention span, and visual stress in developmental dyslexia.

Developmental Psychology, 52(10), 1503–1516. https://doi.org/10.1037/
dev0000184

Sassenberg, K., & Ditrich, L. (2019). Research in social psychology

changed between 2011 and 2016: Larger sample sizes, more self-

report measures, and more online studies. Advances in Methods and
Practices in Psychological Science,2(2), 107–114. https://doi.org/10.1177/
2515245919838781

Schüppert, A., Heeringa, W., Golubovic, J., & Gooskens, C. (2017). Write as

you speak? A cross-linguistic investigation of orthographic transparency

in 16 Germanic, Romance and Slavic languages. In M. Wieling, Kroon,

M., G. van Noord, & G. Bouma (Eds.), From semantics to dialectometry:
Festschrift in honor of John Nerbonne (pp. 303–313). College Publications.
https://www.let.rug.nl/nerbonne/afscheid/festschrift.pdf

Serrano, F., & Defior, S. (2008). Dyslexia speed problems in a transparent

orthography. Annals of Dyslexia, 1(58), 81–95. https://doi.org/10.1007/
s11881-008-0013-6

Share,D. L. (2008).On theAnglocentricities of current reading research and

practice: The perils of overreliance on an ‘outlier’ orthography.Psycholog-
ical Bulletin, 134(4), 584–615. https://doi.org/10.1037/0033-2909.134.
4.584

Snowling,M. J. (1995). Phonological processing anddevelopmental dyslexia.

Journal of Research in Reading, 18(2), 132–138. https://doi.org/10.1111/j.
1467-9817.1995.tb00079.x

Snowling, M. (1998). Dyslexia as a phonological deficit: Evidence and impli-

cations. Child Psychology and Psychiatry Review, 3(1), 4–11. https://doi.
org/10.1111/1475-3588.00201

Sprenger-Charolles, L., Colé, P., Kipffer-Piquard, A., Pinton, F., & Billard, C.

(2009). Reliability and prevalence of an atypical development of phono-

logical skills in French-speaking dyslexics. Reading and Writing, 22(7),
811–842. https://doi.org/10.1007/s11145-008-9117-y

Sprenger-Charolles, L., Siegel, L. S., Jiménez, J. E., & Ziegler, J. C. (2011).

Prevalence and reliability of phonological, surface, and mixed profiles in

dyslexia: A review of studies conducted in languages varying in ortho-

graphic depth. Scientific Studies of Reading, 15(6), 498–521. https://doi.
org/10.1080/10888438.2010.524463

Swanson, H. L., Trainin, G., Necoechea, D. M., & Hammill, D. D. (2003). Rapid

naming, phonological awareness, and reading: A meta-analysis of the

correlation evidence. Review of Educational Research, 73(4), 407–440.
https://doi.org/10.3102/00346543073004407

