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INTRODUCTION

With a prevalence of up to 17.5 percent (Shaywitz 
1998) developmental dyslexia is a frequent neurobe-
havioral disorder in childhood. In relation to at least 
average non-verbal intelligence, cognitive ability, edu-
cation or professional level, developmental dyslexia, is 
defined as an unexpected difficulty in reading 
(Critchley 1970, Lyon et al. 2003, Shaywitz 2005) and 
is characterized by poor spelling and decoding abili-
ties. As a possible consequence dyslexia may include 
problems in reading comprehension and reduced read-

ing experience inhibits growth of vocabulary and 
background knowledge (Shaywitz 2005; p. 3–12). 
Dyslexia is persistent in reading and writing and usu-
ally does not remit over age or time (Francis et al. 
1994, Shaywitz et al. 1995). Several theoretical 
approaches have been developed to explain multifacto-
rial phenotypes of dyslexia. One of the most influen-
tial theories is the phonological deficit hypothesis 
(Liberman 1973, Snowling 1995, Snowling 2000, 
Vellutino et al. 2004), which assumes dyslexia to be 
the result of language deficits in the phonological 
domain, which in turn are caused by deviant underly-
ing neurofunctional processes (Ramus 2004). However, 
subsequent neurofunctional research with the common 
goal to analyze phonological processing showed a 
large heterogeneity of (de-)activation patterns in infe-
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rior frontal regions: A variety of studies consistently 
reported activation differences between good reading 
and dyslexic readers (Rumsey et al. 1997, Georgiewa 
et al. 1999, 2002, Temple et al. 2001, Cao et al. 2006, 
Hoeft et al. 2006, 2007, Heim et al. 2010a, Wimmer et 
al. 2010). However, the findings varied substantially 
with respect to the hemisphere (left/right/both) in 
which these differences occurred, and whether the 
dyslexic subjects showed a relative increase (“hyperac-
tivation”) or decrease (“hypoactivation”) in compari-
son to good readers (for reviews see Richlan et al. 
2009, 2011). A main declaration of these reviews is that 
developmental dyslexia is associated with underactiva-
tion in posterior regions of the left hemisphere and left  
frontal abnormalities with underactivation in the infe-
rior frontal gyrus.

Ramus (2004) speculated that such heterogeneous 
findings might partly be due to the division of phono-
logical processing into three main components: phono-
logical awareness, rapid naming abilities, and phono-
logical short term memory (Wagner and Torgesen 
1987), each involving partially distinct cortical net-
works. In good readers Misra and coauthors (2004) 
showed that rapid naming tasks activate neural areas 
associated with eye movement control and attention as 
well as the network of structures previously implicated 
in reading tasks. In particular, rapid naming of letters 
caused greater activation in the angular gyrus of the 
superior parietal lobule. In dyslexia rapid naming is 
conducted with reduced activation in the posterior lobe 
(Lymberis et al. 2009)

The coexistence of  phonological and rapid naming 
deficits rests on the double deficit hypothesis (Wolf 
and Bowers 1999) which distinguished phonological 
deficits from naming speed difficulties, the latter 
involving rapid-naming (RAN) processes such as 
visual coding of pictures to be named. Thus, rapid 
naming abilities contribute to reading beyond phono-
logical awareness (Wagner et al. 1997). 

In dyslexia, deficits in phonological awareness appear 
to account for reading difficulties in the majority of dys-
lexics (Ramus 2003, Ramus et al. 2003). However, 
recent studies revealed that they are not present in all 
dyslexics (e.g., Valdois et al. 2003, Bosse et al. 2007, 
Heim et al. 2008, Tholen et al. 2011), a finding which 
suggests that the individual cognitive deficit profile of a 
dyslexic reader may be relevant for his or her specific 
pattern of reading difficulties. Subsequent neuroimag-
ing studies indeed revealed that different cognitive pro-

files in dyslexia are related to differential underlying 
neural networks (Heim et al. 2010a,b) during reading 
and phonological decisions, which involved areas 44 and 
45 (i.e. Broca’s region) in the left inferior frontal gyrus 
and the superiorly adjacent left middle frontal gyrus. 

Interestingly, and in line with the double deficit 
theory of dyslexia, such activation differences in 
Broca’s region between dyslexics and controls were 
not only observed for phonological processing, but also 
for lexical access. Building upon earlier findings of the 
sensitivity of areas 44 and 45 to lexical frequency as an 
indicator of the ease of lexical access (e.g. Fiebach et 
al. 2002, Kronbichler et al. 2004, Heim et al. 2005), 
Grande and colleagues (2011) demonstrated activation 
differences between dyslexic and good reading chil-
dren in areas 44 and 45 for lexical access to written 
stimuli. This finding was extended to adults (Heim et 
al. 2013) for whom activation for lexical access dif-
fered as a function of reading ability. A recent fMRI 
study by Wimmer and coworkers (2010) sheds some 
more light onto these findings. These authors used a 
phonological lexical decision task on stimuli that were 
words (e.g. TAXI), pseudohomophones (TAKSI), or 
nonwords (TAZI). When comparing Nonwords (involv-
ing only phonological-orthographic processing) to 
pseudohomophones (involving additional access to the 
phonological output lexicon), Wimmer et al. observed 
a group difference between controls and dyslexics in 
the left IFG in approximately areas 45 (MNI coordi-
nates −48 27 33) and 44 (at −45 6 36). Interestingly, the 
dyslexic participants were not only worse in different 
measures of reading, but also in rapid automatized 
naming (no scores for phonological processing abilities 
were reported). The fMRI activation difference in a 
contrast tapping into lexical access might therefore be 
interpreted as reflecting these differences in rapid 
lexical phonological access.

