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Abstract In voxel-based morphometry studies of dyslexia, the relation between causal
theories of dyslexia and gray matter (GM) and white matter (WM) volume alterations is still
under debate. Some alterations are consistently reported, but others failed to reach significance.
We investigated GM alterations in a large sample of Dutch students (37 dyslexics and 57 non-
dyslexics) with two analyses: group differences in local GM and total GM and WM volume
and correlations between GM and WM volumes and five behavioural measures. We found no
significant group differences after corrections for multiple comparisons although total WM
volume was lower in the group of dyslexics when age was partialled out. We presented an
overview of uncorrected clusters of voxels (p<0.05, cluster size £>200) with reduced or
increased GM volume. We found four significant correlations between factors of dyslexia
representing various behavioural measures and the clusters found in the first analysis. In the
whole sample, a factor related to performances in spelling correlated negatively with GM
volume in the left posterior cerebellum. Within the group of dyslexics, a factor related to
performances in Dutch—English thyme words correlated positively with GM volume in the left
and right caudate nucleus and negatively with increased total WM volume. Most of our
findings were in accordance with previous reports. A relatively new finding was the involve-
ment of the caudate nucleus. We confirmed the multiple cognitive nature of dyslexia and
suggested that experience greatly influences anatomical alterations depending on various
subtypes of dyslexia, especially in a student sample.
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Introduction

Dyslexia has been described as a neurological disorder with a genetic origin characterised by
poor reading and spelling abilities despite adequate intelligence, motivation and schooling.
Dyslexia is persistent into adulthood, often regardless of remedial teaching during school days
or other childhood interventions. Estimates of prevalence vary widely between 3 and 18 %.
After decades of investigating the cognitive impairments of dyslexic people (e.g. Ramus &
Ahissar, 2012), an important question in recent years has been whether structural and
functional abnormalities in the brain can be identified in relation to dyslexia.

In this study, we address the issue of structural alterations in the brain in terms of anatomical
brain morphology. A much-applied technique for analysing anatomical structures in the brain
is voxel-based morphometry (VBM) (Ashburner & Friston, 2000; Wright et al., 1995), which
specifies gray matter (GM) and white matter (WM) densities of separate voxels. Unfortunately,
in VBM studies of dyslexia, many findings failed to be replicated or were rendered insignif-
icant (statistically) by corrections for multiple comparisons. As a result, there is much
discussion about the generalisability of findings.

Besides this discussion, some findings appear to be consistent across studies and much has
already been learned. Two meta-analytical studies were reported in 2012, examining local GM
alterations in relatively small samples of dyslexic adults. A coordinate-based meta-analysis
(Richlan, Kronbichler, & Wimmer, 2012) of nine VBM studies reporting 43 foci of GM
reduction and 2 foci of GM increase in dyslexic readers (total sample sizes, 134 dyslexic and
132 non-impaired mostly adult readers, 11-41 years) resulted in the convergence of GM
reductions in only two relatively small areas: one in the right superior temporal gyrus and one
in the left superior temporal sulcus. No significant differences in whole brain GM or WM
volume were reported. An activation likelihood estimation meta-analysis (Linkersdorfer et al.,
2012) of nine VBM studies reporting 62 foci of GM reduction in dyslexic readers (total sample
sizes, 139 dyslexic and 138 non-impaired mostly adult readers) resulted in the convergence of
six clusters in bilateral temporo-parietal and left occipito-temporal cortical regions and in the
cerebellum bilaterally. Again, no significant differences in whole brain GM or WM volume
were reported.

Seven studies were incorporated in both meta-analyses (Brambati et al., 2004; Brown et al.,
2001; Eckert et al., 2005; Hoeft et al. 2007; Kronbichler et al., 2008; Steinbrink et al.,
2008; Vinkenbosch, Robichon, & Eliez, 2005). In the analysis by Richlan et al., a study by
Raschle, Chang, & Gaab (2011) was excluded because the participants were prereading
kindergarteners with a family history of dyslexia but without diagnosis of dyslexia, and a
study by Pernet et al. (2009a) was excluded because they failed to find direct group differ-
ences. In the analysis by Linkersdorfer et al., a study by Silani et al. (2005) and a study by
Menghini et al. (2008) were not included. The reported coordinates of the areas of convergence
were not exactly the same which may be the result of slightly different inclusion criteria of the
studies. The largest cluster in the study by Linkersdorfer et al. was found in the left fusiform
gyrus extending into the left inferior temporal gyrus, while Richlan et al. found a cluster in the
left superior temporal sulcus. Both studies reported a cluster in the right superior temporal
gyrus, but Linkersdorfer et al. reported four additional areas in the left and right supramarginal
gyrus and in the left and right cerebellum, which failed to reach meta-analytical significance in
the study of Richlan et al.

Besides these meta-analyses, findings from functional imaging studies are also relevant for
interpreting brain anatomy of dyslexics. Two meta-analytic studies of functional overactivation
and underactivations in dyslexics were performed in recent years (Richlan, Kronbichler, &
Wimmer, 2009, 2011). In Linkersdorfer et al., the results of these studies were used to analyse
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overlap between structural and functional deviations with additional activation likelihood
estimation meta-analyses of imaging studies. Conjunction analyses of the meta-analyses
revealed an overlap in the left cerebellum and left fusiform gyrus. Summarising all meta-
analytic results, it became clear that some areas are involved in dyslexia with a high degree of
certainty. However, the number and size of the areas which survived meta-analytical signifi-
cance thresholds are small compared to the number and size of all areas reported in the smaller
samples of the separate studies. That many areas did not survive significance thresholds does
not automatically imply that these are irrelevant for dyslexia.

Support for the significance of some areas that did not survive significance thresholds can be
found in the study of Pernet et al. (2009a). In this study, no significant group differences were
found in a large sample of 38 dyslexics and 39 non-dyslexics. However, most of the uncorrected
p values pointed to areas in accord with previous findings. Moreover, this study reported
various significant correlations between GM volumes (41 loci) and behavioural measures
(phoneme deletion, irregular word spelling, pseudoword reading), across groups and/or be-
tween groups. The 41 loci were found in three main territories: the cerebellum; the ventral visual
cortex; and several parts of (mainly) left and dorsal hemispheric brain areas such as superior
frontal, medial parietal and superior temporal areas. Thus, in a relatively large sample using
correlational analyses, many more areas could be significantly related to dyslexia than in the
meta-analyses. In a second study by Pernet et al. (2009b), two predictors of dyslexia were found
using a classification approach: the right lentiform nucleus and the right cerebellar declive with
dyslexics falling either above or below the control group’s 95 % confidence interval boundaries.

In summary, much has been learned about brain anatomy in dyslexia, but two main
questions remain under debate: why are more significant alterations identified in studies with
smaller samples than in studies with larger samples or in meta-analytical studies, and why are
correlational analyses more efficient in identifying anatomical alterations than group analyses?
First of all, no explanations can be derived from gender differences. Both in the study by
Pernet et al. and in most meta-analytic studies, a large majority of the participants were male.
Thus, possible GM differences between dyslexic males and dyslexic females as were observed
by Evans et al. (2013) could not explain the differences. On the other hand, the inclusion of a
relatively small portion of female dyslexics in the samples might have had an effect on the
power of group differences between dyslexics and controls.