Szucs, D., & Ioannidis, J. P. A. (2017). Empirical assessment of pub-

lished effect sizes and power in the recent cognitive neuroscience and

https://doi.org/10.1037/0012-1649.36.5.596
https://doi.org/10.3389/fpsyg.2014.01501
https://doi.org/10.3389/fpsyg.2014.01501
https://doi.org/10.3389/fnins.2019.01287
https://doi.org/10.3389/fnins.2019.01287
https://doi.org/10.1006/jecp.1997.2383
https://doi.org/10.1080/10888438.2019.1706180
https://doi.org/10.1080/10888438.2019.1706180
https://doi.org/10.1037/a0026744
https://doi.org/10.1016/j.neuroimage.2006.08.024
https://doi.org/10.1007/s11881-006-0004-4
https://doi.org/10.1097/01.wnr.0000127459.31232.c4
https://doi.org/10.1097/01.wnr.0000127459.31232.c4
https://doi.org/10.1080/10888438.2015.1052455
https://doi.org/10.1016/j.neuropsychologia.2014.06.015
https://doi.org/10.1177/0022219409338745
https://doi.org/10.1177/0022219409338745
https://doi.org/10.1016/j.cognition.2006.04.008
https://doi.org/10.1016/j.cognition.2006.04.008
https://doi.org/10.1037/a0025823
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/s0028-3932(03)00078-2
https://doi.org/10.1093/brain/aws356
https://doi.org/10.1093/brain/aws356
https://doi.org/10.1093/brain/awg076
https://doi.org/10.1093/brain/awg076
https://doi.org/10.1080/17470210701508822
https://doi.org/10.1080/17470210701508822
https://doi.org/10.1002/dys.321
https://doi.org/10.1007/s11881-020-00205-x
https://doi.org/10.1007/s11881-020-00205-x
https://doi.org/10.1037/dev0000184
https://doi.org/10.1037/dev0000184
https://doi.org/10.1177/2515245919838781
https://doi.org/10.1177/2515245919838781
https://www.let.rug.nl/nerbonne/afscheid/festschrift.pdf
https://doi.org/10.1007/s11881-008-0013-6
https://doi.org/10.1007/s11881-008-0013-6
https://doi.org/10.1037/0033-2909.134.4.584
https://doi.org/10.1037/0033-2909.134.4.584
https://doi.org/10.1111/j.1467-9817.1995.tb00079.x
https://doi.org/10.1111/j.1467-9817.1995.tb00079.x
https://doi.org/10.1111/1475-3588.00201
https://doi.org/10.1111/1475-3588.00201
https://doi.org/10.1007/s11145-008-9117-y
https://doi.org/10.1080/10888438.2010.524463
https://doi.org/10.1080/10888438.2010.524463
https://doi.org/10.3102/00346543073004407


DĘBSKA ET AL. 13 of 13

psychology literature. PLOS Biology, 15(3), e2000797. https://doi.org/10.
1371/journal.pbio.2000797

Torgesen, J. K.,Wagner, R. K., Rashotte, C. A., Burgess, S., & Hecht, S. (1997).

Contributions of phonological awareness and rapid automatic naming

ability to the growth of word-reading skills in second- to fifth-grade

children. Scientific Studies of Reading, 1(2), 161–185. https://doi.org/10.
1207/s1532799xssr0102_4

Torppa,M., Georgiou, G., Salmi, P., Eklund, K., & Lyytinen, H. (2012). Examin-

ing the double-deficit hypothesis in an orthographically consistent lan-

guage. Scientific Studies of Reading, 16(4), 287–315. https://doi.org/10.
1080/10888438.2011.554470

Turkeltaub, P. E., Gareau, L., Flowers, D. L., Zeffiro, T. A., & Eden, G. F. (2003).

Development of neural mechanisms for reading. Nature Neuroscience,
6(7), 767–773. https://doi.org/10.1038/nn1065

Valdois, S., Bosse, M.-L., & Tainturier, M.-J. (2004). The cognitive deficits

responsible for developmental dyslexia: Review of evidence for a selec-

tive visual attentional disorder.Dyslexia,10(4), 339–363. https://doi.org/
10.1002/dys.284

Verhoeven, L., & Keuning, J. (2018). The nature of developmental dyslexia

in a transparent orthography. Scientific Studies of Reading, 22(1), 7–23.
https://doi.org/10.1080/10888438.2017.1317780

Vicari, S. (2005). Do children with developmental dyslexia have an implicit

learning deficit? Journal of Neurology, Neurosurgery & Psychiatry, 76(10),
1392–1397. https://doi.org/10.1136/jnnp.2004.061093

Vicari, S., Marotta, L., Menghini, D., Molinari, M., & Petrosini, L. (2003).

Implicit learning deficit in children with developmental dyslexia. Neu-
ropsychologia,41(1), 108–114. https://doi.org/10.1016/S0028-3932(02)
00082-9

Wagner, R. K., & Torgesen, J. K. (1987). The nature of phonological process-

ing and its causal role in the acquisitionof reading skills.Psychological Bul-
letin, 101(2), 192.

White, S., Milne, E., Rosen, S., Hansen, P., Swettenham, J., Frith, U., & Ramus,

F. (2006). The role of sensorimotor impairments in dyslexia: A multiple

case study of dyslexic children.Developmental Science, 9(3), 237–255.
Wimmer, H.,Mayringer, H., & Landerl, K. (2000). The double-deficit hypoth-

esis and difficulties in learning to read a regular orthography. Journal of
Educational Psychology, 92(4), 668–680.