To summarize, the situation is as follows: (1) 
Dyslexic children with a phonological deficit show 
altered left inferior frontal responses for reading and 
phonological awareness tasks; (2) Left inferior frontal 
involvement is also observed for lexical access, in 
good readers as well as in dyslexia, with differences 
between these two groups. However, with respect to 
the double deficit hypothesis, it is yet unclear in how 
far this pattern reflects a double deficit in phonological 
and lexical access, or whether such differences are 
merely due to a deficit in either lexical access or pho-
nological processing.
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Consequently, we conducted a study that links 
phonological awareness to lexical status (i.e. process-
ing of words or pseudowords) in two subgroups of 
dyslexic readers with RAN difficulties only vs. a 
double deficit in RAN and phonological awareness. 
In order to avoid confounding influences from ortho-
graphic stimuli, the study was conducted in the audi-
tory domain, in which none of the children showed 
difficulties in a pre-study test (for the relevance of 
intact auditory processing cf. Steinbrink et al. 2009, 
2012). We expected a specific left inferior frontal 
effect for dyslexics with a double deficit in both pho-
nological awareness and lexical access, which would 
be different from both the dyslexics with only a RAN 
deficit and the good control readers.

METHODS

All procedures applied in this study were in accor-
dance with the Declaration of Helsinki and were 
approved by the ethics committee of the Medical 
Faculty of RWTH Aachen University (Reference num-
ber EK 153/08).

Participants

There was an initial reading assessment with the 
Salzburger Lesescreening (SLS; Mayringer and 
Wimmer 2003) measuring reading speed and basic 
reading ability (automaticity, accuracy). Out of 785 
German primary school children (grades 3 and 4), 42 
children were included in this study. Additional writ-
ten informed consent was obtained from their parents. 
The non-verbal IQ was assessed with the German ver-
sion of the Cattel Culture Fair Test (CFT 20; Weiss 
1998). Children were included in the study with an 
age-related IQ >80 in order to ensure that no children 
with general learning disabilities participated. In order 
to exclude that perceptual impairments influence the 
reading ability, the pre-test of auditory and visual per-
ception of the Wiener Testsystem (WAF, Häussler and 
Sturm 2009) suitable from the age of eight years 
onwards was assessed. Children with a value of below 
80 in at least one of the sub-tests were excluded from 
the study. 

Depending on their reading performance, the chil-
dren were assigned to one of the two groups of dys-
lexic (n=32; mean age = 9.8 years; range: 9.7–10.1; 15 
girls) or good reading (n=10; mean age = 9.6 years; 

range: 9.3–9.9; 6 girls) children. Subjects (Table I) 
were monolingual speakers of German, physically 
healthy and free of neurological diseases. 

In order to further divide the children into subjects 
with vs. without phonological deficits, their phono-
logical awareness was tested with the standard German 
test “Basic Competences for Reading and Writing 
Abilities” (BAKO 1–4; Stock et al. 2003). This test 
consists of 7 subtests assessing receptive and expres-
sive abilities of phonological synthesis and manipula-
tion. Based on their average or below-average perfor-
mance in the BAKO (i.e. T values above or below 40, 
respectively), the dyslexic group was further divided 
into 15 children with and 17 without phonological 
awareness deficits (Table I). 

The least-significant differences Test (LSD-Test) 
showed that both the phonological dyslexics 
(P=0.005) and the dyslexics without phonological 
deficit (P=0.027) performed significantly worse in 
RAN (Mayer 2008, Verhalen 2011) than the con-
trols. Therefore, the phonological dyslexics suffered 
from a double deficit (phonological and RAN defi-
cit, henceforth called DoubleDys), whereas the dys-
lexics without phonological deficit exhibited only a 
deficit in RAN and will henceforth be named 
RanDys.

fMRI paradigm

Brain activation for phonological awareness was 
assessed in an event-related design, with a randomized 
sequence of stimuli. The phonological task was adapted 
from the phoneme deletion subtest of the standardized 
BAKO test of phonological awareness. The children 
heard a spoken word or a pseudoword and had to repeat 
this stimulus without its initial phoneme. The total num-
ber of 91 presented stimuli could be separated into 
words which remain words after omitting the initial 
phoneme (e.g. /tear/→/_ear/), words which become 
pseudowords (e.g. /tiger/→/_iger/), pseudowords which 
remain pseudowords (e.g. /lagon/→/_agon/) and pseudo-
words which become words (e.g. /topen/→/_open/). The 
children were instructed to produce their answers when 
a smiley appeared on the computer screen. During the 
smiley presentation the scanner noise turned off (sparse-
sampling scanning sequence, cf. Grande et al. 2011). 
This enables an audio recording of the answers without 
interruption and subsequent analysis of each child’s 
performance. 
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MRI data acquisition and analysis

The fMRI experiment was carried out on a 3T 
Siemens Trio scanner (Siemens, Erlangen, Germany) 
at the University Hospital Aachen. A standard bird-
cage head coil was used and soft foam paddings were 
utilized to reduce head motion. Echo-planar images 
[repetition time (TR): 5 000 ms; gap in TR (sparse 
sampling) 1 000 ms at the end of the TR; field of 
view (FoV) 200 mm; flip angle 90°; echo time (TE): 
30 ms] were acquired from 40 transversal slices cov-
ering the entire brain (slice thickness: 30 mm) in 95 
measurements and a duration of 8 minutes. 

In addition, anatomical images (orientation: sagittal; 
slice thickness: 1 mm; FOV = 250 mm, TR = 2 500 ms, 
TE = 30 ms) were obtained. Functional scans were 
analyzed with Statistic Parametric Mapping SPM5 
(Welcome Department of Cognitive Neurology, 
London) and Matlab 7 (The Mathworks Inc., Natick, 
USA). Pre-processing1 involved the standard proce-
dures of realignment to the first image, slice timing, 
normalization to standard MNI space, and smoothing 
with a Gaussian kernel of 8 mm FWHM. Event-related 
statistics at the first (single subject) level used separate 
stick functions (duration = 0 s), which were convolved 

1  In the present study, no artifact detection algorithms were applied to the fMRI data 
because the average head motion was comparatively low (mean[mean]: x = 0.07 mm; 
y = 0.01 mm; z = 0.03 mm) and because BOLD acquisition was temporally separated 
from phases of overt speech production (for details cf. Heim et al. 2006)

with the canonical hemodynamic response function 
and its first temporal derivative. All conditions were 
contrasted separately against the resting state. These 
contrast images then entered the second level random 
effects group analysis. The second-level analysis was 
realized using a flexible factorial design for repeated 
measures, allowing the assessment of main effects for 
differences between the Word–Word condition involv-
ing lexical access for both stimulus and response and 
the other conditions involving at least one pseudoword 
stimulus without a lexical representation (Word–
Pseudoword; Pseudoword–Pseudoword; Pseudoword–
Word) as a function of Group. This interaction term 
between Lexicality (Word–Word vs. others) × Group is 
supposed to reveal brain regions that differentiate 
between the three groups in respect to lexicality 
effects. 