A plausible explanation for the fact that most of the direct group differences in separate
studies failed to be significant seems to be that the samples in these studies were relatively
small (on average, 15 dyslexics and 15 non-dyslexics), resulting in a lack of power. However,
it is then strange that other findings in separate studies were significant, while in meta-
analytical studies or in a large sample (Pernet et al.), most findings failed to reach significance.
Pernet et al. pointed out that, given the common use of small samples in MRI studies,
“individual variability may have been under- or overestimated... biasing results towards
significance in some studies and not in others” (p. 2288). Relatively high individual variability
in groups of dyslexics is well established, and the common explanation is that dyslexia is a
multiple cognitive deficit. VBM results can then easily be affected by individual variation in
perception and cognition in dyslexia (Eckert et al., 2005). Analyses of individual profiles has
also resulted in the suggestion that subtypes of dyslexia should be distinguished (e.g. Ramus
et al., 2003). Although there is an ongoing discussion about subtypes, there is strong support
and consistency for at least two subtypes of dyslexia (Bosse et al. 2007; Di Filippo &
Zoccolotti, 2012; Heim et al., 2008): a phonological subtype and a visuo-attentional subtype.
Furthermore, different samples of different ages may induce different results because it was
found that many GM density differences between dyslexics and controls, in general, result
from differences in reading experience (Krafnick et al., 2014; Clark et al., 2014).
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In a recent VBM study by Jednorog et al. (2014) with 46 dyslexic and 35 control children
(mean age 10 years), the dyslexic children were split into three subtypes based on various
cognitive deficits (phonological, rapid naming, magnocellular/dorsal, auditory attention
shifting). Comparing VBM contrasts for the whole group revealed significantly reduced local
GM volume for dyslexics compared to controls in the left inferior frontal gyrus—an area that
failed to reach significance in the meta-analyses. Most importantly, comparing VBM contrasts
of separate subtypes with all other groups revealed different loci of reduced and/or increased
GM volume in various areas. This underlines that in VBM studies with small samples, some
subtypes of dyslexia may have been overrepresented or underrepresented. It explains why
more significant alterations are identified in studies with small samples than in studies with
large samples or in meta-analytical studies and why correlational analyses between behaviour-
al measures and local GM volumes are more efficient in identifying anatomical alterations than
analyses of group differences. However, it is highly important to realise that the anatomical
differences between subtypes of dyslexia in the study by Jednordg et al. were found in young
children while the participants in the meta-analyses were mainly adults. In the meta-analysis of
functional MRI studies (Richlan, Kronbichler, & Wimmer, 2011), various differences exist
between dyslexic children and adult dyslexics. It is unknown how these differences influence
anatomical differences with age. In general, it is also unknown whether age differences have
influenced results in the adult samples used for the meta-analyses which varied between 11 and
41 years old.

The aim of the present study was to enlarge the probability of finding significant anatomical
differences between dyslexics and non-dyslexics. We used a large sample of 37 dyslexic and 57
non-dyslexic students. This sample was used in a previous study (Tamboer, Vorst & Oort, 2014a)
in which dyslexics and non-dyslexics were identified on the basis of various cognitive measures.
In a second previous study (Tamboer, Vorst & Oort, 2014b), the same sample was used for the
identification of five cognitive factors related to dyslexia (phonology, spelling, short-term
memory, thyme words/confusion and whole-word reading/complexity). Thus, we took into
account that dyslexia is characterised by various cognitive deficits as much as possible.
Compared to the studies by Pernet et al. (2009a) who used three behavioural measures and
Heim et al. (2008) who used three cognitive factors, we were able to specify relations between
cognition and anatomical alterations further. First, we applied analyses of group differences
using whole-brain VBM instead of analysing only a priori-determined areas in a region-of-
interest (ROI) analysis, because in previous studies, brain abnormalities were reported in various
brain areas, and we did not want to run the risk of missing relevant regions by limiting our
analyses to ROIs. Second, we applied correlational analyses between loci of GM volume
alterations and five cognitive factors. Third, to account for effects of gender, age and handedness,
we exploratively performed various additional analyses with these variables as covariates.

Methods
Subjects and procedure

In this study, 37 dyslexic students (six men; six left-handed; mean age 20.61 years, SD
1.53 years) and 57 non-dyslexic students (seven men; eight left-handed; mean age 20.33 years,
SD 1.14 years) participated. All participants were first-year psychology students at the
University of Amsterdam, and most of them were female as most psychology students in
the Netherlands are female. All students were native Dutch speakers, were raised in the
Netherlands and had 12—-13 years of school education at a school in the Netherlands. All
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students were free from medical or psychiatric diseases and had no history of sensory
deficits or head trauma. ADHD was assessed with a short self-report questionnaire, which
included 46 questions about attention, concentration and hyperactivity. A mean score and
standard deviation on this questionnaire were calculated in a larger group of more than
1000 students. The groups of dyslexics and non-dyslexics did not differ on ADHD
symptoms, and no student of the present sample had a score higher than one standard
deviation above the average of the total sample of more than 1000 students. Handedness
was assessed with a short self-report questionnaire, which included questions about
writing hand, general hand preference and 20 specific questions. There were no students
with inconsistent reports which could indicate being ambidextrous. All students who
participated in this study gave informed written consent and were debriefed afterwards.
All participants had the option to choose between acquiring participation points required
for the first year of study or a financial reward. This study was approved by the ethics
committee at the University of Amsterdam.

Neuropsychological assessment of dyslexia

This sample was acquired from a sample of students who participated in a previous study (Tamboer
et al., 2014a). In that study, dyslexia and non-dyslexia were assessed using three sources of
information: a history of language difficulties, a self-report of language difficulties and a test battery.

A history of language difficulties consisted information about persistent language difficul-
ties at school, dyslexic family members and various test results which were assessed during
school days. Some students had a formal diagnosis of dyslexia. In the Netherlands, a formal
diagnosis of dyslexia can be acquired only from official institutes of dyslexia by specialists in
diagnosing dyslexia and is considered to be very reliable.

A self-report of dyslexia was assessed with an extended questionnaire that consisted of two
parts. The first part consisted of 30 general questions or statements, such as ‘Are you
dyslexic?’, ‘Did you experience difficulties with learning to read and/or to spell during school
days?’, ‘I do not like that English sounds differently than it is written’. The second part
consisted of 140 specific statements which aim to acquire information about specific language
difficulties. The questionnaire was designed according to a 7x5x4 facet design. There are
seven subscales representing different aspects of language, each consisting of 20 statements
with seven response categories. Here, we give examples for the seven subscales: reading:
‘Sometimes I skip a letter, which results in reading a different word’; writing: ‘Sometimes I
forget to write down a syllable’; speaking: “While speaking, I sometimes exchange similar
words’; listening: ‘I hear a story exactly like someone tells it’; copying: “When I copy out a
text, I sometimes exchange letters with similar sounds’; dictating: ‘1 make mistakes in
dictation, because I do not hear the correct sounds’; and reading aloud: “When reading
aloud, I sometimes repeat a part of the text’. All statements can also be categorised into
five subscales representing sounds, letters, words, sentences and text. A leading thought
during the creation of these statements was that four typical mistakes might distinguish
dyslexics from others: skipping (forgetting), adding, changing and exchanging. These
typical mistakes represent various kinds of visual, attentional, auditory or phonological
confusion. Furthermore, we accounted for the possibility that these typical mistakes
become more prominent when complexity increases, as is the case with pseudowords,
for instance.

The test battery consisted of nine language-related tests and a short-term memory test.
Together, these ten tests covered all of the known symptoms of dyslexia, such as phonological
awareness, rapid naming, attentional/visual processing and short-term memory.
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1. Dutch dictation (auditory) aims to measure spelling abilities in the Dutch language (ten
sentences, maximum score 10x4=40). Each sentence consisted of at least two difficult words.

2. English dictation (auditory) aims to measure spelling abilities in the English language (ten
sentences, maximum score 10x2=20). It can be assumed that Dutch students are familiar with
ordinary English words that we used. Each sentence consisted of at least two difficult words.