Wimmer, H., & Schurz, M. (2010). Dyslexia in regular orthographies: Mani-

festation and causation. Dyslexia: An International Journal of Research and
Practice, 16(4), 283–299. https://doi.org/10.1002/dys.411

Witton, C., Talcott, J. B., Hansen, P. C., Richardson, A. J., Griffiths, T. D., Rees,

A., Stein, J. F., & Green, G. G. R. (1998). Sensitivity to dynamic audi-

tory and visual stimuli predicts nonword reading ability in both dyslexic

and normal readers. Current Biology, 8(14), 791–797. https://doi.org/10.
1016/S0960-9822(98)70320-3

Wolf,M.,&Bowers, P.G. (1999). Thedouble-deficit hypothesis for thedevel-

opmental dyslexias. Journal of Educational Psychology, 91(3), 415–438.
https://doi.org/10.1037/0022-0663.91.3.415

Wolf, M., & Bowers, P. G. (2016). Naming-speed processes and develop-

mental reading disabilities: An introduction to the special issue on the

double-deficit hypothesis. Journal of LearningDisabilities,33(4), 322–324.
https://doi.org/10.1177/002221940003300404

Wolf, M., & Denckla, M. (2005). RAN/RAS: Rapid automatized naming and
rapid alternating stimulus tests. Pro-Ed.

Ziegler, J. C., Pech-Georgel, C., George, F., & Lorenzi, C. (2009).

Speech-perception-in-noise deficits in dyslexia. Developmental Sci-
ence, 12(5), 732–745. https://doi.org/10.1111/j.1467-7687.2009.

00817.x

Zoubrinetzky, R., Bielle, F., & Valdois, S. (2014). New insights on devel-

opmental dyslexia subtypes: Heterogeneity of mixed reading pro-

files. PLoS ONE, 9(6), e99337. https://doi.org/10.1371/journal.pone.
0099337

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Dębska, A., Łuniewska, M., Zubek, J.,

Chyl, K., Dynak, A., Dzięgiel-Fivet, G., Plewko, J., Jednoróg, K., &

Grabowska, A. (2022). The cognitive basis of dyslexia in

school-aged children: Amultiple case study in a transparent

orthography.Developmental Science, 25, e13173.

https://doi.org/10.1111/desc.13173

https://doi.org/10.1371/journal.pbio.2000797
https://doi.org/10.1371/journal.pbio.2000797
https://doi.org/10.1207/s1532799xssr0102_4
https://doi.org/10.1207/s1532799xssr0102_4
https://doi.org/10.1080/10888438.2011.554470
https://doi.org/10.1080/10888438.2011.554470
https://doi.org/10.1038/nn1065
https://doi.org/10.1002/dys.284
https://doi.org/10.1002/dys.284
https://doi.org/10.1080/10888438.2017.1317780
https://doi.org/10.1136/jnnp.2004.061093
https://doi.org/10.1016/S0028-3932(02)00082-9
https://doi.org/10.1016/S0028-3932(02)00082-9
https://doi.org/10.1002/dys.411
https://doi.org/10.1016/S0960-9822(98)70320-3
https://doi.org/10.1016/S0960-9822(98)70320-3
https://doi.org/10.1037/0022-0663.91.3.415
https://doi.org/10.1177/002221940003300404
https://doi.org/10.1111/j.1467-7687.2009.00817.x
https://doi.org/10.1111/j.1467-7687.2009.00817.x
https://doi.org/10.1371/journal.pone.0099337
https://doi.org/10.1371/journal.pone.0099337
https://doi.org/10.1111/desc.13173

	The cognitive basis of dyslexia in school-aged children: A multiple case study in a transparent orthography
	Abstract
	1 | INTRODUCTION
	2 | METHOD
	2.1 | Participants
	2.2 | Dyslexia diagnosis
	2.3 | Procedure
	2.4 | Data analysis plan
	2.4.1 | Calculating cognitive skills factors
	2.4.2 | Differences between control and dyslexia groups
	2.4.3 | Deficits in dyslexia
	2.4.4 | Cognitive skills underlying reading
	2.4.5 | Controlling for age in cognitive skills factors


	3 | RESULTS
	3.1 | Differences between control and dyslexia groups
	3.2 | (Co)existence of deficits
	3.3 | Cognitive skills underlying reading
	3.3.1 | Correlation analysis
	3.3.2 | Regression analyses


	4 | DISCUSSION
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