First, the overall contrast for the lexicality effect 
was computed as a main effect over all groups and is 
expected to reveal brain regions showing a lexicality 
effect, i.e. activation differences for lexical vs. non-
lexical stimuli. The present study focuses on bilateral 
areas 44 and 45 which are supposedly involved in pho-
nological and lexical processing. Accordingly, regions 
of interest (ROIs) were defined bilaterally for these 
areas using the SPM Anatomy Toolbox (Eickhoff et al. 
2005; see below). To show activation differences 
between the groups of DoubleDys, RanDys, and good 
readers (Con), the groups were contrasted against each 

Table I

Subject characteristics of double deficit dyslexics (DoubleDys), rapid-naming dyslexics (RanDys) and controls (Con) for 
the total sample

Con DoubleDys RanDys P (ANOVA)

n  (girls) 10 (6) 15 (7) 17 (8)

Age (years ± SD) 9.6 ± 0.5 9.8 ± 0.5 9.7 ± 0.5 n. s.

IQ 123.7 103.9 112.1 <0.002

Reading (SLS score ± SD) 118.2 ± 13.4 72.6 ±11.1 79.5 ± 14.6 <0.001

Phon. Awareness (T score ± SD) 58.4 ± 9.6 32.8 ± 5.1 47.1 ± 5.1 <0.001

RAN (Items per second ± SD) 1.36 ± 0.17 1.12 ± 0.13 1.18 ± 0.25 0.016

The reading screening (Salzburger-Lese-Screening) contains the reading quotient which is scaled like the intelligence 
quotient [Reading quotient <90 is substandard (mean 100; SD 15)] ± the standard deviation (SD). The IQ refers to the age 
norms ± SD, whereas the results of the phonological awareness test (“Basic Competences for Reading and Writing Abilities” 
- BAKO) bears upon the total T-values (BAKO percentiles below 25 are clinically relevant). Performances in rapid-naming 
(Rapid automatized naming) are described items per second ± SD. There are no norms available for German population.
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other. The contrast of DoubleDys against RanDys and 
Con is thus supposed to show brain areas specifically 
related to lexicality during a phonological awareness 
task for DoubleDys. Likewise, the reverse contrast was 
computed to assess specific lexicality patterns for the 
RanDys group. 

Localization of effects using cytoarchitectonic 
maps

Cytoarchitectonic probability maps (Amunts et al. 
2004) for the anatomical localization of the effects 
were obtained on the basis of mapping areas in histo-
logical sections based on an observer-independent 
approach for the definition of cortical borders (Zilles et 
al. 2002, Schleicher et al. 2005). The cytoarchitectonic 
probability maps allocate information about the posi-
tion and variability of cortical regions within standard 
MNI reference space. The SPM Anatomy Toolbox 
(Eickhoff et al. 2005) facilitates the assignment of the 
MNI coordinates to the cytoarchitectonically defined 
regions and is receivable with all cytoarchitectonic 
probability maps and references from http://www2.fz-
juelich.de/inm/inm-1/spm_anatomy_toolbox. The maps 
for left and right areas 44 and 45 (Amunts et al. 1999) 
were used as masks for the region of interest of the 
present analysis.

RESULTS

Behavioral data

The behavioral data set of the initial diagnostic ses-
sion before the fMRI-Measurement is shown in Table 
I and was further analyzed with SPSS for Windows 
version 20.0 (SPSS, Inc., Chicago, Illinois). 

The audio recording of the answers inside the 
scanner were transcribed and analyzed with SPSS 
Version 20.0 (Fig. 1). For all dyslexics together, the 
total number of correct answers did not differ sig-
nificantly from the controls (F1,40=1.910; P=0.175). A 
more detailed look at the data set revealed a signifi-
cant effect for the Word-Word condition for all dys-
lexics versus controls (F1,40=6.119; P=0.018). The 
other conditions did not differ significantly between 
these groups (Word–Pseudoword: P=0.602; 
Pseudoword–Word: P=0.648; Pseudoword–
Pseudoword: P=0.497). Comparing the two dyslexic 
subgroups with each other and with the control group 
showed no significant differences. 

In summary, the behavioral data conducted inside 
the scanner showed a discrepancy in the processing 
of the Word-Word condition between dyslexics and 
controls. There were no significant differences in the 
phonological processing between the two dyslexic 
subgroups.

Over all groups the behavioral data set showed 
significant correlation between phonological pro-
cessing and reading ability (r=−703; P<0.001). The 
higher scores of the phonological test (BAKO), the 
better was the reading ability. Reading ability was 
only related to the number of correct answers when 
a word remained a word (r=0.411; P=0.008) and 
when the input of the stimuli was a word (e.g. Word–
Word: Word–Pseudoword; r=0.354; P=0.023). 
Phonological awareness correlated with far more 
cognitive tasks: The better the phonological aware-
ness, the higher was the number of correct answers 
of the phonological task inside the scanner (r=0.325; 
P=0.038). There were also significant correlations 
for two separate conditions of the phonological task: 
the higher the phonological awareness, the higher 
was the number of correct answers in the Word–
Word (r=0.427; P=0.005) and Pseudoword–
Pseudoword (r=0.314; P=0.046) condition. In sum-
mary better phonological awareness concur with 
higher scores in the phonological task when the out-

Fig. 1. Performance of double deficit dyslexics (DoubleDys; 
n=15), rapid-naming dyslexics (RanDys; n=17) and controls 
(Con; n=10) inside the scanner. Mean values describe the 
total number of correct answers for the conditions Word–
Word (green), Word–Pseudoword (yellow), Pseudoword–
Pseudoword (red); Pseudoword–Word (orange). There were 
only significant differences between dyslexics and controls 
in the Word–Word condition (green). 
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put of a word remained a word (r=0.308; P=0.050), 
or that of a pseudoword remained a pseudoword, 
respectively (r=0.325; P=0.038). The same applies 
when the input of the stimulus was a word (r=0.376; 
P=0.016) (Table II). There was no correlation 
between rapid naming (RAN) and any other cogni-
tive tasks.

fMRI Data

Overall, there was a clear distinction between 
Word-Word trials and all other conditions involving 
pseudowords. This main effect for stimulus type cov-
ered areas 44 and 45 in both hemispheres (Table III 
and Fig. 2 top panel).