3. Missing letters (auditory) also aim to measure spelling abilities in the Dutch language (ten
sentences, maximum score 10x2=20), but in a slightly different way. For each sentence, two
words are repeated while these words are shown on the computer screen with a few letters left
out of the word.

4. Pseudowords (auditory) aim to measure spelling abilities of pseudowords—non-words that
sound like real words (30 words, maximum score 30). Participants have to decide whether the
non-words that they hear are spelled correctly on the computer screen. Usually, pseudowords
are administered the other way around by participants reading the words aloud themselves. We
changed this because it would be practically impossible to have all students in private sessions
for this way of testing.

5. Sound deletion (auditory) aims to measure phonological abilities (20 words, maximum
score 20). Participants have to decide whether the difficult Dutch words that they hear are
pronounced correctly, and if not, which letter is missing or has been added (there is a choice
between three words). For example, the word ‘fietsenstalling’, which means bicycle shed, is
read out as ‘fiestenstalling’. The possible answers are as follows: ‘fietsentalling’,
‘fiestensalling’ and ‘fiestenstalling’.

6. Spoonerisms (auditory) also aim to measure phonological abilities (20 words, maximum
score 20). A spoonerism is a word that consists of two existing smaller words and still consists
of two small existing words when the first letters of both small words are exchanged. For
example, participants hear the word ‘kolen-schop’ which has to be altered to ‘scholen-kop’.

7. Incorrect spelling (visual) is the third test in our study that aims to measure spelling
abilities in the Dutch language, again in a different way (40 words, maximum score 40). All
words are flashed on a computer screen for 50 ms. Participants have to decide whether the
words are spelled correctly or not.

8. Dutch—English rhyme words (visual) aim to measure the ability to recognise similar-
sounding nouns in Dutch and English (40 words, maximum score 40). Dutch—English word
pairs are shown on a computer screen with the Dutch words on the right. Participants have to
decide whether the words rhyme with each other or not. Typical confusion may arise in this
test because the non-rhyming items have the same vowels, such as ‘Deep-Reep’.

9. Letter order (visual) aims to measure the ability to read words as a whole (20 sentences,
maximum score 20x2=40; time limit of 5 min). We created 20 sentences based on the same
principle: the order of the letters of the words was changed, apart from the first and last letters.
The words in the sentences are more difficult towards the end of the test. The sentences have to
be typed in with all words correctly spelled. There are no words that consist of typical dyslexic
spelling difficulties.

10. The short-term memory test aims to measure the capacity of short-term memory. We used
the concept of digit span: the number of digits that a person can retain and recall. There are
four subtests: numbers and letters, both forward and backward. And, each subtest consists of
24 series: 6 of 4, 6 of 5, 6 of 6 and 6 of 7 items for the subtest numbers and letters forward and
6 of 3, 6 of 4, 6 of 5 and 6 of 6 items for the subtest numbers and letters backward. The
numbers and letters are presented one by one, for 1 s each on a computer screen. The
participants have to retype these numbers and letters after the last one of a series has been
presented. About half of all series consist of some typical difficulties for dyslexics, either
phonological, visual or both. For example, a typical phonological confusion is between the
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numbers 7 and 9 which resemble each other phonologically in Dutch (zeven/negen). Typical
visual confusions are between the numbers 6 and 9 and the letters [m] and [w]. The letters [p],
[d] and [b] resemble each other phonologically as well as visually.

For the selection of non-dyslexics in the present study, we required that they had no history
of language difficulties, that they had no self-report of dyslexia or related difficulties and that
they had no more than three of 12 test scores below average and, if so, not lower than a half
standard deviation below average.

For the selection of dyslexics in the present study, we required that dyslexics were identified
as dyslexic with all sources of information. Thus, the dyslexics in the present study had a
history of language difficulties, provided a self-report of dyslexia and were identified as
dyslexic with the battery of 12 tests. The identification process of the test battery was based
on various discriminant and logistic regression analyses using both sum scores and single test
items as predictors. The use of single test items as predictors was based on the idea that
sometimes, only specific test items are representative of typical difficulties for dyslexics.

Table 1 provides group differences between dyslexics and non-dyslexics on all tests and
questionnaires related to dyslexia. Non-dyslexics performed significantly better than dyslexics
on all tests and questionnaires of dyslexia (most p<0.001), except on sound deletion, although
there was a significant difference in the larger original sample.

Neuropsychological assessment: assessment of five factors of dyslexia

In a second previous study (Tamboer et al., 2014b), we used factor analysis on the whole
dataset to identify cognitive measures of dyslexia. With principal component analyses, five
independent factors of dyslexia could be distinguished. These factors explained 60 % of the
variance of the tests and questionnaires which were also used for the identification study. In a
confirmatory factor analysis, we found a root-mean-square error of approximation (RMSEA,
which is a measure of the error of approximation of the model-implied covariance matrix to the
population covariance matrix and should be lower than 0.05) of 0.03 with p=0.88 which
means that the null hypothesis of a close fit cannot be rejected.

1. Factor spelling (15.7 % of variance)

High factor loadings for this factor were found for the tests ‘Dutch dictation’, ‘English

dictation’, ‘missing letters’ and ‘incorrect spelling” and for questions related to spelling.
2. Factor phonology (10.8 % of variance)

High factor loadings for this factor were found for the tests ‘pseudowords’ and ‘sound

deletion” and for questions related to phonology.
3. Factor short-term memory (12.1 % of variance)

High factor loadings for this factor were found for the test ‘short-term memory’ and for
questions related to memory.

4. Factor rhyme/confusion (11.3 % of variance)

High factor loadings for this factor were found for the test ‘Dutch—English rthyme
words’ and for questions related to phonological, visual, attentional and/or auditory
confusion in language.

5. Factor whole-word processing/complexity (10.3 % of variance)

High factor loadings for this factor were found for the test ‘letter order’ and for
questions related to complexity.

Table 1 provides group differences between dyslexics and non-dyslexics for the five factors
of dyslexia. The mean scores are presented as Z-scores which were acquired in the previous
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Table 1 Behavioral measures (Z-scores) (tests and questionnaires of dyslexia, factors of dyslexia, intelligence

and school grades)