Controls versus dyslexics 

Brain areas for the lexicality effect (X–Pseudo-X > 
Word–Word) revealing differences between good 
readers and dyslexics were identified within the infe-
rior frontal gyrus (bilateral area 45 and left area 44) 
(Table III).2

2  The group of dyslexics contains 32 subjects (RanDys: n=15; DoubleDys: n=17) 
and the control group 10 subjects. The groups sizes are thus in the range suggested as 
suitable for fMRI studies. Admittedly, the control group only comprised 10 subjects; 
however, good readers might be considered as more homogeneous than dyslexic re-
aders. In fact, the error bars in Figure 2 support this point: The variability of activation 
in the control group was comparable to that in the two dyslexic groups. 

To consider the question whether dyslexics with 
rapid naming deficits and dyslexics with a double defi-
cit are differentiable in the lexicality effect bilateral in 
area 44 and 45, both subgroups were contrasted against 
each other and against controls (Table IV). RanDys and 
Con revealed increased activation in the left inferior 
frontal gyrus (area 44; 45) in contrast to DoubleDys 
(Table IV; Fig. 2 middle panel).3 However, the rapid-
naming dyslexics showed reduced activation contralat-
eral in the right inferior frontal gyrus (area 44) (Table 
IV; Fig. 2 bottom panel).

Functional interaction of brain areas and 
performance 

The present study found significant functional inter-
action of brain areas in bilateral area 44 (Table V). 
There were no significant correlations in area 45 in 
any hemisphere.

The higher the reading ability the stronger was the 
activation intensity bilaterally in area 44. Furthermore, 
only right area 44 showed significant correlations of 
brain activation patterns with characteristics of the 
stimulus set. In regard to the behavioral dataset con-
ducted inside the scanner the present study showed 
that the higher the ratio of correct answers the stronger 

3  The lexicality effects only depends on relative indications

Table II

Pearson´s correlation coefficient (r) of cognitive abilities (phonological awareness; reading ability) and performance 
conducted inside the scanner

Performance Phonological  awareness Reading ability

Phonological awareness  (T-value) – r=0.406; P=0.008

Reading ability (Reading quotient) r=0.703; P<0.001 –

Rapid naming (Items/second) r=0.427; P=0.005 r=0.578; P<0.001

Number of correct answers „PP” r=0.314; P=0.046 n. s.

Number of correct answers “WW” r=0.427; P=0.005 r=0.411; P=0.008

Total Number of correct answers r=0.325; P=0.038 n. s.

Output Word (Number of correct answers) r=0.308; P=0.050 n. s.

Output Pseudoword (Number of correct answers) r=0.325; P=0.038 n. s.

Input Word (Number of correct answers) r=0.376; P=0.016 r=0.354; P=0.023

Input Pseudoword (Number of correct answers) n. s. n. s.
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Fig. 2. Neuroimaging: (I) Areas 44 and 45 in Broca’s region in the left hemisphere and also in its right-hemispheric homo-
logue show specific effects for word stimuli that remain words after deleting the first phoneme (e.g., tear → _ear) in com-
parison to all other stimuli involving pseudowords as inputs or outputs (pink; negative lexicality effect, cf. body text). (II) 
Dyslexic children with double deficits in phonological awareness and rapid naming show a specifically larger negative 
lexicality effect than dyslexics with a single rapid naming deficit and good readers in Broca’s region (areas 44 and 45). (III) 
Instead, dyslexic readers with problems only in rapid naming show a specifically increased negative lexicality effect in 
Broca’s homologue particularly in area 44. 
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activation intensity in right area 44. There was a cor-
relation between the number of correct answers and 
activation intensity in right area 44 when the output of 
the stimulus consisted of words and in the Word–Word 
condition. The higher the number of correct answers in 
the output word condition and in the Word–Word con-
dition, the stronger was the activation intensity in right 
area 44. There was no correlation between RAN and 
activation of any brain region.

DISCUSSION

The present study demonstrated a differential neu-
rofunctional organization of lexical access in two cog-
nitive subtypes of dyslexia with either rapid naming 
(RAN) deficits alone or a double RAN and phonologi-
cal awareness deficit. In a phoneme deletion task, there 
were unique activation differences between word 
stimuli and stimulus pairs involving pseudowords: The 
RanDys group showed clear effects in the right infe-
rior frontal gyrus, i.e. a specifically reduced lexicality 
effect in right areas 44 and 45. In contrast, a different 
pattern emerged for the DoubleDys children, who had 
had a uniquely reduced lexicality effect in the left infe-
rior frontal gyrus in areas 44 and 45. These results are 
indicative of two things: First, considering cognitive 

profiles or subtypes of dyslexia is advantageous 
because they differ both with respect to their cognitive 
and their neurofunctional architecture. Second, a dou-
ble phonological awareness and RAN deficit in dys-
lexia does not merely imply a twice as restricted cogni-
tive basis than an isolated RAN deficit. As becomes 
evident in the DoubleDys group, the two deficits are 
not simply additive in the sense that they produce two 
independent neurofunctional responses. Rather, when 
present in the same person, the two deficits seem to 
interact with each other, causing a unique extra charge 
on the left inferior frontal cortex with its neighboring 
regions for lexical selection (area 45) and phonological 
and lexical processing (area 44; cf. Heim et al. 2009b). 
These points will now be discussed in more detail.

Dyslexia and the inferior frontal gyrus

With respect to the whole dyslexic sample, con-
trols showed increased activation bilaterally in the 
inferior frontal gyrus (area 44, 45). This stands in 
line with previous findings that controls show sig-
nificantly greater activation clusters in the left 
(Georgiewa et al. 1999, Shaywitz et al. 2002, Bitan 
et al. 2006) or bilateral (Cao et al. 2006) inferior 
frontal gyrus. In the recent literature, the inferior 

Table III

Neuroimaging results of lexicality effect revealing differences between normal readers and dyslexics within the mask of 
cytoarchitectonic areas 44 and 45

Cluster Size (Voxels) Hemisphere Cytoarchitectonic Area x y z Tmax

Dys > Con

1244 Left 55.4% Area 44 −40 20 22 4.72***

35.1% Area 45

1057 Right 46.0% Area 45 42 24 4 5.89***

44.0% Area 44

Con > Dys

183 Right 71.0% Area 45 50 24 14 2.66**

21.7% Area 44

98 Left 82.1% Area 44 −58 10 4 2.55**

Effects are significant at P<0.001***, 0.01**, and 0.05*. Cluster size refers to P<0.05, extent k=30 voxels.
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frontal gyrus is discussed to serve as an executive 
system for access, retrieval, selection and gating of 
information by the alignment or reactivation of rep-
resentations (Wagner et al. 1997, Poldrack et al. 
1999). Therefore, dyslexic children could be delayed 
in the retrieval of phonological information for 
which the inferior frontal gyrus is relevant, and in 
particular so when this phonological information 
relates to lexical entries. 

The present study contributes to the existing lit-
erature on the neurofunctional basis of dyslexia in 
a very particular way. Based on the papers by Wolf 
and Bowers (1999), Ramus (2003), Heim and col-

leagues (2008) and others on cognitively distinct 
groups of dyslexics, we sought to explain the obvi-
ous heterogeneity in neuroimaging data of dyslexia 
(e.g. Richlan et al. 2011) as a function of distinct 
cognitive profiles. Indeed, previous work from our 
group (Heim et al. 2010a,b) had revealed a coupling 
between reading ability and phonological process-
ing in left area 45, which was opposed to the 
involvement of right areas 44 and 45 in other types 
of reading-relevant cognitive tasks such as visual 
processing, attention, or auditory processing – a 
pattern that very much resembles the data in the 
present study. Importantly, in the present study, 

Table IV

Neuroimaging results of the lexicality effect revealing differences between dyslexics with a phonological and rapid 
naming deficit (DoubleDys), rapid-naming dyslexics (RanDys) and controls (Con) within the mask of cytoarchitectonic 
areas 44 and 45

Cluster Size (Voxels) Hemisphere Cytoarchitectonic Area x y z Tmax

DoubleDys < RanDys+Con

53 Left 87.0% Area 45 −48 24 28 2.42**

6.6% Area 44

33 Left 95.5% Area 45 −50 34 12 2.31*

30 Left 87.5% Area 44 −56 6 8 2.29*

RanDys < DoubleDys+Con

237 Right 56.4% Area 44 52 6 26 3.28***

33.3% Area 45

Effects are significant at P<0.001***, 0.01**, and 0.05*. Cluster size refers to P<0.05, extent k=30 voxels

Table V

Pearson’s correlation coefficient (r) between brain areas with mean peak of activation for the lexicality effect, 
phonological awareness (BAKO) and reading ability (SLS) (n=42)

Phonological 
awareness

Reading ability Correct answers Word–Word Output word

Left area 44 n. s. r=0.376; 
P=0.014

n. s. n. s. n. s.

Right area 44 n. s. r=0.349; 
P=0.024

r=0.313; 
P=0.046

r=0.309; 
P=0.050

r=0.321; 
P=0.041
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again left and right inferior frontal activation pat-
terns were correlated with reading ability scores, 
demonstrating the yet disregarded importance of 
Broca’s right homologue to reading and dyslexia. 
Likewise interestingly, the present study revealed a 
lexicality effect for DoubleDys in Broca’s region, 
which replicates the earlier evidence of the lexical-
ity effect (words vs. pseudowords) coupled to the 
phonological processing effect in left area 45 in the 
Heim and coworkers (2010a) study. Given this obvi-
ous interaction between lexical and phonological 
processing, we will now turn to this issue in more 
detail.

Lexical and phonological processing

The study paradigm allowed testing for independent 
types of processing, phonological awareness and lexical 
access. Phonological awareness was explicitly targeted by 
the phoneme deletion task. Accordingly, overall perfor-
mance rates correlated well with the individuals’ levels of 
phonological awareness. Lexical access was tested implic-
itly by contrasting trials containing words only to trials 
involving at least one pseudoword. A correlation analysis 
of the behavioral data set conducted inside the scanner 
revealed, that the performance of the phoneme deletion 
task was dependent on the individual level of phonologi-
cal awareness, but not the level of RAN.

Using this paradigm, the present study thus allows a 
more detailed look into the functional organization of 
bilateral inferior frontal regions (are 44 and 45) by 
dividing the dyslexic sample into children with a dou-
ble deficit or a mere rapid naming deficit. A clear dis-
sociation was found for both subtypes of dyslexia 
within their activation profile. Double deficit dyslexics 
showed a significantly reduced lexicality effect in the 
left inferior frontal gyrus (area 44, 45) whereas the 
dyslexics with mere rapid naming deficit revealed a 
reduced lexicality effect in the right inferior frontal 
gyrus. In previous studies, it was shown that the cyto-
architectonically distinct areas 44 and 45 in left infe-
rior frontal gyrus contributed differentially to lexical 
access (area 44) and lexical selection (area 45) (Heim 
et al. 2005, 2009a,b). Within these left inferior frontal 
gyrus subdivisions dyslexic children (Grande et al. 
2011) and adults (Heim et al. 2013) were recently 
shown to exhibit functional abnormalities. Heim and 
others (2013) found a strong effect for lexical access in 
left area 44 for a dyslexic adults sample and in left area 

45 for controls. The increased activation cluster for 
controls seems to extend slightly into area 44. The 
same pattern of activation was also found by Grande 
and coauthors (2011) whereas no group differences 
were observed in area 45. The present study was based 
on these findings, adding similar activation clusters 
for dyslexic subgroups in these areas. 