Dyslexics Non-dyslexics T p value
(N=37) (N=57)
M SD M SD
Tests of dyslexia
Dutch dictation —-1.04 (0.95) 0.38 (0.64) 8.64 <0.001
English dictation -0.91 (1.42) 0.27 (0.72) 5.30 <0.001
Missing letters —0.58 (0.95) 0.40 (0.66) 5.85 <0.001
Pseudowords —0.55 (1.07) 0.44 (0.64) 5.55 <0.001
Sound deletion -0.30 (1.24) 0.08 (0.74) 1.85 0.067
Spoonerisms —0.73 (1.12) 0.36 (0.75) 5.37 <0.001
Incorrect spelling test —-1.06 (1.22) 0.33 (0.88) 6.38 <0.001
Dutch—English rhyme words -0.91 (1.30) 0.23 (0.68) 5.57 <0.001
Letters exchanging —0.63 (1.03) 0.33 (0.81) 5.02 <0.001
Digit span -0.94 (1.15) 0.40 (0.88) 6.23 <0.001
Self-report questions
Self-report reading -1.16 (0.62) 0.48 (0.89) 9.76 <0.001
Self-report writing -1.19 (0.71) 0.45 (0.79) 10.16 <0.001
Self-report speaking —0.80 (0.84) 0.17 (0.98) 4.99 <0.001
Self-report listening -0.46 (0.81) 0.18 (1.06) 3.08 0.003
Self-report copying —0.96 (0.67) 0.36 (0.86) 7.89 <0.001
Self-report dictating -0.98 (0.71) 0.43 (0.90) 8.05 <0.001
Self-report reading aloud -0.95 (0.74) 0.35 (0.97) 6.94 <0.001
Factors of dyslexia
Spelling ~1.10 (0.81) 0.37 (0.59) 10.23 <0.001
Phonology -0.51 (1.46) 0.12 (0.78) 2.74 0.007
Short-term memory —0.60 (1.07) 0.23 (1.02) 3.78 <0.000
Rhyme/confusion —0.53 (1.37) 0.12 (0.71) 3.02 0.003
Whole-word processing/complexity -0.55 (0.97) 0.42 (0.77) 5.38 <0.001
Intelligence
Vocabulary -0.52 (0.87) 0.14 (1.08) 3.07 0.003
Verbal analogies -0.47 (0.90) 0.18 (1.04) 3.14 0.002
Numeric progressions —0.38 (0.78) 0.03 (1.01) 2.10 0.038
Conclusions —0.05 (0.90) 0.15 (1.03) 0.92 0.360
Speed of calculation —0.53 (0.62) 0.27 (1.16) 4.34 <0.001
Hidden figures -0.19 (0.90) 0.13 (1.06) 1.46 0.148
Raven progressive matrices -0.26 (1.14) 0.06 (1.10) 1.31 0.195
Final course grades from school
Dutch 6.45 (0.86) 7.11 (0.79) 3.56 0.001
English 6.47 (1.14) 7.09 (1.25) 2.35 0.021
Other languages 6.58 (0.62) 7.13 (0.70) 3.61 0.001
Mathematics 6.52 (1.39) 6.53 (0.80) 0.06 0.949
Other courses 6.97 (0.57) 7.06 (0.67) 0.65 0.515
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study from a total sample of 495 students. T tests were performed for the groups of the present
study. Non-dyslexics performed significantly better than dyslexics on all factors of dyslexia
(all p<0.01). The difference on the factor spelling was much larger than the differences on the
other factors, which implies that spelling difficulties are the most prominent difficulties for this
group of dyslexics. Furthermore, we should note that dyslexics showed higher variances for
all factors, especially on the phonology and rhyme/confusion factors.

Neuropsychological assessment: assessment of intelligence

We assumed that the intelligence of all participants was within the normal range, because all
were students who had finished the highest level of school education. Nevertheless, we
investigated differences in intelligence between the 37 dyslexics and 57 controls with various
tests of intelligence and with final course grades from school. These grades can vary between 1
and 10. A score of six or higher means that a student has passed the course. Compared to the
non-dyslexic group, the dyslexic group had lower final school grades for Dutch language (p=
0.001), English language (»p=0.021) and other languages (p=0.001), but not for mathematics
and other courses. Six subtests of a cognitive battery based on the structure-of-intellect model
of Guilford and Raven’s Progressive Matrices were used for measures of intelligence. The
mean performance of the whole group of about 1000 students on all tests was about one
standard deviation above average compared to the normative standard in a total population. In
this sample, dyslexics performed worse than non-dyslexics in four subtests of a cognitive
battery based on the structure-of-intellect model of Guilford: vocabulary (p=0.003), verbal
analogies (p=0.002), speed of calculation (p<0.0005) and numeric progressions (p=0.038),
but no differences were found on the subtests conclusions, hidden figures and on Raven’s
Progressive Matrices (see also Table 1).

Voxel-based morphometry

We performed a voxel-based morphometry (VBM) analysis to find differences in GM volume
in brain areas over subjects. For this, we acquired a structural scan for each of the subjects.
From the first 45 subjects (15 dyslexics), we obtained one T1 recording per subject (3D T1,
Turbo Field Echo, voxel size=1 mm?, field of view (FOV)=256"2, 160 slices, flip angle
(FA)=8, echo time (TE)=3.78, repetition time (TR)=8.24), using a 3.0-T Philips Achieva
scanner. From the last 49 subjects (22 dyslexics), we obtained three T1 recordings per subject
(3D T1, Turbo Field Echo sequences, voxel size=1 mm?>, FOV=256"2, 160 slices, FA=8,
TE=3.81, TR=8.24), using a 3.0-T Philips Achieva scanner. We used the average image. After
conducting ¢ tests, we found no differences in head coils or noise between the two samples.

Data were analysed with FSL-VBM (Good et al., 2001), using FSL (Smith et al., 2004).
First, structural images were brain-extracted. Next, tissue-type segmentation was carried out
using FAST4 (Zhang, Brady, & Smith, 2001). The resulting GM and WM partial volume
images were then aligned to MNI152 standard space using the affine registration. The resulting
images were averaged to create a study-specific template, to which the native GM images were
then non-linearly re-registered with a method that uses a B-spline representation of the
registration warp field (Andersson et al. 2007a, b; Rueckert et al., 1999). The registered partial
volume images were then modulated (to correct for local expansion or contraction) by dividing
the Jacobian of the warp field. The modulated segmented images were then smoothed with an
isotropic Gaussian kernel with a kernel of 4 mm. The segmented WM and GM volumes were
used to determine the total amount of GM and WM per subject.
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Statistical analyses

Group differences in GM volume were calculated with permutation-based non-parametric
testing (using a gap test) to find voxels that differed between subjects with and without
dyslexia. The resulting clusters of differences in GM volume were corrected for multiple
comparisons using random field theory with a cluster threshold of # >2.3 and a reliability of
p<0.05 for extend of the cluster. Alternatively, we thresholded the resulting contrast looking
for clusters of 200 connected voxels with a p value lower than 0.05 in the VBM analysis
(identical to Rouw & Scholte, 2010). The choice of 200 connected voxels is large, but
choosing a smaller threshold would lead to tendencies with a decreasing reliability to be
relevant. This second analysis was performed with two purposes. First, in the case of finding
only a few or even no significant results, we wanted to determine clusters which could be
considered tendencies and which could then be compared with previous findings. Second, we
wanted to explore to what degree the GM volume in these clusters could be related to
behavioural constructs.

The local demeaned GM volumes and the total GM and WM volumes were correlated
(Pearson) in SPSS with five demeaned factor scores representing five cognitive aspects of
dyslexia. These correlations were computed for all subjects and within groups, thus resulting in
15 comparisons for each cluster of GM. The correlations were corrected for multiple compar-
isons using the false discovery rate (FDR).

To account for the effects of age, gender and handedness, we recalculated group differences
using an ANOVA analysis with these variables as fixed factors and recalculated the correla-
tions partialling out these variables.

Results
Dyslexic versus non-dyslexic subjects

No differences were observed between dyslexics and non-dyslexics in total GM volume
(0.66 vs. 0.67; 7(92)=1.24, p=0.22) and total WM volume (0.57 vs. 0.59; 7(92)=1.18,
p=0.24). Voxel-by-voxel GM volume comparisons revealed no significant differences
in local GM volumes between dyslexics and non-dyslexics after correcting for multiple
comparisons. Uncorrected clusters (p<0.05, cluster size k>200) are presented in
Table 2. Three clusters of increased GM volume for dyslexics were found in the left
posterior cerebellum (and a small part of the occipital fusiform gyrus), the left inferior
parietal lobe (parts of angular and posterior supramarginal gyrus) and in the right
superior temporal gyrus. Eight clusters of reduced GM volume for dyslexics were
found in the left and right caudate nucleus, the right inferior temporal gyrus, the right
angular gyrus, the left parietal operculum (insula), the right frontal lobe and in the left
and right middle frontal gyrus.