The reduced lexicality effect for the DoubleDys 
group in the left frontal gyrus stands in line with pre-
vious findings (Georgiewa et al. 1999, Shaywitz et al. 
2002, Bitan et al. 2006, Cao et al. 2006). However, it 
should be noted that the left-lateralized pattern observed 
for the DoubleDys group that covered both areas 44 
and 45 reflects a contrast between lexical and non-
lexical items, not a comparison to baseline. This is 
important because the inferior frontal gyrus is known 
to support phonological segmentation, discrimination 
and monitoring (Zatorre et al. 1992, 1996, Burton et al. 
2000). Therefore, one might be tempted to speculate 
that the effect in area 44 relates to phonological pro-
cessing. However, in the present study, the effect in 
area 44 is unlikely to reflect phonological processing 
difficulties per se, because the overall level of activa-
tion in this region was only correlated with the reading 
score, not with any phonological score. Instead, the 
data might be taken to suggest the interaction of lexi-
cality and phonological awareness (left inferior frontal 
gyrus) as opposed to rapid access to the phonological 
word form (right inferior frontal gyrus in the RanDys 
group). Having to process two lexical items as input 
and output of a phonological awareness task poses 
increased demands on the closely linked system of left 
areas 44 and 45 (Heim et al. 2009b) with their different 
preference for lexical or non-lexical stimuli (Mechelli 
et al. 2005). Both these studies used dynamic causal 
modeling (DCM) as a technique to investigate the 
dynamic interaction of the two regions. Unfortunately, 
the scanning parameters of the present study (TR = 5 s) 
do not permit DCM analyses to further elucidate this 
matter. Still, the fact that the activation in left area 44, 
but not left area 45, showed a correlation with reading 
ability may be taken as evidence for a distinct func-
tional role of these two regions. One might speculate 
that the role of left area 45 involves linking the lexical 
entries to their phonological forms, whereas the han-
dling of phonemes in area 44 is the prerequisite for 
subsequent grapheme-to-phoneme conversion needed 
for reading (i.e. correlation with reading ability), 
which, however, was not required in the phonological 
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awareness task itself. Further research on the differen-
tial connectivity in subtypes of dyslexia is therefore 
required in order to understand the mosaic of neuro-
functional mechanisms contributing differentially to 
impaired or successful reading.

Limitation

In the present study, no artifact detection was 
applied. However, given the small average head motion 
and the dissociation from BOLD acquisition and speak-
ing, this additional noise is likely to be small and did 
not prevent the detection of reliable group differences. 

As mentioned Table I, the controls showed a signifi-
cantly higher IQ level than the dyslexics (P=0.002), 
whereas the two dyslexic groups exhibited comparable IQ. 
The Scheffé test for multiple comparisons indicated that 
the controls differed significantly from the dyslexics with 
double deficits (P=0.002) but not from the dyslexics with 
a single rapid naming deficit (P=0.086). There was no 
significant differences in the intelligence level between 
the two dyslexic groups (P=0.204). This is in line with the 
literature, as the impact of intelligence on phonological 
processing could not be proved in  previous studies 
(Temple et al. 2001, van Ermingen-Marbach et al. 2013). 

CONCLUSIONS 

The present neuroimaging study demonstrated the 
qualitative difference between children with a single 
vs. a double phonological deficit not only in perfor-
mance, but also in the neurophysiological data accom-
panying lexical processing. These findings stress the 
importance of assessing a dyslexic child’s problems 
individually and with great care, since training success 
both at the neurofunctional and at the cognitive and 
performance level may depend upon this.

ACKNOWLEDGEMENT

This study was supported by a German Federal 
Ministry of Education and Research (BMBF) grants to 
MG and SH (01GJ0804).

REFERENCES

Amunts K, Schleicher A, Bürgel U, Mohlberg H, Uylings HB, 
Zilles K (1999) Broca’s region revisited: cytoarchitecture and 
intersubject variability. J Comp Neurology 412: 319–341.

Amunts K, Weiss PH, Mohlberg H, Pieperhoff P, Eickhoff S, 
Gurd JM, Marshall JC, Shah NJ, Fink GR, Zilles K 
(2004) Analysis of neural mechanisms underlying verbal 
fluency in cytoarchitectonically defined stereotaxic space-
-the roles of Brodmann areas 44 and 45. Neuroimage 22: 
42–56. 

Bitan T, Burman DD, Lu D, Cone NE, Gitelman DR, 
Mesulam MM, Booth JR (2006) Weaker top-down modu-
lation from the left inferior frontal gyrus in children. 
Neuroimage 33: 991–998. 

Burton MW, Small SL, Blumstein SE (2000) The role of 
segmentation in phonological processing: an fMRI inves-
tigation. J Cogn Neurosci 12: 679–690.

Bosse ML, Tainturier MJ, Valdois S (2007) Developmental 
dyslexia: the visual attention span deficit hypothesis. 
Cognition 104: 198–230. 

Cao F, Bitan T, Chou TL, Burman DD, Booth JR (2006) 
Deficient orthographic and phonological representations 
in children with dyslexia revealed by brain activation pat-
terns. J Child Psychol Psychiatry 47: 1041–1050. 

Critchley M (1970) The Dyslexic Child (2nd ed.). Heinemann 
Medical Books, London, UK. 

Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink 
GR, Amunts K, Zilles K (2005) A new SPM toolbox for 
combining probabilistic cytoarchitectonic maps and func-
tional imaging data. Neuroimage 25: 1325–1335. 

Fiebach CJ, Friederici AD, Müller K, von Cramon DY 
(2002) fMRI evidence for dual routes to the mental rec-
ognition. J Cogn Neurosci 14: 11–23.

Francis DJ, Shaywitz SE, Stuebing KK, Shaywitz BA, 
Fletcher  JM (1994) The measurement of change: 
Assessing behavior over time and within a developmental 
context. In: Frames of Reference for the Assessment of 
Learning Disabilities: New Views on Measurement Issues 
(Lyon R, Ed.). Paul H Brookes Publishing, Baltimore, 
MD, p. 29–58.  