Correlations between behavioural constructs and local gray matter volumes

Five factors of dyslexia were correlated (Pearson) with total GM, total WM and 11
clusters of local GM volumes. All correlations were calculated for all subjects and within
groups and corrected for multiple comparisons (5% 13x3=195 comparisons) using FDR,
which resulted in four significant correlations. The relevant brain areas are presented in
Figs. 1, 2 and 3. Scatterplots are presented in Figs. 4, 5, 6 and 7. A negative correlation
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Table 2 Brain areas that represent

tendencies (statistical trends) of GM Region MNI coordinates Voxels
alterations (uncorrected for multiple -
comparisons, not significant, (centre of gravity)

p<0.05, £>200 voxels)
X Y V4

Dyslexics > non-dyslexics

L posterior cerebellum 32 -76 23 749
(occipital fusiform gyrus)
L inferior parietal lobe -57 53 42 215

(parts of angular and
posterior supramarginal gyrus)

R superior temporal gyrus 50 -7 12 306
Non-dyslexics > dyslexics
L caudate nucleus —14 15 7 402
R caudate nucleus 10 14 8 377
R inferior temporal gyrus 58 =53 21 434
R angular gyrus 53 =52 22 1516
L parietal operculum (insula) 47 =27 23 261
R frontal lobe 20 39 40 1705
R middle frontal gyrus 38 47  -12 320
L middle frontal gyrus —41 49 -8 538

(r=—0.34, p=0.034) for all subjects was observed between the factor spelling and GM
volume in the left posterior cerebellum (and a small part of the occipital fusiform gyrus).
This means that poor performances on spelling tasks correlated with increased GM
volume in this area. Within the group of dyslexics, a negative correlation (r=-0.64,
p=0.003) was observed between the factor rhyme/confusion and total WM volume. This
means that poor performances on tasks related to rhyme/confusion correlated with
increased total WM volume. Two positive correlations within the group of dyslexics
were observed between the factor thyme/confusion and GM volume in the left caudate
nucleus (#=0.55, p=0.026) and in the right caudate nucleus (»=0.56, p=0.027). This
means that poor performances on tasks related to confusion correlated with reduced GM
volume in the left and right caudate nucleus. A few other correlations within the group of

Left posterior cerebellum (occipital fusiform gyrus)
X=-32Y=-76Z=-23

Coronel Horizontal Saggital

Fig. 1 Left posterior cerebellum (occipital fusiform gyrus) (X=-32, Y=-76, Z=-23)
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Left Caudate Nucleus
X=-14Y=1572=7

Coronel Horizontal Saggital

Fig. 2 Left caudate nucleus (X=—14, Y=15, Z=7)

dyslexics were found but did not reach significance after FDR correction, while no
uncorrected correlations larger than 0.3 were found within the group of non-dyslexics.

Age, gender and handedness

To account for the effects of age, gender and handedness, we performed various analyses. Chi-
square tests revealed that the groups of dyslexics and non-dyslexics did not differ regarding
proportion of men versus women and proportion of left- versus right-handedness. A ¢ test
revealed no group differences for age. Two-way ANOVAs for group differences on total GM
and WM volume revealed two main effects for gender with men having larger GM and WM
volumes (both p<0.001) and a main effect of dyslexia when age was partialled out (with age
explaining 2 % of variance of WM and older students having increased WM volume) with
dyslexics having reduced WM volume compared to non-dyslexics (p=0.015). However, we
found no interaction effects between dyslexia and age, gender or handedness. Correlational
analyses partialling out age, gender and handedness revealed the same significant correlations
(FDR corrected) as in the analyses without covariates. A negative correlation (r=—0.34, p=
0.045) for all subjects was observed between the factor spelling and GM volume in the left
posterior cerebellum. Within the group of dyslexics, a negative correlation (r=—0.55, p=
0.049) was observed between the factor rhyme/confusion and total WM volume. Two positive
correlations within the group of dyslexics were observed between the factor rhyme/confusion
and GM volume in the head of the left caudate nucleus (#=0.59, p=0.026) and in the head of
the right caudate nucleus (»=0.61, p=0.033). No uncorrected correlations larger than 0.3 were
found within the group of non-dyslexics.

Right Caudate Nucleus
X=10Y=14Z=8

Coronel Horizontal Saggital

Fig. 3 Right caudate nucleus (X=10, Y=14, Z=8)
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Discussion

This study confirmed two main conclusions from previous studies. First, a large
sample did not result in significant group differences between dyslexics and non-
dyslexics in local GM volumes. Second, correlations between cognitive measures and
local GM volumes provide significant findings. This study supported the view of
dyslexia as a multiple cognitive deficit and related various cognitive measures to local
alterations in GM volume. Areas of GM alterations were considered tendencies if not
significant. However, most findings were in accordance with previous reports
supporting the view that all anatomical brain findings in dyslexia contribute to the
discussion in an accumulating way.

In summary, we found no significant differences in total GM volume, total WM
volume and local GM volumes between the groups of dyslexics and non-dyslexics
after corrections for multiple comparisons. However, dyslexics showed significant
lower total WM volume than non-dyslexics when effects of age were partialled out.
We found three areas of increased GM volume for dyslexics and eight areas of
reduced GM volume for dyslexics. These areas were thresholded by 200 connected
voxels with a p value lower than 0.05 and were considered tendencies. Most of these
areas were reported in previous studies. In contrast with the absence of significant

1,0000
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6000 o

,5000

GM volume in the left posterior cerebellum

,4000

I T I T T T
-3,00000 -2,00000 -1,00000 ,00000 1,00000 2,00000

Factor Spellin
R2 Linear = 0,118 P 9

Fig. 4 Correlation between spelling and GM volume in the left posterior cerebellum (all subjects: N=94)
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Fig. 5 Correlation between rhyme/confusion and total WM volume (subjects with dyslexia: N=37)

differences of local GM volumes, we found significant correlations between behav-
ioural measures and alterations in GM volume, also when effects of age, gender and
handedness were partialled out. An important finding was that no correlations were
observed within the group of non-dyslexics, while three correlations were observed
within the group of dyslexics and one in the whole group. We should also note that
the present sample mainly consisted of females while in most previous studies,
samples mostly consisted of males. The largest areas found in this study were
observed in the right hemisphere consistent with a recent finding (Evans & Flowers,
2013) that anatomical differences between female dyslexics and female non-dyslexics
are more prominent in the right hemisphere compared to differences between male
dyslexics and non-dyslexics.

Rhyme/confusion and the caudate nucleus

Within the group of dyslexics, a factor rhyme/confusion representing performances on
the test ‘Dutch—English thyme words’ and questions related to phonological, visual,
attentional and/or auditory confusion in language correlated positively with GM
volume in both the left and right caudate nucleus. Reductions of GM volume in the
caudate nucleus have been reported only once in one of the first VBM studies of
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Fig. 6 Correlation between rhyme/confusion and the left caudate nucleus (subjects with dyslexia: N=37)

dyslexia (Brown et al., 2001) also finding these reductions bilaterally. Remarkably,
hyperactivations of dyslexics in the left caudate were reported in an fMRI study,
however without anatomical alterations (Hoeft et al. 2007). Numerous studies showed
that the caudate nucleus is implicated in several executive control functions (Brovelli
et al., 2011; Grahn, Parkinson, & Owen, 2008; Lewis et al., 2004; Provost, Petrides,
& Monchi, 2010; White, 2009), language functions such as language switching in
bilinguals (Luk et al., 2012), second language learning (Hosoda et al., 2013; Tan
et al., 2011) and suppression of irrelevant words (Ali et al., 2009). In relation to these
findings, the relation between the caudate nucleus and the test Dutch—English rhyme
words, which requires fast switching between languages, makes perfect sense. This is
also the case with the confusion reported via self-report questions, which represented
typical mistakes, such as exchanging letters within words and exchanging words
within sentences—mistakes that might result from impaired cognitive control of
attention. We think that the possibility exists that reduced GM volume in the caudate
nucleus in relation to rhyme/confusion might represent a more fundamental dysfunc-
tion of dyslexic people, which might encompass various difficulties of confusion, such
as exchanging letters or words. A recent study by Hachmann et al. (2013) seems to
support this. These researchers found that impaired performances on tasks of short-
term memory are explained by impaired serial order processing rather than impaired
storage.
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Fig. 7 Correlation between rhyme/confusion and the right caudate nucleus (subjects with dyslexia: N=37)

Confusion, spelling and white matter density

Dyslexics as a group had reduced WM volume compared to non-dyslexics when age
was partialled out. In contrast, within the group of dyslexics, rhyme/confusion
correlated negatively with total WM volume, meaning that the dyslexics who are
more severely impaired regarding rhyme/confusion have larger total WM volume.
Apparently, different behavioural constructs have different effects on WM volume. It
is generally assumed that WM volume represents connectivity in the brain. Regarding
dyslexia, it has been hypothesised that dyslexics suffer from impaired connectivity
(e.g. Steinbrink et al., 2008). Based on the results of the present study, we alterna-
tively hypothesise that confusion may result from too much connectivity in some
areas. Connection efficiency has also been investigated using diffusion tensor imag-
ing (DTI), which quantifies the relative diffusivity of water in a voxel into direc-
tional components. However, while the relation between WM volume and the so
called fractional anisotropy (FA) remains somewhat unclear, a meta-analysis of DTI
studies (Vandermosten et al., 2012) only resulted in reduced FA values (mainly in a
left temporoparietal region which hosts two WM tracts: the left arcuate fasciculus
and the left corona radiate). But, higher FA values were reported in the splenium, the
posterior end of the corpus callosum which connects the left and right cerebral
hemispheres (Frye et al., 2008; Odegard et al., 2009). This might be viewed as
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support for the idea that confusion correlates with too much connectivity. But
actually, the main thing which is supported by all these results regarding WM
volume alterations is the complex nature of dyslexia. This is emphasised even more,
for instance, by theories of increased WM gyral depth in the brains of dyslexics
(Casanova et al., 2010). The idea is that reduced WM volume is the result of broader
gyri or any other change in the thickness of the cortex, involution of sulci and/or
complexity of cortical folding.

Spelling and the cerebellum

Better performances on spelling tasks correlated with reduced GM volume in the left
posterior cerebellum (and a small part of the left occipital fusiform gyrus) in the
whole group of students. In the meta-analysis by Richlan et al. (2012), cerebellar
abnormalities did not survive significant thresholds. In the meta-analysis by
Linkersdorfer et al. (2012), reduced GM volumes were found bilaterally in the
cerebellum, although located more anterior than the area of increased GM volume
in the cerebellum in this study. Despite somewhat different coordinates, this seems to
be in contrast with each other. However, in a study by Pernet et al. (2009b), using a
classification approach, the right cerebellar declive was one of the two best predictors
of dyslexia, with dyslexics falling either above or below the control group’s 95 %
confidence interval boundaries. Remarkably, our cluster of increased GM volume in
the left cerebellum was found more or less on the opposite site of the cluster found
by Pernet et al. In the study by Jednorog et al. (2014), increased GM volume for one
subtype of dyslexics was reported in the left cerebellum/lingual gyrus, while in the
same area, reduced GM volume was reported for another subtype of dyslexics. It
becomes even more puzzling when we compare these findings with findings of
increased symmetry in dyslexics as opposed to non-dyslexics showing more right
GM than left GM (Rae et al., 2002) or with findings of differences in asymmetry
between dyslexics with and without a phonological deficit (Leonard et al., 2001). One
alternative explanation for inconsistent findings in the cerebellum might be that the
cerebellum can be difficult to segment because of volume averaging in the folia in
comparison to cerebral cortex.

Another explanation can be derived from the following. Generally, spelling is
one of the most commonly reported symptoms of dyslexia. However, in schools,
poor-performing children also receive extra training when they are not dyslexic.
This might explain why spelling correlates with the cerebellum across groups. The
cerebellum is associated with skill acquisition and automatisation and specifically
with aspects of language processing (Hodge et al., 2010; Murdoch, 2010). In
dyslexia, impaired functioning of the cerebellum is associated with impaired
reading fluency and motor deficits (Nicholson & Fawcett, 2007). These findings
seem to support increased GM volume in the cerebellum from training in spelling
abilities, instead of reductions in GM volume. A strong argument in favour of
these learning effects related to dyslexia is that cerebellar findings seem to depend
on the age of the subjects. For example, a VBM study of pre-reading dyslexic
children did not report alterations in cerebellar areas (Raschle, Chang, & Gaab,
2011), while a VBM study of 11 dyslexic school children reported increased GM
volume in the right anterior cerebellum after an 8-week training focused on mental
imagery; articulation; and tracing of letters, groups of letters and words (Krafnick
et al., 2011).
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Frontal and temporoparietal areas

We observed five areas of GM alterations in temporo-parietal areas and three in frontal areas.
Generally, dyslexia (especially in relation to phonological impairments) has been linked with
atypical activation of the left perisylvian fronto-temporo-parietal network (e.g. Richlan et al.,
2011). However, in the meta-analysis by Richlan et al. (2012), reduced GM volumes were
observed in both hemispheres: one in the left superior temporal sulcus and unexpectedly one in
the right superior temporal gyrus. In the present study, all temporo-parietal and frontal GM
abnormalities failed to survive corrections for multiple comparisons. Our areas in the left
inferior parietal lobe extending to the supramarginal gyrus (increased GM volume for dys-
lexics) and in the right angular gyrus (reduced GM volume for dyslexics) are close to areas of
reduced GM volume reported in the meta-analysis by Linkersdorfer et al. (2012). Six other
areas were observed in parietal, temporal and frontal areas, regions close to or overlapping
with areas which were reported before, either in anatomical or in functional studies.

A possibility is that unbalanced inclusion of different subtypes of dyslexia might have
enhanced the finding of significant and inconsistent results in these areas in individual studies.
In other words, when dyslexics exhibit different cognitive impairments, it can be expected that
highly educated students apply different alternative compensation techniques leading to
various clusters of augmentations or reductions. Thus, some dyslexics might try to improve
their phonological abilities and others their reading abilities. This view was confirmed in a
study by Peyrin et al. (2012) who observed various functional differences in both hemispheres
between a young dyslexic adult with only phonological impairments as opposed to a young
dyslexic adult with only an impairment of visual attention span. Another explanation for
inconsistent findings in the perisylvian fronto-temporo-parietal network may be gender effects
as reported by Evans et al. (2013). They observed typical left and right hemispheric alterations
in men, but in women mainly right hemispheric alterations, which seems to be consistent with
our observations. We only found three small areas in the left hemisphere, but three small and
two large areas in the left hemisphere. As argued by Richlan et al., we should include these
areas in discussions as being relevant tendencies which require further exploration.

Limitations of this study

This study confirmed that the complex nature of dyslexia cannot easily be clarified by
anatomical brain correlates. Although findings of this study contribute to the accumulating
knowledge about brain correlates of dyslexia, we should also emphasise some limitations.

Although we found significant correlations, we found no significant group differences after
corrections for multiple comparisons. Instead, we reported large tendencies and looked
whether these tendencies correlated with behavioural measures. These tendencies were defined
by clusters of 200 connected voxels with a p value lower than 0.05 in the VBM analysis,
which is, of course, an arbitrary decision. We referred to another study which used the same
threshold (Rouw & Scholte, 2010). This is a relative large threshold. A disadvantage is that
small and relevant clusters may be overlooked. However, we wanted to study large tendencies
without running the risk of analyzing small clusters that result from noise.