Georgiewa P, Rzanny R, Hopf JM, Knab R, Glauche V,  
Kaiser WA, Blanz B (1999) fMRI during word processing 
in dyslexic and good reading children. Neuroreport 10: 
3459–3465.

Georgiewa P, Rzanny R, Gaser C, Gerhard UJ, Vieweg U, 
Freesmeyer D, Mentzel HJ, Kaiser WA, Blanz B (2002) 
Phonological processing in dyslexic children: a study 
combining functional imaging and event related poten-
tials. Neurosci Lett 318: 5–8.

Grande M, Meffert E, Huber W, Amunts K, Heim S (2011) 
Word frequency effects in the left IFG in dyslexic and 
good reading children during picture naming and reading. 
Neuroimage 57: 1212–1220. 



Lexicality effects in dyslexia subtypes 415 

Häussler T, Sturm W (2009) Construct validation of a novel 
test battery for perception and attention (in German). Z 
Neuropsychol 20: 324–339.

Heim S, Alter K, Ischebeck AK, Amunts K, Eickhoff SB, 
Mohlberg H, Zilles K, von Cramon DY, Friederici AD 
(2005) The role of the left Brodmann‘s areas 44 and 45 in 
reading words and pseudowords. Brain Res Cogn Brain 
Res 25: 982–993. 

Heim S, Eickhoff S, Opitz B, Friederici AD (2006) BA 44 in 
Broca‘s area supports grammatical gender decisions in 
language production. Neuroreport 17: 1097–1101.

Heim S, Tschierse J, Amunts K, Wilms M, Vossel S, 
Willmes K, Grabowska A, Huber W (2008) Cognitive 
subtypes of dyslexia. Acta Neurobiol Exp (Wars) 68: 
73–82.

Heim S, Eickhoff SB, Friederici AD, Amunts K (2009a) Left 
cytoarchitectonic area 44 supports selection in the mental 
lexicon during language production. Brain Struct Func 
213: 441–456. 

Heim S, Eickhoff SB, Ischebeck AK, Friederici AD, Stephan 
KE, Amunts K (2009b) Effective connectivity of the left 
BA 44, BA 45, and inferior temporal gyrus during lexical 
and phonological decisions identified with DCM. Hum 
Brain Mapp 30: 392–402. 

Heim S, Grande M, Pape-Neumann J, van Ermingen M, 
Meffert E, Grabowska A, Huber W, Amunts K (2010a) 
Interaction of phonological awareness and ‚magnocellu-
lar‘ processing during normal and dyslexic reading: 
behavioural and fMRI investigations. Dyslexia 16: 258–
282. 

Heim S, Grande M, Meffert E, Eickhoff SB, Schreiber H, 
Kukolja J, Shah NJ, Huber W, Amunts K (2010b) 
Cognitive levels of performance account for hemispheric 
lateralisation effects in dyslexic and good reading chil-
dren. Neuroimage 53: 1346–1358. 

Heim S, Wehnelt A, Grande M, Huber W, Amunts K 
(2013) Effects of lexicality and word frequency on 
brain activation in dyslexic readers. Brain Lang 
125:194-202.

Hoeft F, Hernandez A, McMillon G, Taylor-Hill H, 
Martindale JL, Meyler A, Keller TA, Siok WT, Deutsch 
GK, Just MA, Whitfield-Gabrieli S, Gabrieli JDE (2006) 
Neural basis of dyslexia: a comparison between dyslexic 
and nondyslexic children equated for reading ability. J 
Neurosci 26: 10700–10708.

Hoeft F, Melyer A, Hernadez A, Juel C, Taylor-Hill H (2007) 
Functional and morphometric brain dissociation between 
dyslexia and reading ability. Proc Natl Acad Sci U S A 
104: 4234–4239.

Kronbichler M, Hutzler F, Wimmer H, Mair A, Staffen W, 
Ladurner G (2004) The visual word form area and the 
frequency with which words are encountered: evidence 
from a parametric fMRI study. Neuroimage 21: 946–953.

Liberman, IY (1973) Segmentation of the spoken word and 
reading aquisition. Ann Dyslexia 28: 1238–1250.

Lymberis J, Christodoulou JA, O’Loughlin P, Del Tufo S, 
Gabrieli JDE (2009) Neural correlates of rapid automa-
tized naming. 39th Annual Meeting of the Society for 
Neuroscience, Chicago IL. [http://web.mit.edu/tkp/www/
Lymberis_etal_SfN-2009.pdf]

Lyon GR, Shaywitz SE, Shaywitz BA (2003) A definition of 
dyslexia. Ann Dyslexia 53: 1–14.

Mayer A (2008) Phonological Awareness, Naming Speed, 
and Automatised Reading Processes (in German). Shaker, 
Aachen  DE.

Mayringer H, Wimmer H (2003) Salzburg Reading Screening 
for Grades 1-4 (in German). Hans Huber, Bern, CH.

Mechelli A, Crinion JT, Long S, Friston KJ, Lambon R, 
Patterson K, McClelland JL, Price CJ (2005) Dissociating 
reading processes on the basis of neuronal interactions. J 
Cogn Neurosci 17: 1753–1765. 

Misra M, Katzir T, Wolf M, Poldrack RA (2004). Neural 
systems for rapid automatized naming in skilled readers: 
unraveling the RAN-reading relationship. Sci Studies 
Read 8: 241–256.

Poldrack RA, Wagner AD, Prull MW, Desmond JE, Glover 
GH, Gabrieli JD (1999) Functional specialization for 
semantic and phonological processing in the left inferior 
prefrontal cortex. Neuroimage 10: 15–35. 

Ramus F (2003) Developmental dyslexia: specific phono-
logical deficit or general sensorimotor dysfunction? Curr 
Opin Neurobiol 13: 212–218.

Ramus F (2004) Neurobiology of dyslexia: a reinterpretation 
of the data. Trends Neurosci 27: 720–726. 

Ramus F, Ramus F, Rosen S, Dakin SC, Day BL, Castellote 
JM, White S, Frith U (2003) Theories of developmental 
dyslexia: insights from a multiple case study of dyslexic 
adults. Brain 126: 841–865. 