Another limitation of this study is related to the sample, which consisted of students.
However, we found that using a student sample might also be an advantage. For instance,
students received extensive language training at school (students with as well as students
without dyslexia). This probably was related to the significant correlation between spelling
abilities and reduced GM volume in the cerebellum. We argued that also other findings of the
present study might be related to different compensation strategies which can assumed to be
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characteristic for highly intelligent students. However, as a result of this, this study could not
separate brain correlates of dyslexia that result from training from brain correlates that may be
present at birth.

Conclusion

We found no significant group differences in local GM volumes between dyslexics and non-
dyslexics although we used a large sample that accounted for different cognitive profiles of
dyslexics. Instead, we found four significant correlations between five behavioural measures of
dyslexia and local GM and total GM and WM volumes. These measures specify various
specific relations with local GM volume alterations. Specifically, we found that the caudate
nucleus is involved in abilities related to confusion, that the cerebellum is involved in abilities
related to spelling and that both spelling and confusion are related to total WM volume. These
results reveal that understanding of anatomical alterations in dyslexia is best identified when
various cognitive aspects of dyslexia are acknowledged. Other findings of this study were
more difficult to interpret, such as the involvement of temporo-parietal areas. Effects of sample
differences cannot be ruled out, such as gender differences, age differences, differences in
selection methods, differences in education and differences in experience and compensation
strategies. Nevertheless, also insignificant findings might contribute across studies to accumu-
late evidence of brain alterations in dyslexia.

Open Access This article is distributed under the terms of the Creative Commons Attribution License which
permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are
credited.

References

Ali, N., Green, D. W., Kherif, F., Devlin, J. T., & Price, C. J. (2009). The role of the left head of caudate in
suppressing irrelevant words. Journal of Cognitive Neuroscience, 22, 2369-2386.

Andersson, J.L.R., Jenkinson, M. & Smith, S. (2007a). Non-linear optimisation. FMRIB technical report
TRO7JAL from www.fmrib.ox.ac.uk/analysis/techrep.

Andersson, J.L.R., Jenkinson, M. & Smith, S. (2007b). Non-linear registration, aka spatial normalisation. FMRIB
technical report TRO7JA2 from www.fmrib.ox.ac.uk/analysis/techrep.

Ashburner, J., & Friston, K. J. (2000). Voxel-based morphometry—the methods. Neurolmage, 11,
805-821.

Bosse, M.-L., Tainturier, M. J., & Valdois, S. (2007). Developmental dyslexia: the visual attention span deficit
hypothesis. Cognition, 104, 198-230.

Brambati, S. M., Termine, C., Ruffino, M., Stella, G., Fazio, F., Cappa, S. F., et al. (2004). Regional reductions of
gray matter volume in familial dyslexia. Neurology, 63, 742-745.

Brovelli, A., Nazarian, B., Meunier, M., & Boussaoud, D. (2011). Differential roles of caudate nucleus and
putamen during instrumental learning. Neurolmage, 57, 1580-1590.

Brown, W. E., Eliez, S., Menon, V., Rumsey, J. M., White, C. D., & Reiss, A. L. (2001). Preliminary evidence of
widespread morphological variations of the brain in dyslexia. Neurology, 56, 781-783.

Casanova, M. F., El-Baz, A. S., Giedd, J., Rumsey, J. M., & Switala, A. E. (2010). Increased white matter gyral
depth in dyslexia: implications for corticocortical connectivity. Journal of Autism and Developmental
Disorders, 40, 21-29.

Clark, K. A., Helland, T., Specht, K., Narr, K. L., Manis, F. R., Toga, A. W., et al. (2014).
Neuroanatomical precursors of dyslexia identified from pre-reading through to age 11. Brain, 137,
3136-3141.

Di Filippo, G., & Zoccolotti, P. (2012). Separating global and specific factors in developmental dyslexia. Child
Neuropsychology, 18, 356-391.

@ Springer



140 P. Tamboer et al.

Eckert, M. A., Leonard, C. M., Wilke, M., Eckert, M., Richards, T. L., Richards, A., et al. (2005). Anatomical
signatures of dyslexia in children: unique information from manual and voxel based morphometry brain
measures. Cortex, 41, 304-315.

Evans, T. M., Lynn Flowers, D., Napoliello, E. M., & Eden, G. F. (2013). Sex-specific gray matter volume
differences in females with developmental dyslexia. Brain Structure and Function. doi:10.1007/s00429-013-
0552-4.

Frye, R. E., Hasan, K., Xue, L., Strickland, D., Malmberg, B., Liederman, J., et al. (2008). Splenium
microstructure is related to two dimensions of reading skill. Neuroreport, 19(16), 1627-1631.

Good, C., Johnsrude, 1., Ashbumer, J., Henson, R., Friston, K., & Frackowiak, R. (2001). A voxel-based
morphometric study of ageing in 465 normal adult human brains. Neurolmage, 14, 21-36.

Grahn, J. A., Parkinson, J. A., & Owen, A. M. (2008). The cognitive functions of the caudate nucleus. Progress
in Neurobiology, 86, 141-155.

Hachmann, W. M., Bogaerts, L., Szmalec, A., Woumans, E., Duyck, W., & Job, R. (2013). Short-term memory
for order but not for item information is impaired in developmental dyslexia. Annals of Dyslexia. doi:10.
1007/s11881-013-0089-5.

Heim, S., Tschierse, J., Amunts, K., Wilms, M., Vossel, S., Willmes, K., et al. (2008). Cognitive subtypes of
dyslexia. Acta Neurobiologiae Experimentalis, 68, 73-82.

Hodge, S. M., Makris, N., Kennedy, D. N., Caviness, V. S., Howard, J., McGrath, L., et al. (2010). Cerebellum,
language, and cognition in autism and specific language impairment. Journal of Autism and Developmental
Disorders, 40, 300-316.

Hoeft, F., Meyler, A., Hernandez, A., Juel, C., Taylor-Hill, H., Martindale, J. L., et al. (2007). Functional and
morphometric brain dissociation between dyslexia and reading ability. Proceedings of the National Academy
of Sciences of the United States of America, 104, 4234-4239.

Hosada, C., Tanaka, K., Nariai, T., Honda, M., & Hanakawa, T. (2013). Dynamic neural network reorganization
associated with second language vocabulary acquisition: a multimodal imaging study. The Journal of
Neuroscience, 33, 13663—13672.

Jednorog, 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, 1697-1707.

Krafnick, A. J., Flowers, D. L., Napoliello, E. M., & Eden, G. F. (2011). Gray matter volume changes following
reading intervention in dyslexic children. Neurolmage, 57, 733-741.

Krafnick, A. J., Flowers, D. L., Luetje, M. M., Napoliello, E. M., & Eden, G. F. (2014). An investigation into the
origin of anatomical differences in dyslexia. The Journal of Neuroscience, 34(3), 901-908.

Kronbichler, M., Wimmer, H., Staffen, W., Hutzler, F., Mair, A., & Ladumner, G. (2008). Developmental dyslexia:
gray matter abnormalities in the occipitotemporal cortex. Human Brain Mapping, 29(5), 613-625.

Leonard, C. M., Eckert, M. A., Lombardino, L. J., Oakland, T., Kranzler, J., Mohr, C. M., et al. (2001).
Anatomical risk factors for phonological dyslexia. Cerebral Cortex, 11, 148-157.

Lewis, S. J. G., Dove, A., Robbins, T. W., Barker, R. A., & Owen, A. M. (2004). Striatal contributions to working
memory: a functional magnetic resonance imaging study in humans. European Journal of Neuroscience, 19,
755-760.

Linkersdorfer, J., Lonnemann, J., Lindberg, S., Hasselhorn, M., & Fiebach, C. J. (2012). Grey matter alterations co-
localize with functional abnormalities in developmental dyslexia: an ALE meta-analysis. PloS One, 7, €43122.

Luk, G., Green, D. W., Abutalebi, J., & Grady, C. (2012). Cognitive control for language switching in bilinguals:
a quantitative meta-analysis of functional neuroimaging studies. Language and Cognitive Processes, 27,
1479-1488.

Menghini, D., Hagberg, G. E., Petrosini, L., Bozzali, M., Macaluso, E., Caltagirone, C., et al. (2008). Structural
correlates of implicit learning deficits in subjects with developmental dyslexia. New York Academy of
Sciences, 1145, 212-221.

Murdoch, B. E. (2010). The cerebellum and language: historical perspective and review. Cortex, 46, 858-868.

Nicolson, R. I., & Fawcett, A. J. (2007). Procedural learning difficulties: reuniting the developmental disorders?
Trends in Neurosciences, 30, 135-141.

Odegard, T. N., Farris, E. A., Ring, J., McColl, R., & Black, J. (2009). Brain connectivity in non-reading
impaired children and children diagnosed with developmental dyslexia. Neuropsychologia, 47, 1972-1977.

Pernet, C. R., Andersson, J., Paulesu, E., & Demonet, J. F. (2009a). When all hypotheses are right: a multifocal
account of dyslexia. Human Brain Mapping, 30, 2278-2292.

Pernet, C. R., Poline, J. B., Demonet, J. F., & Rousselet, G. A. (2009b). Brain classification reveals the right
cerebellum as the best biomarker of dyslexia. BMC Neuroscience, 10, 67.

Provost, J. S., Petrides, M., & Monchi, O. (2010). Dissociating the role of the caudate nucleus and dorsolateral
prefrontal cortex in the monitoring of events within human working memory. European Journal of
Neuroscience, 32, 873—-880.

@ Springer


http://dx.doi.org/10.1007/s00429-013-0552-4
http://dx.doi.org/10.1007/s00429-013-0552-4
http://dx.doi.org/10.1007/s11881-013-0089-5
http://dx.doi.org/10.1007/s11881-013-0089-5

Dyslexia and voxel-based morphometry 141

Pyerin, C., Lallier, M., Démonet, J. F., Pernet, C., Baciu, M., Le Bas, J. F., et al. (2012). Neural dissociation of
phonological and visual attention span disorders in developmental dyslexia: FMRI evidence from two case
reports. Brain and Language, 120, 381-394.

Rae, C., Harasty, J. A., Dzendrowskyj, T. E., Talcott, J. B., Simpson, J. M., Blamire, A. M., et al. (2002).
Cerebellar morphology in developmental dyslexia. Neuropsychologia, 40, 1285-1292.

Ramus, F., & Ahissar, M. (2012). Developmental dyslexia: the difficulties of interpreting poor performance, and
the importance of normal performance. Cognitive Neuropsychology, 29, 104-122.

Ramus, F., Rosen, S., Dakin, S. C., Day, B. L., Castellote, J. M., White, S., et al. (2003). Theories of
developmental dyslexia: insights from a multiple case study of dyslexic adults. Brain, 126, 841-865.

Raschle, N. M., Chang, M., & Gaab, N. (2011). Structural brain alterations associated with dyslexia predate
reading onset. Neurolmage, 57, 742—749.

Richlan, F., Kronbichler, M., & Wimmer, H. (2009). Functional abnormalities in the dyslexic brain: a quantitative
meta-analysis of neuroimaging studies. Human Brain Mapping, 30, 3299-3308.

Richlan, F., Kronbichler, M., & Wimmer, H. (2011). Meta-analyzing brain dysfunctions in dyslexic children and
adults. Neurolmage, 56(3), 1735-1742.

Richlan, F., Kronbichler, M., & Wimmer, H. (2012). Structural abnormalities in the dyslexic brain: a meta-
analysis of voxel-based morphometry studies. Human Brain Mapping. doi:10.1002/hbm.22127.

Rouw, R., & Scholte, H. S. (2010). Neural basis of individual differences in synesthetic experiences. The Journal
of Neuroscience, 30, 6205-6213.

Rueckert, D., Sonoda, L. 1., Hayes, C., Hill, D. L. G., Leach, M. O., & Hawkes, D. J. (1999). Non-rigid
registration using free-form deformations: application to breast MR images. [EEE Transactions on Medical
Imaging, 18(8), 712-721.

Silani, G., Frith, U., Demonet, J. F., Fazio, F., Perani, D., Price, C., et al. (2005). Brain abnormalities underlying
altered activation in dyslexia: a voxel based morphometry study. Brain, 128, 2453-2461.

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E. J., Johansen-Berg, H., et al.
(2004). Advances in functional and structural MR image analysis and implementation as FSL. Neurolmage,
23(1), 208-219.

Steinbrink, C., Vogt, K., Kastrup, A., Miiller, H. P., Juengling, F. D., Kassubek, J., et al. (2008). The contribution
of white and grey matter differences to developmental dyslexia: insights from DTI and VBM at 3.0 T.
Neuropsychologia, 46(13), 3170-3178.

Tamboer, P., Vorst, H. C. M., & Oort, F. J. (2014a). Identifying dyslexia in adults: an iterative method using the
predictive value of item scores and self-report questions. Annals of Dyslexia, 64, 34-56.

Tamboer, P., Vorst, H. C. M., & Oort, F. J. (2014b). Five describing factors of dyslexia. Journal of Learning
Disabilities. doi:10.1177/0022219414558123.

Tan, L. H., Chen, L., Yip, V., Chan, A. H. D., Yang, J., Gao, J. H., et al. (2011). Activity levels in the left
hemisphere caudate-fusiform circuit predict how well a second language will be learned. Proceedings of the
National Academy of Sciences of the United States of America, 108(6), 2540-2544.

Vandermosten, M., Boets, B., Wouters, J., & Ghesquicre, P. (2012). A qualitative and quantitative review of
diffusion tensor imaging studies in reading and dyslexia. Neuroscience and Biobehavioral Reviews, 36(6),
1532-1552.

Vinckenbosch, E., Robichon, F., & Eliez, S. (2005). Gray matter alteration in dyslexia: converging evidence from
volumetric and voxel-by-voxel MRI analyses. Neuropsychologia, 43(3), 324-331.

White, N. M. (2009). Some highlights of research on the effects of caudate nucleus lesions over the past
200 years. Behavioural Brain Research, 199(1), 3-23.

Wright, I. C., McGuire, P. K., Poline, J.-B., Travere, J. M., Murray, R. M., Frith, C. D., et al. (1995). A voxel-
based method for the statistical analysis of gray and white matter density applied to schizophrenia.
Neurolmage, 2, 244-252.

Zhang, Y., Brady, M., & Smith, S. (2001). Segmentation of brain MR images through a hidden Markov random field
model and the expectation maximization algorithm. /EEE Transactions on Medical Imaging, 20(1), 45-57.

@ Springer


http://dx.doi.org/10.1002/hbm.22127
http://dx.doi.org/10.1177/0022219414558123

	Dyslexia...
	Abstract
	Introduction
	Methods
	Subjects and procedure
	Neuropsychological assessment of dyslexia
	Neuropsychological assessment: assessment of five factors of dyslexia
	Neuropsychological assessment: assessment of intelligence
	Voxel-based morphometry
	Statistical analyses

	Results
	Dyslexic versus non-dyslexic subjects
	Correlations between behavioural constructs and local gray matter volumes
	Age, gender and handedness

	Discussion
	Rhyme/confusion and the caudate nucleus
	Confusion, spelling and white matter density
	Spelling and the cerebellum
	Frontal and temporoparietal areas
	Limitations of this study

	Conclusion
	References