Richlan F (2012) Developmental dyslexia: dysfunction of a 
left hemisphere reading network. Front Hum Neurosci 6: 
120  

Richlan F, Kronbichler M, Wimmer H (2009) Functional 
abnormalities in the dyslexic brain: A quantitative meta-
analysis of neuroimaging studies. Hum Brain Mapp 30: 
3299–3308. 

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



416  M. van Ermingen-Marbach et al.

Rumsey JM, Nace K, Donohue B, Wise D, Maisog M, 
Andreason P (1997) A positron emission tomographic 
study of impaired word recognition and phonological 
processing in dyslexic men. Arch Neurol 54: 562–573.

Schleicher A, Palomero-Gallagher N, Morosan P, Eickhoff 
SB, Kowalski T, Vos K de, Amunts K, Zilles, K (2005) 
Quantitative architectural analysis: a new approach to 
cortical mapping. Anat Embryol 210: 373–386. 

Shaywitz S (1998) Dyslexia. New Engl J Med 338: 307–
312. 

Shaywitz S (2005) Overcoming Dyslexia a New and 
Complete Science-Based Program for Reading Problems 
at Any Level. Vintage Books, New York, NY.

Shaywitz B, Holford T, Holahan J, Fletcher J, Stuebing K, 
Francis D, Shaywitz SE (1995) A Matthew effect for IQ 
but not for reading: results from a longitudinal study. 
Read Res Quart 4: 894–906.

Shaywitz BA, Shaywitz SE, Pugh KR, Mencl WE, Fulbright 
RK, Skudlarski P, Constable RT, Marchione KE, Fletcher 
JM, Lyon GR, Gore JC (2002) Disruption of posterior 
brain systems for reading in children with developmental 
dyslexia. Biol Psychiatry 52: 101–110.

Snowling MJ (1995) Phonological processing and develop-
mental dyslexia. J Res Readi 18: 132–138.

Snowling MJ (2000) Dyslexia (2 ed.). Blackwell Publishers, 
Oxford, UK.

Steinbrink C, Ackermann H, Lachmann T, Riecker A (2009) 
Contribution of the anterior insula to temporal auditory 
processing deficits in developmental dyslexia. Hum 
Brain Mapp 30: 2401–2411. 

Steinbrink C, Groth K, Lachmann T, Riecker A (2012) 
Neural correlates of temporal auditory processing in 
developmental dyslexia during German vowel length 
discrimination: An fMRI study. Brain Lang 121: 
1–11. 

Stock C, Marx P, Schneider W (2003) Basic Competences 
for Reading and Writing. An Assessment for Phonological 
Awareness in Grades 1-4 (in German). Hogrefe, Göttingen, 
DE.

Temple E, Poldrack RA, Salidis J, Deutsch G, Tallal P, 
Merzenich MM, Gabrieli JD (2001) Disrupted neural 
responses to phonological and orthographic processing in 
dyslexic children: an fMRI study. Neuroreport 12: 299–
307.

Tholen N, Weidner R, Grande M, Amunts K, Heim S (2011) 
Eliciting dyslexic symptoms in proficient readers by 
simulating deficits in grapheme-to-phoneme conversion 
and visuo-magnocellular processing. Dyslexia 17: 268–
281. 

van Ermingen-Marbach M, Grande M, Pape-Neumann J, 
Sass K, Heim S (2013) Distinct neural signatures of cog-
nitive subtypes of dyslexia with and without phonological 
deficits.  Neuroimage Clin 2: 477–490.

Valdois S, Bosse ML, Ans B, Carbonnel S, Zorman M, 
David D, Pellat J (2003) Phonological and visual process-
ing deficit can dissociate in developmental dyslexia: 
Evidence from two case studies. Read Writ 16: 541–572. 

Vellutino FR, Fletcher JM, Snowling M J, Scanlon DM 
(2004) Specific reading disability (dyslexia): what have 
we learned in the past four decades? J Child Psychol 
Psychiatry 45: 2–40.

Verhalen N (2011) “Rapid automatised naming” in normally 
reading children in grade 4 (in German) (Master thesis). 
RWTH Aachen University, Aachen, DE.

Wagner AD, Desmond JE, Demb JB, Glover GH, Gabrieli 
JDE (1997) Semantic repetition priming for verbal and 
pictorial knowledge: A functional mri study of left infe-
rior prefrontal cortex. J Cogn Neurosci 9: 714–726. 

Wagner RK, Torgesen, JK (1987) The nature of phonologi-
cal processing and its causal role in the acquisition of 
reading skills. Psychol Bull 101: 192–212. 

Wagner RK, Torgesen JK, Rashotte CA, Hecht SA, Barker 
TA, Burgess SR, Donahue J, Garon T (1997) Changing 
relations between phonological processing abilities and 
word-level reading as children develop from beginning to 
skilled readers: A 5-year longitudinal study. Dev Psychol 
33: 468–479. 

Weiss RH (1998) Basic Intelligence Scale 2 with Tests for 
Vocabulary and Number Order: Manual (in German). 
Westermann, Göttingen, DE.

Wimmer H, Schurz M, Sturm D, Richlan  F, Klackl J, 
Kronbichler M, Ladurner G (2010) A dual-route perspec-
tive on poor reading in a regular orthography: An fMRI 
study. Cortex 46: 1284–1298.

Wolf M, Bowers PG (1999) The double-deficit hypothesis 
for the developmental dyslexias. ournal of Educational 
Psychology 91: 415–438. 

Zatorre RJ, Evans AC, Meyer E, Gjedde A (1992) 
Lateralization of phonetic and pitch discrimination in 
speech processing. Science  256: 846–849.

Zatorre RJ, Meyer E, Gjedde A, Evans AC (1996) PET 
Studies of Phonetic Processing of Speech: Review, 
Replication, and Reanalysis. Cereb Cortex 6: 21–30. 

Zilles K, Schleicher A, Palomero-Gallaher N, Amunts K 
(2002) Quantitative analysis of cyto- and receptor archi-
tecture of the human brain. In Brain Mapping: The 
Methods (Mazziotta JC, Toga AW, Eds). Elsevier, 
Amsterdam, NL, p. 573–602.




